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Abstract 

Tobacco use is predicted to result in over 1 billion deaths worldwide by the end of the 

21st century. How genetic variation contributes to the observed differential 

predisposition in the human population to drug dependence is unknown. The zebrafish 

(Danio rerio) is an emerging vertebrate model system for understanding the genetics of 

behavior. We developed a nicotine behavioral assay in zebrafish and applied it in a 

forward genetic screen using gene-breaking transposon mutagenesis. We used this 

method to molecularly characterize bdav/ cct8 and hbog/gabbr1.2 as mutations with 

altered nicotine response. Each have a single human ortholog, identifying two points for 

potential scientific, diagnostic, and drug development for nicotine biology and cessation 

therapeutics. We show this insertional method generates mutant alleles that are 

reversible through Cre-mediated recombination, representing a conditional mutation 

system for the zebrafish. Additionally, we developed a conditioned place preference 

assay for use with larval zebrafish. This assay allows for the perturbation of the 

differences in genetic function between the physiological and learned response 

representing one of the first associative learning based assays in the larval zebrafish. 

The combination of this reporter-tagged insertional mutagen approach and zebrafish 

provides a powerful platform for a rich array of questions amenable to genetic-based 

scientific inquiry, including the basis of behavior, epigenetics, plasticity, stress, 

memory, and learning. 
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Chapter 1 

Introduction 

 

Section 1: The Importance of Studying Nicotine Addiction 

 

Worldwide, over 5 million deaths attributable to tobacco-related causes occur annually 

(See Figure 1 for graphical representation by category of cause of death). By 2030, over 

8 million annual deaths worldwide will be attributable to tobacco use, of these deaths, 

70% will occur in developing countries [1].  This number will eclipse 1 billion 

cumulative deaths by the end of the 21st century [2]. In the United States alone, tobacco 

accounts for one in every five deaths and at least 30% of all cancer deaths[3]. 

Additionally, of those who begin to smoke, nearly half will die prematurely from a 

smoking-related disease[3]. The staggering number of people who are affected by 

tobacco use, both daily and within their lifetime, has become drastic enough to inspire 

the World Health Organization to declare tobacco use as a worldwide epidemic[2].  

 

The realization of the depth of the tobacco epidemic has begun to impact government at 

a state and local level.  Since the 1990’s local governments have began banning 

smoking in public areas in an effort to reduce the use of tobacco and its related health 

problems.  Currently, over 71% of the population of the United States lives in an area in 

which smoking is banned in workplaces, restaurants, or bars by law[4]. However only 

41% of the population currently lives in an area in which all public areas are smoke-free 

[4]. The removal of smoking has reduced the number of air pollutants within public 
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spaces in these communities by upwards of 90% of pre-smoking-ban levels [5].  This 

reduction has been accompanied by an increase in the revenue of the smoke-free 

restaurants areas despite the fear otherwise [6].  The trend towards a smoke-free 

community, while encouraging does not address the lingering health problems caused 

by smoking [7]. Cigarette smoke contains over 4000 chemical compounds including: 

nicotine -- the addictive component of tobacco known carcinogens, particulates, and 

other harmful chemicals such as: carbon monoxide, formaldehyde, hydrogen cyanide, 

ammonia and formic acid [8]. The combination of these compounds has many adverse 

health effects both on the direct user and individuals whom are receiving the smoke 

second-hand. Current legislation has aided many communities in combating second-

hand exposure to tobacco smoke. Although the number of smokers in developed 

countries is dropping[9], the majority of the annual deaths attributable to tobacco occur 

in middle to lower income countries [2]. With the staggering number of deaths 

attributed to tobacco exposure, use, and addiction, the need for an efficient and effective 

solution is of great importance. 

 

Substantial progress has been made in the last 40 years in reducing the number of 

smokers in the United States, from 42% in 1965 to close to 20% in 2007 [10]. This has 

primarily been accomplished through education and reduced initiation of smoking as a 

whole [11]. Despite the reduction in the prevalence of smoking in the United States and 

other developed countries, it has been found that fewer than half of smokers achieve 

long-term abstinence. This is despite over 70% of smokers expressing a want to quit 

and over one-third of smokers making a serious attempt to quit. Unfortunately, the 
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majority of these quit attempts do not result in long-term tobacco abstinence [12]. 

Through meta-analysis of a variety of studies, researchers have determined that with the 

current state of the field using nicotine replacement therapies (NRT), the most effective 

current method of cessation is a combination of a biological and psychological 

intervention [12-14]. These meta-analyses have also shown that novel NRTs have 

shown greater effectiveness than the nicotine patch and lozenge alone [15]. Despite the 

effectiveness of intervention, whether biochemical or psychological, the lack of wide-

scale use of smoking cessation interventions is largely due to the high cost and small-

scale appeal of these interventions [16]. Development of a novel approach to smoking 

cessation would create opportunities to aid a number of these smokers by providing 

additional means of cessation. 

 

Genetic influences at each stage of the addiction process have been documented in 

numerous studies within twins and families of smokers [17, 18]. Parallel human genetic 

studies have recently identified sequence variations near a nicotine receptor locus 

associated with a predisposition to lung cancer [19-21]. This association suggests that 

changes in nicotine response biology can play an important role in the major clinical 

outcomes of nicotine dependency. Additionally, recent consortiums of anti-smoking 

groups have banded together to combine efforts on examining the genetic component of 

smoking at a genome-wide level.  These studies have identified a number of single 

nucleotide-polymorphisms (SNPs) that are associated with the number of cigarettes 

smoked in a day [22].  These strong associations have been reported to be located on 

Chromosome 15, in the same region as the CHRNA3-CHRANA5-CHRNA4 and 
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CHRNB4 loci [22-24].  These loci together help in forming the nicotinic acetylcholine 

receptor complex (NAChR), which plays a vital role in forming the neurological and 

physiological receptors within the nicotine addiction pathway [7].  While association to 

a genetic locus associated with the NAChR complex would seem to be beneficial, and 

possibly predicted, the results within these studies cannot account for the wide 

differences in nicotine responses among smokers.  Additionally, recent studies 

comparing smokers and former smokers have identified SNPs within the dopamine !-

hydroxylase locus, an enzyme that catalyzes the conversion of dopamine to 

norepinephrine, creating a greater reward response [23]. This recent finding confirms an 

earlier study that found variations in expression of dopamine !-hydroxylase correlated 

with the number of cigarettes smoked in a day [25].  This finding represents a potential 

novel gene within the nicotine dependence pathway, that can provide a route for future 

study and drug exploration. Though this research is promising, the potential for 

additional genes within alternative pathways must be examined to provide a greater 

success towards smoking cessation [26]. 

 

Section 2: Zebrafish as a model organism in behavioral studies in addiction 

The relationship between genes and complex behaviors is not straightforward. 

Behaviors, such as learning and addiction, involve multiple genetic interactions 

accompanied by environmental influence. Traditionally, rodents, such as the mouse and 

rat, have been used as models for this research, but each has notable technical 

limitations when examining and manipulating genetics. Although much of the 

pioneering behavioral genetics used invertebrates such as the Drosophila as a model 
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organism [27], these animals develop with relatively simplistic neural networks when 

compared to vertebrates, limiting the complexity of behaviors that can be examined.  

With its relatively short development time, high fecundity and ease of genetic 

manipulation, the zebrafish presents itself as an optimal organism for behavioral 

research[28]. 

 

Since its first documented use in science [29], the zebrafish (Danio rerio) has found a 

niche in the study of development, embryology [30] and molecular genetics [31].  Due 

to the ease of genetic manipulation, the zebrafish quickly became the first vertebrate 

organism to be used in large-scale mutagenesis screen [32]. This chemical mutagenesis 

screen, conducted in Boston [33] and Tübingen [34], generated over  4,000 mutations 

and led to the identification of many genes, most focusing on vertebrate development.  

Since this pioneering effort there have been additional large-scale screens in the 

zebrafish using insertional mutagens [35-37], chemical discovery [38, 39], and 

antisense gene-silencing [40]. These large-scale screening efforts, accompanied with 

directed mutagenesis [41] and directed gene silencing [42], have increased the presence 

of the zebrafish as a model organism in the field of behavioral genetics. With millions 

of people worldwide affected by addiction to a substance, either legal or illicit, the 

apparent ability of the zebrafish to elucidate the genetic link between addictive behavior 

and genes is encouraging [28].  Recently, a number of studies have highlighted the use 

of the zebrafish in addiction research, with some even examining the genetic component 

of addiction. 
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The pioneering work done in regard to addiction in the zebrafish was outlined by Gerlai 

et al using alcohol as a stimulus [43].  This study described a number of simple assays, 

developed to examine the reaction of the subject to the addition of alcohol in differing 

concentrations.  Specifically, the study focused upon locomotion, aggression, shoaling 

behavior, alarm response, place preference, and pigmentation in single adult fish. Aside 

from demonstrating that the zebrafish reacted in a predictable way to alcohol in a dose-

dependent manner, this study also paved the way for other researchers to examine 

addiction in the zebrafish model system.  The first study to focus on the genetics of 

addiction using the zebrafish examined the perceived reward caused by cocaine in wild-

type and mutant zebrafish adults [44].  This study, using conditioned place preference 

as a model, identified two mutant lines, dumpy and jumpy, that were differentially 

affected by cocaine.  With this work in place, additional studies examining the genetics 

of addiction using the adult zebrafish as a model soon followed including those 

studying alcohol [45], opiates [46], and amphetamine [47]. In general, these studies 

examined the reward pathway using 3-6 month old adult zebrafish in a conditioned 

place preference paradigm (CPP). This method uses a tank with distinct visual cues on 

either side of a tank. Test subjects are exposed to a drug paired to one of these unique 

environments, creating an association between the visual cue and the effects of the drug. 

A change in preference for one side of the tank can, in turn, be used as a measurement 

of the rewarding aspects of the stimulus within the individual. This testing paradigm can 

successfully be employed in examining a set of genetic mutants at an individual level. 

These studies used both characterized [45-47]and uncharacterized mutants [48, 49]. 

Although these studies placed an emphasis on examining the genetics of addiction and 
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the reward pathway with the zebrafish, the majority of these studies focused upon 

stimuli that affect a relatively small proportion of the world’s population of drug-users, 

largely neglecting nicotine. 

 

Until recently, nicotine has not been widely associated with addiction research in the 

zebrafish; however, it has been developed as a resource for the zebrafish research 

community by pioneering efforts demonstrated on a developmental level from Svoboda 

et al [50]. This research showed the influence that nicotine has on the developmental 

secondary spinal motorneurons. The zebrafish was successfully used in a behavioral 

study examining the effects of nicotine on learning in adult zebrafish by Levin and 

Chen in 2004. This study provided the initial use of zebrafish in a non-developmental 

role in nicotine research [51]. Since these pioneering efforts, the zebrafish has been 

used almost exclusively as an adult in behavioral studies and as a young larvae in 

studies examining the gross morphological developmental effects of nicotine [51-56]. 

Despite the research utilizing nicotine with the zebrafish there have been no prior 

studies focusing on the genetics of the behavioral response to nicotine. Additionally, 

many of the zebrafish-based genetic studies used individual adult zebrafish. This 

approach is beneficial on some levels but does not use the naturally shoaling animal 

[57] to its fullest and lacks the added power of a population-based study [58]. 

Traditionally, this was due to the method of generating and characterizing mutant 

zebrafish.  These fish were exposed to a mutagen, either N-ethyl-N-nitrosourea (ENU) 

or gamma irradiation of sperm; making the detection of the mutation difficult and 

largely only possible through a recessive shelf screen or molecular genetics. With these 
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studies, the adults were either homozygous viable and needed to be screened 

molecularly, or determined through breeding a homozygous lethal clutch, both requiring 

a zebrafish of at least 8 weeks in age.  To take advantage of the added benefits of 

transparency, large offspring populations and rapid development time that is presented 

within the larval zebrafish, a novel method of mutagenesis is required. 

 

Section 3: Zebrafish as a tool for genetic manipulation and forward genetic 

screening 

With the introduction of the ENU-based mutagenesis screen performed in Boston and 

Tübingen in 1996 [32, 33], the zebrafish has been seen as a viable organism for use in 

large-scale forward genetic screening.  This reputation has been bolstered with 

increased screening methods utilizing targeted-induced local lesions (commonly 

referred to as TILLING) [59], insertional mutagens [35, 36] and non-RNA based 

antisense technology [40, 60]. These screens demonstrated the usefulness of the 

zebrafish for gene discovery, developmental, and genetic research finding over 2,200 

mutations in a number of known and unknown genes [61].  

 

The ability of conducting a forward genetic screen for novel behavioral-based loci in 

larval zebrafish would require a simple method of mutagenesis that can distinguish 

mutants form wild-type siblings and can ultimately be persistent through five days post 

fertilization.  This requirement for a lasting screen eliminates the use of a transient 

molecular knockdown method, such as the morpholino, due to the removal of the 

insertion through natural cell regulation[42, 62]. Although a powerful tool for 
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mutagenesis, the high number of genes affected through ENU mutagenesis and the lack 

of a tag, either expressional or molecular, within the mutated gene raises the difficulty 

of determining the gene that is mutated. This is avoided with the use of an insertional 

mutagen such as those used within the retro-virus insertional screen [35] and Gene-

Breaking Transposon Screen [37]. However, the increased difficulty of molecular 

genetic screening (ie through the use of a Polymerase Chain Reaction) involved to 

identify mutants in both ENU mutagenesis and retro-viral insertional screen, makes 

larval screening impractical.  This impracticality arises due to the requirement of using 

individual zebrafish with molecular identification occurring after testing. 

Individualization also removes the zebrafish from their naturally occurring shoals [57] 

as well as removing the advantage of using a population to examine variation of 

behavior within a diverse genetic background [63]. To facilitate these requirements, the 

Gene-Breaking Transposon (GBT) is beneficial.  This insertional mutagen provides for 

a permanent molecular and expressional fluorescent tag distinguishing the mutant from 

its wild-type siblings. Additionally, with the use of a combination protein-trap/gene-

breaking trap, the GBT technology also allows for an expression-biased screening 

approach [64]. 

 

First outlined in Sivasubbu et al[37], the gene breaking transposon technology has 

provided the ability to expressionally tag a locus while concurrently mutating the locus.  

This occurs by harnessing the power of a semi-random insertion event integrating a 

polyadenylation (poly(A)) trap along with an expression vector[37].  In initial versions 

of the GBT, the Sleeping Beauty transposon was used to introduce a poly(A) trap into 
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single cell zebrafish embryos at a genome-wide level. This was accomplished by 

creating a vector containing minimal Sleeping Beauty inverted-terminal repeats flanking 

a splice acceptor followed by a polyadenylation signal or a gene-boundary element 

(ocean-pout terminator), a promoter, a fluorescent protein and finally a splice donor.  In 

function, this is designed to hijack the splicing of the gene in which the construct 

landed, stop the endogenous transcript with the poly(A)/boundary element, and tag the 

fish as a genetic mutant by utilizing a promoter followed by a fluorescent protein.  This 

fluorescent tag, due to lack of a poly(A), must be stabilized using the endogenous 

gene’s poly(A) signal, removing the occurrence of a tag within a pseudo-gene or non 

gene.  Additionally, the continued transcription of the 3-prime end of the product 

following the poly(A) signal allows for an easier method of gene-finding using the 

known sequence of the fluorescent tag combined with the endogenous transcript using 

3-prime RACE and other molecular techniques [65]. Following this initial use within a 

gene finding application [37], the GBT underwent a series of transformations to allow 

for added functionality and gene transfer. These innovations included switching to the 

teleost-derived, hAT based Tol2 and miniTol2 transposons for increased transposition 

and cargo capacity[66], the addition of LoxP enzyme recognition sites just inside of the 

transposon ends to facilitate reversion [64]and addition of a 5-prime protein trap[64] 

through the addition of an AUG-free mRFP immediately following the splice acceptor.  

When in-frame with the endogenous transcript, successful integrations produce a gene-

specific mRFP expression, allowing for further characterization and categorization 

based on expression pattern.  Additionally, this mRFP, when appended as a fusion 

protein, to a signal sequence, would be exported from the cell, collected by the kidney, 
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and concentrated allowing for further gene discovery (See Figure 2 for a graphical 

representation of the combination trap design also, Clark et al. in press). If the 

combination trap (named GBT-RP2), lands in frame within an intron of an expressed 

gene it will produce: a trace amount of the endogenous gene product, as well as an 

mRFP-fusion protein expressed in the location of the endogenous protein as well as the 

kidney if secreted, and an independent mutagenesis tag with a continued transcript 

fusion that is untranslated (bottom product in Figure 2; for a specific description of the 

Gene-Breaking Transposon, see Appendix A). The function of mutation tagging 

included within the GBT construct facilitates larval sorting of mutants which is not 

possible with other zebrafish mutational methods. This larval based sorting facilitates 

the use of GBT mutant lines for forward genetic, dominant screens for behavioral 

mutants. 

 

This document aims to demonstrate the utility of the larval zebrafish as a tool to help 

elucidate the genetic component of the nicotine response. Because tobacco addiction is 

a complex behavior with many discrete processes, we have developed assays for 

specific components that comprise the addictive response. These assays take advantage 

of the GBT to allow one to conduct a genetic screen for genes required within these 

biological steps. A behavioral response assay will be outlined that has been within a 

forward genetic screen in conjunction with the GBT to discover new genes that are 

involved in the nicotine response pathway.  The results from this exemplary screen will 

also be examined showing a simple implementation of the assay described as well as 

highlighting novel genes involved in the nicotine response pathway.  Additional  
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assays will also be described to aid in the further development of the larval zebrafish as 

a tool for studying modifiers to the genetic component of the nicotinic response. 
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Chapter 2 

 

Development and Implementation of a Behavior-Based Assay for Nicotine 

Response in Zebrafish 

 

Portions of this chapter have been previously published in Petzold et. al, PNAS, 

2009[64]. 

 

Section 1: Introduction to Locomotion and Behavioral Sensitization as a Model for 

the Nicotine Response 

 

Our current understanding of behavior and more specifically the addictive behavior has 

come from extensive pharmacological model organism research.  This research, for 

example, has led to the identification of the central mechanisms of neural networks and 

the signaling cascades involved within these pathways [7]. This has largely been 

accomplished by combining extensive reverse genetic studies within the mouse model 

system with alternative methods of examining the impact of the drug upon the 

mammalian model system [67, 68]. This approach has focused upon the examination of 

the rewarding aspects of nicotine as a drug in attempt to explain the vast behavioral 

differences in response to nicotine in humans [69]. 

 

Numerous studies, in a variety of model organisms from C. elegans [70]through rodents 

[71], have been shown to display an increase in motor stimulant reward following a 
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repeated exposure to a drug of abuse.  This predictable response has been coined 

“behavioral sensitization” referring to the change of behavior based state upon the 

repeated exposure to a psycho-stimulant drug of abuse [72]. Additionally, this increase 

in locomotor activity has been implicated in the development of drug. This link to 

addiction provides a potential relevance to continuous self-administration in animals 

and drug abuse in human addicts with a possible link to changes in motivation [72]. 

Although a link appears to exist between sensitization and drug abuse, it is important to 

note that the two phenomenon are not equivalent, but can produce predictive 

results[73]. It is because of these potential predictive qualities of sensitization that the 

mechanism in which behavioral sensitization functions has been greatly studied, 

however, a relative paucity of genetic research exists linking these mechanisms to 

specific genetic loci. It has been shown that a number of genetic pathways could play a 

role within the development of a sensitization to nicotine [74-76]. However, the 

correlation between these genetic differences only account for a small sub-section of the 

potential genes involved within the nicotine sensitization mechanism and an even 

smaller subset of the genes involved within the nicotine addiction pathway as a whole 

[68]. This showcases the need for a better exploration of the genes involved in the 

mechanism of the nicotine behavioral sensitization pathway. 

 

Section 2: Wild-type response to nicotine in larval zebrafish 

The use of nicotine within the confines of the zebrafish model organism is not a novel 

concept; for years the teratological affects of nicotine have been examined. These 

studies set a precedent for the confines of the behavioral assay that we were proposing. 
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It was found that nicotine, when given to a larval zebrafish at a dose of 33µM at 22 

hours post fertilization (hpf) showed reduced growth, body axis deformities and early 

death among other developmental deformities [50, 56]. Additionally, these nicotine 

exposed embryos showed a differential in touch response, becoming effectively 

paralyzed after 20 hours of exposure (42 hpf) [50]. This reduction in touch response has 

been attributed to a delay in motorneuron differentiation. These studies highlighted the 

developmental effects of a chronic exposure to nicotine, they did not examine the 

specific effects that nicotine has upon behavior, nor did they examine the acute effects 

of nicotine. Studies that examined these effects focused upon adult zebrafish, 

specifically of breeding age and older [77]. To elucidate the behavioral effects of 

nicotine upon the post-hatching, larval zebrafish (54 hpf-adult), we assessed locomotor 

activity by analogy to prior work with rodent models [72, 78, 79]. Locomotor activity 

(Figure 3A) was measured using a digital imaging station in a time window where, 30 

seconds following a stimulus of water, approximately 15% of a testing population 

moved (Figure 3A, yellow framed images; yellow lines and bars in all graphs in Figure 

3; Description in Chapter 4). Locomotor activity was assessed at different nicotine 

doses; movement as a function of added nicotine is shown in red bars and graphs in 

Figure 3. Note the characteristic ‘inverted-U’ shape of the dose-response curve [80] 

where higher doses of nicotine result in reduced, rather than increased, movement 

(Figure 3B). The attenuation in locomotor effects at high doses is known to occur in 

rodents and depends on the particular complement of nicotinic acetylcholine receptor 

types activated by these doses [80]. Based on this dose response curve, we selected ten 

micromolar nicotine for subsequent experiments (box, Figure 1B). Next, we tested  
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multiple developmental time-points, demonstrating a functional nicotine response in 

four day-old but not three day-old zebrafish (Figure 3C).  

 

One additional characteristic of the behavioral response to nicotine is sensitization – an 

increase in response upon prior exposure to nicotine; the sensitization response is shown 

in blue lines and bars in Figure 3. As demonstrated in Figure 3A, fish that had been 

previously exposed to nicotine become sensitized, yielding a marked increase in 

activity.  This level of sensitization is comparable to that noted in rodents [81, 82]. Five 

and six day-old but not four day-old zebrafish were capable of being sensitized (Figure 

3C). This demonstrates that the development of competency for sensitization was 

delayed compared to the ability to respond to acute nicotine exposure.  

 

To maintain confidence in our assay, we assessed whether this locomotor response is 

specific for and subject to perturbation of nicotine receptor signaling in zebrafish. First, 

we examined the effect of mecamylamine, a nicotinic receptor antagonist [83].  

Mecamylamine administered to the embryos four hours prior to nicotine treatment 

blocked locomotor activation but did not change the basal level of movement of the fish 

(Figure 3D). Second, we took advantage of the pre-existing alpha polypeptide 1 

nicotinic cholinergic receptor mutation (chrna1; [84]). Compared to their wild-type 

siblings, chrna1 heterozygous animals demonstrate reduced total (both acute and 

sensitized) locomotor activation due to an initial exposure and to repeated exposures 

(Figure 3E).  This altered response could be due to fewer total nicotinic receptors 

present in heterozygote animals. We cannot exclude the possible contribution of a 
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neural circuitry change from reduced chrna1 in these heterozygote animals.  The 

zebrafish thus represents a new vertebrate system for genetic testing of nicotine 

response.  

 

An emerging theme in the study of the neural substrates for initiation of behavioral 

sensitization is the role for glutamate receptor subtypes, in particular the NMDA-type 

receptor (NMDAR). NMDAR inhibition blocks the development of sensitization in 

rodents [85, 86]. The co-administration of nicotine with the competitive NMDAR 

antagonist APV prevented the development of nicotine sensitization (Figure 3F). To 

further examine the validity of this increased locomotor activity as a behavioral based 

sensitization, rather than a response to noxious or foreign stimuli, a variety of stimuli 

were administered to the zebrafish pre-exposure to nicotine.  These stimuli, including 

allyl-isothoicyanate and noxious temperatures, produced acute responses upon 

administration similar to those previously reported [87] (Figure 4A). However, the 

stimuli did not induce a sensitization to nicotine (Figure 4B).  The ability to create a 

sensitization response to nicotine within the larval zebrafish allows for a robust 

locomotion based population response to nicotine to be determined, allowing a forward 

genetic, population-based screen to be performed. 

 

Section 3: Screening GBT fish 

To effectively process a large number of mutant zebrafish an efficient screening 

paradigm needed to be developed. In its development, we used the previous research in 

zebrafish insertional mutagenesis [37] to design a screening paradigm that also took  
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advantage of the fluorescent tagging supplied by the GBT. After zebrafish mutant 

embryos are injected with a cocktail of transposase and GBT-construct, they are raised 

and expanded into genetic lines (Figure 3, top half). To facilitate the use of a single 

locus and to aid in determining expressed insertional copy number, these fish are out-

crossed to a wild-type fish (Figure 5, F1 line). Because of the Mendelian inheritance of 

the transposon, an out-cross of a single insertional line of fish would create a 

heterogeneous population of tagged mutant fish and wild-type siblings.  These fish are 

sorted with aid of the fluorescent-tag. Sorting facilitates examining the difference in 

nicotine response of the fluorescent-mutant larvae and their wild-type siblings (Figure 

5, F2 line). For each expression tagged candidate mutant locus, we initially examined 

two aspects of their behavior.  First we eliminated any loci with changes in the basal 

movement rate to avoid mutations that overtly altered the mechanics of swimming. 

Next we examined the differential nicotine response.  This was obtained by directly 

comparing the response of the expression-tagged larvae with their wild-type siblings 

(blue bars, Figure 6). Once a number of lines are tested, a general background variation 

can be determined, allowing for a greater examination of changes in nicotine response. 

With the addition of the protein-trap found in the GBT-R14, GBT-R15 and combination 

trap vectors (Appendix A), a biased approach is able to be taken, with a preference to 

lines expressing in the neural region (Figure 6B).  

 

By examining both the biased and unbiased responses of mutant lines to nicotine, lines 

that significantly differed from the general background variation (Figure 6; stars) could  
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be easily tested in more depth to determine the full nicotine response range as well as 

the full nicotine response profile.  This nicotine response profile includes the 
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background level of movement (signified by a yellow bar), the acute response to 

nicotine (signified by a red bar) and the sensitized response to nicotine (signified by a 

blue bar; wild type response shown in Figure 3A). Comparing the full nicotine response 

profile of the fluorescent-tagged mutant with that of their wild-type sibling allows an 

inquiry into the category of the response (Figure 7: Types of response). Possible 

mutants could show either increases or decreases over the normal nicotine response 

(Figure 7; Category I) within either of the three treatment categories. A change in the 

basal level of movement (Figure 7; Categories II and III), would show changes in all 

three categories due to the changed liveliness of the larvae as a whole. Changes in 

overall nicotine response will produce a linear shift of both the acute and sensitized 

levels (Figure 7; Categories IV and V). A change in sensitization level alone would be 

seen as a single change in only the sensitized fish, not the acute or control (Figure 7; 

Categories VI and VII). From this point, we can also prioritize any mutants found based 

upon their nicotine response profile, placing mutants that show a difference in nicotine 

response but not in overall movement at a higher priority than movement based 

mutants. This distinction also elucidates the need for a consistent measure of basal 

movement rate of the zebrafish and the need for a basal movement rate higher than 0%. 

In analyzing the mutant lines highlighted by the screening process, three were 

determined to have differences in nicotine response profile.  These mutant lines were 

named for celebrities who suffered due to tobacco-related cancers: bette davis (bdav), 

humphrey bogart (hbog) and yul brynner (yulb). 
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Section 4: Bette Davis 

In the GBT-P9 screen, the initial pool of GBT-mutagenized fish contained multiple 

expressed GBT chromosomes; upon outcrossing and subsequent selection, we 

established a zebrafish line with only a single expressed GBT whose offspring exhibited 

a markedly reduced nicotine response profile linked to GFP expression from the GBT 

(bdav; Figure 8A). Interestingly, we note that the reduction in the total (acute and 

sensitized) nicotine response of bdav heterozygous fish is comparable to that noted in 

the cholinergic receptor mutant, chrna1 (compare to Figure 3E). In contrast to the 

reproducible differences in the nicotine response, bdav mutant fish react normally to 

other tested behavioral stimulatory processes including locomotor activation due to 

external physical stimulation, to the noxious chemical AITC (mustard oil) or to extreme 

temperatures (Figure 8B). This noted altered nicotine, but normal stimulatory response 

profile, in bdav animals does not exclude yet-to-be determined effects from other 

physical or pharmacological stimuli (see more complete discussion below). The onset of 

the reduced nicotine response in bdav heterozygous fish is also not delayed compared to 

their wild-type siblings (Figure 8C). 

 

The transposon-based molecular tag was used to follow genetic linkage over six 

generations to date, demonstrating dominant Mendelian inheritance. Molecular analysis 

identified a single, sense strand GBT-P9 insertion in bdav fish in the zebrafish 

Chaperonin Containing TCP1 subunit 8 (cct8; Figure 8D). RT-PCR analysis 

demonstrates this GBT insertion results in reduced wild-type cct8 transcript levels in 
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 bdav heterozygous animals and a greatly attenuated level of wild-type cct8 RNA in 

bdav homozygous animals (Figure 8E). cct8 RNA expression is found in specific neural 

tissue during embryonic and larval stages of development (Figure 8F) similar to the 

pattern previously reported [88]. 

 

Traditionally viewed as a protein involved in the regulation of extreme temperature 

(heat shock [89] and cold shock [90]), the Chaperonin Containing TCP1 complex (cct) 

is viewed largely as a regulator of protein folding [91]. This evolutionarily conserved 

protein complex (ontology of cct8 found in Figure 3G) has been shown to be largely 

necessary for actin and tubulin folding within in eukaryotes ranging from yeast through 

humans. These genes, specifically the cct8 subunit have been implicated as being 

significantly sensitive to psychoactive drugs including the selective serotonin reuptake 

inhibitor paroxetine (Paxil, Seroxat) [92]. Despite these findings, the identification of 

cytosolic chaperonin subunit that plays a role in altering the nicotine response is 

intriguing. Differential binding of the individual subunits of the cct complex [93] could 

alter protein kenetics of the nicotine receptor as has recently been observed with other 

binding processes in work with cultured neurons [94]. Additionally, cct8 specifically 

has been shown to be upregulated in the prefrontal cortex after exposure to nicotine in 

rats further suggesting a role within the human nicotinic response [95]. A determination 

of the specific role that cct8 and other protein folding proteins play within the nicotine 

response could bring forth an additional pathway to examine as an intervention point 

within the nicotine response, however, additional research is required. 
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Section 5: Humphrey Bogart 

We added three technical advances for the GBT-R15 screen (Appendix A). First, we 

used the miniTol2 transposon vector [96] to simplify the molecular analysys of the 

tagged loci and to facilitate the addition of complex genetic elements in subsequent 

GBT vectors. We then modified the critical transcriptional termination cassette with a 

red fluorescent protein (mRFP) reporter that lacks an initiation codon requiring fusion 

to the nascent peptide to yield information regarding temporal and spatial regulation of 

the trapped locus. Third, the core mutagenesis module was flanked by loxP sites for 

reversion via Cre-mediated recombination as formal proof of causality. 

 

GBT-R15 mutagenized fish were screened for mRFP expression before subsequent 

nicotine response profiling with the goal of enriching our screening efforts for genes 

more likely to be involved in neural responses. Thus, unlike the largely unbiased GBT-

P9-based screening approach, the GBT-R15 screen allows for a pre-selection screening 

step. hbog fish display neurally restricted mRFP expression and mRNA localization 

(Figure 9A; Figure 9B). hbog heterozygous fish exhibit a strong reduction in the 

nicotine response profile (Figure 9C). Homozygous fish are adult viable and, in contrast 

to wild type fish, homozygous larvae display a 65% reduction in the pre-treated total 

nicotine response as determined by comparing pre-treated movement to control 

movement rates (Figure 9C). Homozygous hbog mutant fish, however, react normally 

to other tested behavioral stimulatory processes including locomotor activation due to: 

external physical stimulation, to the noxious chemical AITC (mustard oil) or to extreme 

temperatures (Figure 9D).  This noted altered nicotine but normal stimulatory response  
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profile in hbog animals excludes yet-to-be determined effects from other physical or 

pharmacological stimuli (see more complete discussion below). The onset of the 

reduced nicotine response in hbog heterozygous fish is also not delayed compared to 

their wild-type siblings (Figure 9E). 

 

Molecular analysis shows that hbog is due to a single GBT-R15 insertion in the sense 

GBT orientation of the sixth intron of the zebrafish gabbr1.2 locus (Figure 10A) that 

encodes one zebrafish ortholog of the GABA(B) receptor seven-pass transmembrane 

subunit 1. RT-PCR analysis demonstrates this GBT insertion results in reduced wild-

type transcript levels in heterozygous animals and a greatly attenuated level of wild-

type RNA in homozygous animals (Figure 4F). This insertion generates a severely 

truncated chimeric mRNA (Figure 10B) that encodes for an mRFP protein fused to the 

first 135 amino acids of the gabbr1.2-encoded protein, deleting 830 amino acids in this 

G-protein coupled receptor. GABA(B) receptors are evolutionarily ancient in origin, 

with a single human ortholog of gabbr1 (Figure 10C). 

 

The use of GBT-R15 facilitated two analyses in hbog not possible for the GBT-P9 –

based bdav allele.  First, we deployed Cre recombinase to delete the core mutagenicity 

cassette at the hbog locus and tested the nicotine response profile of this reverted 

chromosome (Figure 10D). Cre-mediated reversion could be obtained using either 

somatic delivery of Cre or after germline propagation followed by molecular 

confirmation of the excision process (germline reversion is diagrammed in Figure 10D). 

The Cre-reverted chromosome results in animals with a nicotine response profile 
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indistinguishable from wild-type, providing strong evidence of causality for this 

specific GBT insertion in the hbog behavioral mutation. Second, we used confocal 

imaging analysis to determine the specific location of the gabbr1.2/mRFP fusion protein 

expression and compared this with RNA distribution using whole-mount in situ 

hybridization (Figure 11). Note the strong expression of gabbr1.2 RNA in specific 

neural tissue; the gabbr1.2/mRFP analysis indicates enhanced expression in neuronal 

subsets that appear largely as a subset of the RNA-expressing cells (Figure 11). The 

GBT-R15 vector system thus provides new options over our prior gene-breaking 

approach [37] by the generation of reversible genetic alleles that can also display 

information on expression of the trapped loci. 

 

GABA(B) receptors are assembled from multiple subunits [97], indicating that changes 

in any subunit may result in GABA(B) signaling changes. Genetic variations in the 

GABA(B) receptor subunit 2 are associated with nicotine dependence [98]providing 

evidence for a conserved role for GABA(B) signaling in the human nicotine response. 

GABA(B)-targeted interventions may be of therapeutic value as the addition of a 

GABA(B) agonist or positive modulator reduced self-administration of nicotine in rats 

[99, 100], though clinical testing alone or in conjunction with nicotine replacement 

strategies has not been conducted to date. Additionally, these GABA(B) agonists have 

been shown to produce an addictive result as well, making its use as a clinical option for 

nicotine cessation fleeting[101-103].  
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Section 6: Yul Brynner 

With the combination trap vector GBT-RP2 we combined the protein trapping ability of 

GBT-R15 with the polyadenylation trapping of GBT-P9 (see Figure 2 and Appendix 

A).  This allowed the implementation of both a biased RFP-based screen as well as an 

unbiased GFP based screen for mutant lines.  Through the unbiased screening portion of 

the GBT-RP2 screen an additional candidate mutant line was determined.  This line, 

named yul brynner, displayed a unique nicotine response when examining the full 

nicotine response profile (Figure 12A). This unique response profile has been present 

but inconsistent in appearance with alterations in either the pre-treated or acute response 

of mutant fish when compared to their wild-type siblings (Figure 12B). In all 

generations the line has harbored more than one transposon insertion (with greater than 

80% GFP positive) and has shown an altered response to nicotine with acute and pre-

treated larvae showing a similar response (Figure 12). Additionally, in more recent 

generations, segregation between the two characteristics has taken place with an altered 

response occurring both in the acute and the pre-treated populations (Figure 12C). The 

presence of multiple expressed transposons presents a complication in a fluorescent-

based sorting technique. Although it is possible to purify a line to a single expressing 

transposon, the presence of additional expressing transposons in a line of interest will 

dampen the results of the  

altered expression due to the presence of an un-altered yet fluorescently tagged 

transposon line of fish. 
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Due to the number of expressing transposon insertions in the background that harbors 

the yulb locus, its identity remains unknown to this point. The yulb line is considered a 

“jackpot” line of fish— a line that has incorporated a very large number of insertions for 

a widely unknown reason, speculated to be an early integration event or an overdosing 

of the injected transposon [Ekker lab observations, unpublished]. Due to the number of 

transposon insertion events required to produce an in-frame mutation within the 

transcriptional unit of a protein (roughly 6 successful insertions), many transposons are 

initiall injected into the one-cell embryo. This can create lines of fish that carry multiple 

transposons, occasionally upwards of 20 or more.  It is estimated, through Mendialian 

inheritance of the chromosomes, that the initial yulb progenitor harbored over five 

expressing GFP-linked insertions. This number of insertions has two specific and 

unique outcomes: the dampening of the specific nicotine response mutation and the 

possibility of a multigenic-trait. Dampening occurs due to the sorting due to GFP-

linkage when initially examining the line for differences in nicotine response. GFP-

linked insertions that do not associate with the insertion that causes the phenotype will 

still be sorted as GFP positive while being phenotype negative. It is also possible to 

create a mutant that has multiple altered genes that, in combination, produce a 

phenotypic response. The resolution of either of these problems is possible through 

molecular identification of the insertion loci or continued out-breeding of the line of 

interest. Due to the interest in the nicotine response profile of the yulb line, the removal 

of additional loci is on going. 
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Chapter 3 

Conditioned Place Preference in Larval Zebrafish 

 

Section 1: Introduction to Conditioned Place Preference in Teleosts 

Worldwide, more than 55 million people die annually due to causes either directly or 

indirectly attributable to an addiction to either a legal or illicit drug of abuse[104]. This 

addiction is defined as a complex set of traits that result in a dependence to a substance 

despite the knowledge of the adverse effects of the substance upon its user. These traits 

are further classified by their relation to internal and external influences: the genes of 

the user, the environment within which the user is immersed and the physiological 

affects of the drug itself [68]. Due to the complexity of drug abuse and the cellular, 

molecular and organismal mechanisms involved in forming this addictive behavior, 

model organisms have been used to deconstruct addiction into its basal components. 

Specifically, model organisms have been used to examine the physiological affects of 

the drug itself [105, 106], the genes involved in these pathways[107, 108], the 

interaction between the reward pathway of the drug and the organisms’ environment or 

a combination of multiple interactions[109, 110]. 

 

To examine the interactions between the association of a stimulus and the rewarding 

affects the stimulus has on its user, whether specific to drug abuse or not, an assessment 

paradigm was developed based on the traditional Pavlovian conditioned response[109].  

This paradigm of study is termed “Conditioned Place Preference” or CPP, specifically 

referring to the repeated exposure to a stimulus with a paired environment to develop a 
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change in preference based upon the rewarding aspects of the stimulus.  In the past, 

CPP has been used to examine a wide variety of stimuli from drugs of abuse to 

pheromones[109, 110]. Additionally, CPP has been shown to be evolutionarily 

conserved being successfully deployed in model organisms ranging from 

invertebrates[111] to higher vertebrates including rodents[108], primates[112]and even 

humans [113]. More recently, CPP has been used as a tool to elucidate the genetic 

components of the learned response to a drug of abuse[114-116].  

 

The zebrafish has emerged as a model organism that is easily amenable to behavioral 

screening for genes involved in addictive and non-addictive pathways [45, 64]. 

Additionally, it has been used successfully well as chemical screening for drug 

discovery[38],  and modifiers of behavior [39]. The combination of these routes of 

study makes the zebrafish an ideal model for drug abuse studies.  

 

Although the zebrafish had been used as a model within avoidance and learning studies 

from the 1970‘s onward [117, 118] it was not until the early 2000’s that the it was first 

used for a traditional CPP study [43, 44](for an excellent review of the use of zebrafish 

and its benefits within behavioral research see Miklosi and Andrew, 2006 [119]). These 

studies focused on adapting previous research performed upon mice to the zebrafish 

model system. Place conditioning was performed by introducing the adult zebrafish into 

a novel choice environment, a chamber consisting of two halves differing in visual 

appearance. Although the method of visual distinction was different in each case, both 

groups of researchers took advantage of innate biological processes of light/dark 
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preference and fear to create differing initial place preference. This allowed researchers 

to examine the ability of the adult zebrafish to associate presence of a stimulus, alcohol 

or cocaine respectively, with the novel environment. It was also possible to determine if 

the rewarding effects of the drug was stronger than the innate biological processes 

involved in their initial preference (For a visualization of testing apparatus and 

paradigm see Figure 13A). Additionally, each study included an examination into the 

genetic component to the CPP paradigm, with one of the studies identifying a number 

of mutants (dum and jpy) that were differentially affected by the addition of cocaine 

[44]. To control for the possibility of a deficit in learning or in sight, the researchers 

also employed a visual acuity test and a simple t-maze test for learning ability (See 

Figure 13B).  These studies would set the precedence within the behavioral community 

of zebrafish for the use of CPP for the study of genes involved in drug abuse and 

addiction. Following these seminal studies using the adult zebrafish as a model for CPP, 

the variety of drugs of abuse tested quickly diversified, with researchers examining the 

amphetamine [47, 48], opiates (morphine [46] and salvinorin [120]), and the legal drugs 

of nicotine and ethanol [45, 54]. 

 

Section 2: Conditioned Place Preference in Larval Zebrafish 

 

Using the work that has been pioneered using the zebrafish for conditioned place 

preference [43, 44] as a guide, we examined the onset of the learned response to 

nicotine using larval zebrafish. This simple assay was accomplished by placing larval 

zebrafish into a choice environment consisting of a petri dish with one side markedly  
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different from the other in ambient light (light/dark) or texture (smooth/rough) (Visual 

representation in Figure 13 C and D). This initial testing was followed by a short 

recovery time and a single or series of training sessions (Figure 14 A; Chapter 4 for 

details). Place preference was determined as a percentage of larvae on a given side of 

the dish over time. This method of quantification was chosen over the traditional 

method of time spent on a given side due to the natural tendency of a larval zebrafish to 

remain still at 5 days post fertilization [57]. With the larval zebrafish being allowed to 

randomly arrange themselves within the testing environment, a lack of preference 

would be visualized as a value of 50% of the fish located on the given counted side. A 

preference would be visualized as a value different from 50% with values higher 

representing a preference towards the counted environment and less than 50% 

representing a preference against the given counted environment. In their initial 

exposure to the testing plates, the larval zebrafish (4-6 dpf) showed a slight preference 

towards an environment similar to that in which they were raised: smooth or light, over 

that of a novel environment: dark or rough (Figure 14, B and C). This preference 

change was enhanced when the two stimuli were combined (smooth and light versus 

rough and dark) (Figure 14 D). After an initial preference was determined, zebrafish 

larvae were exposed to the least-preferred environment paired with 10µM nicotine for a 

number of training opportunities. This paired exposure shifted the preference of the 

larvae towards the previously less preferred side in a training-dependent manner (Figure 

14 E). For the remainder of the tests using a stimulus as a rewarding or deterring factor, 

the change in preference from control or baseline will be demonstrated within the   
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figures or text. In all cases, this will be a representative of the difference between the 

final testing session and the initial testing session. 

 

To test the specificity of a preference to the raised environment, larval zebrafish were 

raised in varying conditions of light and tested in a choice plate consisting of these 

differences in light (conditioning paradigm displayed in Figure 15 A). Shade of light 

was controlled for by equalizing the grayscale value for each shade of color and only 

adjusting the hue applied to the color. We used colors of red, green and blue, 

corresponding to the long, medium and short wavelength photoreceptors found within 

the zebrafish eye. However, due to the maintenance of the grayscale value, an optimal 

output of wavelength for each photoreceptor could not be obtained. When raised in a 

neutral light environment of full spectrum-white light, larvae showed no preference 

towards an individual shade of light (Figure 15 B).  After raising the larval zebrafish in 

a single colored environment starting at 48 hpf, larvae were tested for preference at 4, 5 

and 6 days post fertilization. This was accomplished by placing the larvae in groups into 

a petri-dish placed upon a transparent colored sheet with equal portions of red, green 

and blue (Figure 15 A). To control for environmental differences, the orientation of the 

colored spaces was arranged randomly for each dish while maintaining the equal 

prevalence of the individual colors. Additionally, the color intensity of each of the given 

colors was matched both by using equal saturation and value (on an HSV scale as 

determined by Adobe Photoshop) and by equalizing grayscale values when converted. 

Rather than counting a singular side of preference, a percentage of the total number of 

larvae in a given colored environment was determined. Because of the equal area  
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arrangements of the colored environments, a preference for a given environment was 

considered a value higher than 33.3%. A preference against a specific environment was 

considered a value lower than 33.3%. No preference was considered a value of 33.3%. 

For all graphical representations of the preference data determined from this testing 

(Figure 15), the color of the line represents the color of the given environment. No 

change to the texture or intensity of light was provided. Larval zebrafish raised in a red 

environment showed a preference to a red environment over blue or green (5 dpf 

shown; Figure 15 C), however larval zebrafish raised in a blue or green environment 

showed a preference to both blue and green but not red (5 dpf shown; Figure 15 D and 

E). This change in preference can most likely be attributed to the developmental 

patterning of the cone cells within the retina of the larval zebrafish. Initially, all 

photoreceptors develop in a small, centralized patch of the retina allowing for minimal 

color differentiation beginning at 40-50 hpf [121]. Following this, cones develop 

sequentially with blue developing at 4 dpf, red at 7dpf and green developing last at 10 

dpf [122]. Full color vision is developed between 15 and 40 dpf [122]. Despite the 

inability of the larvae to distinguish the color of the red light, we speculate it is able to 

visualize the blue and green colors due to the early development of the blue cone. When 

presented with a novel environment, the larvae prefer to stay in the known environment, 

in this case, the red[123]. Due to the overlap in absorbed spectrum of the blue and green 

photoreceptors, the larvae are unable to distinguish between the green and blue, 

presenting a preference away from the red areas. Although these results are promising, 

the change in preference between the colored environments was not as striking as that 
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seen with the combination of the tactile stimulus paired with the luminescence, thus the 

combinatory stimulus was used for further development of the larval CPP assay. 

 

The requirements of the learned response were tested by examining both developmental 

timing and the frequency and number of training sessions (see Figure 14 A for visual 

representation of testing paradigm). An examination of the length of the testing sessions 

was also examined by placing larval zebrafish into the testing environment for an 

extended period of time (Figure 16 A). When placed into the testing environment, 

larvae spent the first amount of time developing a preference. After this initial 

exploratory period of approximately 5-10 minutes a preference was made and fish 

tended to stay on this preferred side for upwards of two hours (Figure 16 A). Following 

an extended period of stay within the preferred side, the larvae once again entered a 

period of exploration (not shown). Because of this window of preference, a testing 

period was considered to be 30 minutes, encompassing the initial expiration and 

development of preference. To streamline the data analysis process, and for better 

comparison of data, it was determined that the optimal method of data collection and 

analysis was to average the percentage of larval fish on a given side between 15 and 20 

minutes. This allows for an assurance that the larvae have left the exploration phase and 

have not yet begun to begin exploring once again. For the remainder of this section, all 

wild-type comparisons will be represented as a bar graph of this average with error 

being representative of differences within a given population. Once the time-course of 

exploration had been established, the number of training sessions and the length of 

training sessions were tested. It was determined that larval zebrafish could develop a 
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change in place preference when being paired with 10µM nicotine after a single training 

session of 30 minutes, however this preference is greater with an additional training 

session (Figure 16 B). As more training sessions were added upon the same day, non-

nicotine treated larvae began to be habituated to the novel environment, slowly 

removing the preference towards the nascent environment (Figure 16B; 3-4 training 

sessions). It should be noted that while a habituation to the novel environment occurced, 

the preference of the larvae never passed the point of a preference to the novel 

environment over the initial environment (not shown). The length of training sessions 

was also examined using two training sessions of equal length.  These sessions ranged 

in time from 5 minutes to 60 minutes. It was determined that between 30 and 60 

minutes was an effective time for training due to the greatest difference between the 

nicotine paired and non-nicotine controls (Figure 16 C). For all other assays, a 30-

minute training period was used. 

 

To create a robust assay that is specific for a preference towards an individual stimulus 

rather than simply testing for a habituation to a novel environment, a number of specific 

control situations were explored: environment paired with a non-rewarding stimulus 

(cinnamon oil), disruption of mechanism of the stimulus with a competitive inhibitor 

and the disruption of rewarding aspects of the stimulus with an inhibitor of reward. 

Using the optimal training and testing conditions outlined above, larval zebrafish were 

trained in the presence of mecamylamine, a competitive inhibitor to nicotine [83]. 

Larval zebrafish were expose to mecamylamine one hour prior to being exposed and 

trained to nicotine in the dark environment. We found that in the presence of 150µM 
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lamine the change in preference that is associated with nicotine was diminished when 

compared to groups that did not receive the additional inhibitor (Figure 16 D). 

Additionally, larvae that received the mecamylamine alone saw no significant change in  

preference when compared to control larvae (Figure 16 D; mecamylamine and control). 

Accompanied with the differences between the nicotine treated fish and the non-treated 

fish (Figure 14 D and 14 E), it can be determined that the nicotine is the driving 

stimulus that encourages the larval zebrafish to alter place preference. To examine the 

learning capability of the larval zebrafish and to ensure that the change in preference 

was specific to a conditioned place preference paradigm, larvae were trained in the 

presence of 1-aminopropanecarboxylic acid (ACPC), a known non-biologically relavant 

partial agonist of the NMDA receptor that has been shown to block the acquisition of 

place preference conditioning to a variety of psychoactive drugs in rats[124]. Using 

rodent work as a guide, larval zebrafish were exposed to a concentration of 150µM 

ACPC 30 minutes prior to drug administration. We found that in the presence of the 

ACPC the change in preference that is associated with nicotine was diminished when 

compared to groups that did not receive the inhibitor (Figure 16 E). A third method of 

examining the rewarding aspects within the confines of a CPP assay is to examine the 

extinction of training[125]. This can be accomplished with the larval zebrafish by 

examining the change in preference over time without including additional training 

sessions.  It was found that the larval zebrafish retain the change in preference over a 

period of 24 hours (Figure 16 F). The combination of these data provide that this larval 

CPP assay can be as affective as those previously described in both rodent models and 
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adult zebrafish. Additionally, this represents one of the first associative-learning based 

larval zebrafish assays amenable to a forward genetic screen. 

 

To explore additional aspects of the learned response to a stimuli, we examined whether 

the larval zebrafish could also respond to a negative stimulus in a conditioned place 

avoidance (CPA) mechanism (Figure 17 A). It has been shown previously that larval 

zebrafish react in an adverse manner when exposed to low levels (0.5%) of cinnamic 

acid, commonly found in cinnamon oil[87]. This stimulus was used in a similar method 

to that described above with cinnamon oil being paired to the novel environment. The 

dark side was used as the environment paired to the cinnamon oil due to the housing of 

the larvae in a light environment.  When trained with the cinnamon oil paired to the 

novel environment, larval zebrafish increased their preference to the light-smooth side 

(Figure 17 B). Additionally, this increased avoidance of the novel environment persists 

for at least 6 hours (Figure 17 C). Although this is not as strong as the change in 

preference associated with a positive stimulus, it demonstrates the utility of the larval 

zebrafish in a CPA assay. 

 

Section 3: Conditioned Place Preference in GBT-mutant lines 

The conditioned place preference assay in larval zebrafish presents the opportunity to 

explore further aspects of the addiction process that are not able to be seen using the 

nicotine response assay alone. Specifically, a mutant of interest that has been found 

using the nicotine response screen could still acquire an addictive response to nicotine 

while having a lessened response. This would show that while necessary for the full  
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response, the gene in question would not play a role in development and maintenance of 

the rewarding aspects of the stimulus. Additionally, the inclusion of a CPP assay on 

previously described nicotine response mutants provides the opportunity ot separate the 

reward pathway from the physiological response to nicotine. To this end, we have 

explored the conditioned place preference responses of hbog and bdav the GBT mutants 

described previously (Chapter 2 and Petzold, et al. 2009[64]). To better demonstrate the 

differences between the response of the mutant larvae compared to their wild type 

siblings, the entire thirty minute response period was included within these graphs along 

side the averaged comparison. Coloration of the graphs corresponds to the other graphs 

throughout this chapter. 

 

Although bdav and hbog showed a similar reduction in global nicotine response, they 

differed greatly when tested in the nicotine conditioned place preference assay. In the 

presence of nicotine, with the standard treatment and training, bdav heterozygote larvae 

were shown to not develop a change in preference (Figure 18A). Wild type siblings of 

these bdav heterozygotes showed a change in preference towards the training side 

(Figure 18A). In contrast, hbog heterozygotes developed a change in preference towards 

the training side at the same rate and manner as their wild type siblings (Figure 18A and 

18B respectively). This suggests that cct8 plays a role in the mechanism of action of the 

nicotine reward pathway. Additionally, gabbr1.2 may not play a role in the mechanism 

of action of the nicotine reward pathway.  The duplication of the gabbr1 gene within the 

zebrafish genome may provide enough of a gene product to allow for the development  
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maintenance of the reward aspects of nicotine while still being disrupted within the 

initial response to nicotine. 

 

Section 4: Conclusions and Future Directions 

Understanding the developmental and evolutionary mechanisms of complex behavioral 

traits, such as addiction and learning, will likely lead to a greater understanding of 

human addiction and drug abuse. Additionally, with the great strides of genetic and 

chemical modification within teleost organisms, such as the zebrafish, a wider array of 

conditioned place preference assays can be used to provide a genetic link to these 

processes. Whether key genes in the process or modifiers, the development of a 

conditioned place preference assay in larval zebrafish lays the groundwork to allow for 

a new wave of studies to help provide the genetic basis of the learned aspects of 

addiction.  Furthermore, with emerging technologies in the zebrafish field, such as the 

targeted zinc finger nuclease[126]and large-scale chemical screenings[127], an even 

wider array of genes and chemical modifiers can be targeted within these conditioned 

place preference assays using a reverse genetic approach. Additionally, with the added 

screening power of the forward-genetic GBT-based mutagenic screen presented in 

Chapter 2, a combinatory approach can be taken to further examine the place genes hold 

within the nicotine addiction pathway. Used as a follow-up assay upon mutants 

discovered in the nicotine-response assay, the conditioned place preference assay 

provides a mechanism to determine the learned aspects of addiction. 
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The additional merits of using a novel environment-testing situation as described above 

allows for the exploration of both conditioned place preference (nicotine) and avoidance 

(cinnamic acid).  This suggests that similar testing situations that have been examined in 

rodents can be used within the larval zebrafish system allowing for a further exploration 

into complex behavioral systems. Larval-based conditioned place preference screening 

provides a mechanism for the discovery of genes involved within learning, plasticity 

and novelty seeking behavior. With the addition of the conditioned place avoidance 

assay, the developmental and genetic mechanisms that drive adverse effects of drugs of 

abuse, stress and pain could be examined. The use of a non-locomotor based assay 

provides the opportunity to study a variety of stimuli including depressants such as 

alcohol. This approach also allows the researcher to examine both shared and individual 

pathways to drug abuse within an extensive array of stimuli, both stimulating and 

depressant. 

 

With simple alterations to the current protocol, it is possible to greatly enhance the CPP 

and CPA assays. Using current technologies available, it would be possible to create an 

ever-changing environment with a video played on an LCD screen. This approach 

enables larval zebrafish to be “trained” to follow a moving spot associated with the drug 

or stimulus of choice allowing for a testing paradigm that is both dynamic and ever 

changing. Additionally, this learning based paradigm would provide an opportunity to 

explore the genetic pathways that create learning, memory and plasticity. 
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Chapter 4 

Methods 

 

Locomotion observation of Nicotine Response Assay.   

Movement was assessed by digital snapshot capture of the fish using a “multiplex” 

mode of a either a Nikon Coolpix 990 or Nikon Coolpix SR10 digital camera 30 

seconds after the testing dose of nicotine. This 16-shot mode generates photographs 

over a period of six seconds with each photograph occurring every 0.4 seconds. This 

time window was selected to maximize the nicotine response signal compared to the 

basal movement while also providing a reproducible assessment of the basal movement 

capability of the tested animals. 

 

Movement changes were determined by manually overlaying the initial photograph to 

the 4th photograph (a period of 1.6 seconds) in each series using Adobe Photoshop. 

Other frames in the sequence were used to address any ambiguity in the initial 

movement assessment. The percentage of fish that visibly changed position was 

recorded for each treatment group. 

 

Statistical analysis 

The behavioral data were analyzed using Microsoft Excel 2004 for Macintosh with 

Statistical Package (Microsoft).  Percentage of fish moved was ascertained by 

determining the number of fish moved and dividing by the total number of fish for each 

treatment group.  The mean of the percentages was then determined along with the 
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standard error.  All error bars in figures represent this derived standard error.  Statistical 

significance of movement differences was assessed using two tailed t-tests with control 

fish being compared to either the acute treatment group or the pre-treated group.  To 

determine statistical significance between mutant groups (Figure 6), we determined the 

mean of the mean between the pre-treated mutant and wild-type siblings. Statistical 

significance of the difference of means was assessed using a two-tailed z-test comparing 

the overall mean to the individual mean tested. Statistical significance of the addition of 

a drug to the water of the fish was assessed using analysis of variance  (ANOVA) with 

treatment as a grouping factor followed by a Student Newman-Keuls post hoc test using 

KaleidaGraph 4.1 for Macintosh (Synergy Software). Statistical significance of place 

preference was determined as a difference in place vs a random distribution (H0 = .5) 

using a binomial distribution. A p<0.05 was considered statistically significant. 

 

Nicotine administration.  

A dose range up to 100 micromolar of nicotine was used on day five zebrafish for 

assessing the main nicotine response profile (Description found in Chapter 2; Figure 

3B). The ten micromolar dose was selected as the ‘standard treatment’ used in the 

genetic screen due to the strong behavioral signal detected in both the acute and pre-

treated animals. Fish in a particular “Pre-treatment” group were given a defined dose 

nicotine solution with an incubation time of one minute.  Fish were then transferred into 

fresh embryo water. After an incubation of eight hours, fish in both the “Pre-treatment” 

and “Acute” groups were administered the same defined nicotine dose combined with 

500µl of embryo water.  Fish in the “Control” group were given a 500µl dose of embryo 
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water to control for the physical action of administering nicotine. All fish were allowed 

a 30 second incubation period before behavioral assessment via digital imaging, 

described above. 

 

GBT transposons 

For a discussion of GBT transposons used, please refer to Appendix A; Figure 21. 

 

Zebrafish collection and preservation 

Embryos were collected at day zero, approximately one-hour post fertilization (pf) and 

placed into 100x15 mm Petri dishes with no more than 100 embryos per dish. These 

dishes were then stored in a 30° C incubator.  Dead and unfertilized embryos were 

removed.  At three dpf, fish were then transferred into 60x15mm Petri dishes with no 

more than 20 fish per dish for fluorescent-based genotyping according to Davidson et 

al.[36] 

 

All data points represent at least three independent measurements on independent 

biological samples with at least ten animals measured for each replicate. 

 

NMDAR inhibitor administration. To test the effect of APV, an NMDAR competitive 

inhibitor, on the nicotine response (28, 29), fish in “Pre-treatment” and “Acute” groups 

were each placed in a solution of ten micromolar APV immediately prior to receiving 

either a nicotine pre-treatment (“Pre-treatment” group) or embryo water (“Acute” 

group) on day five at 9 AM.  After a one-minute incubation, the water was replaced 
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with fresh embryo water.  ”Pre-treatment” and “Acute” groups were administered 

nicotine after an eight-hour incubation as described above. 

 

Mecamylamine administration.  To test the affect of mecamylamine, a nicotinic 

receptor competitive inhibitor on the nicotine response[83] fish in the “Pre-treatment” 

and “Acute” groups were each placed in a solution of 10 micromolar mecamylamine 

(Sigma Aldrich) one hour prior to receiving a testing dose of nicotine on day five at 5 

PM.  After the incubation, the water was replaced with fresh embryo water.  The groups 

were administered nicotine as described above. When used with the conditioned place 

preference assay, larval zebrafish were treated with mecamylamine as described above 

one hour prior to the initial training with nicotine. This administration of 

mecamylamine was performed while larvae were in their initial housing. 

 

Response to noxious chemicals.  To test the response of each mutant to noxious 

chemicals, allyl isothiocyanate (AITC - mustard oil; 377430; Sigma Aldrich; diluted to 

a final concentration of 100µM in 1% DMSO[87]) was administered to the zebrafish at 

five days post fertilization. 1% DMSO served as vehicle control.  Fish were sorted into 

mutant and wild type clutches (sorting by fluorescence) and were given a dose of AITC.  

Observation of movement was determined after 30 seconds using a digital camera as 

described for the nicotine administration above.  

 

Response to noxious temperatures. To determine the noxious temperature response 

profile[87] for each mutant, fish were sorted fluorescently into mutant and wild-type 
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groupings with minimal embryo water (2 ml).  These plates of fish were then filled to 

normal levels (10 ml) with either hot embryo water (42°C) or cold embryo water (4°C).  

Locomotor response was observed after 30 seconds in the adverse condition as 

described above. 

 

chrna1b107 heterozygous zebrafish. Heterozygotes carrying a hypomorphic allele in the 

cholinergic receptor, nicotinic, alpha polypeptide 1 chrna1 ([84]; obtained from the 

Zebrafish International Resource Center) were out-crossed to generate mixed clutches 

of sibling animals of wild-type and chrna1 heterozygous genotypes for nicotine 

response assessment. In a parallel and blinded analyses, individual animals were then 

isolated and individually PCR genotyped as either wild-type or chrna1 heterozygotes. 

 

GBT mutant screening 

Mutant zebrafish were generated by the co-injection of plasmid DNA encoding each 

GBT plus Tol2-encoding synthetic mRNA as described [37].  Adult fluorescent protein- 

expressing F1 transposon heterozygous fish were out-crossed to wild-type fish to 

generate a heterogeneous population of F2 larvae. The embryos were then separated into 

fluorescent-positive and fluorescent-negative groups and placed into similarly sized fish 

groupings for nicotine response assessment as described above (Figure 5).  The 

response of the pre-treated GBT-positive larvae was subtracted from the pre-treated 

GBT-negative response to determine the response differential in these lines. To ensure 

that GBT-mutations did not alter movement response, the basal movement rate in the 

control response was also monitored. Using expression linkage analysis to estimate 
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copy number[36], we conservatively estimate at least 213 GBT-expressed loci were 

screened using this approach, 178 GBT-P9 and 35 GBT-R15. Candidate loci were 

subsequently out-crossed at least 4 times, recovering the noted linked nicotine response 

profile in each subsequent generation. The resulting alleles have been named bdavmn30 , 

hbogmn31, and yulb selected after Bette Davis, Humphrey Bogart and Yul Brynner, 

celebrities who died of tobacco-related causes and to enhance communication that 

genetic background can and does alter the response to addictive drugs. 

 

Southern blot analysis for linked loci 

Genomic DNA isolation and Southern blot hybridization was conducted as previously 

described(30). Genomic DNA samples were isolated from GFP-positive and GFP-

negative embryos for the bdav locus digested with a combination of BsoB1 and BsrB1.  

Blots were probed with a 609 bp GBT-P9-specific probe generated by PCR (5’- 

GGGTGAAGGTGATGCAACATACGG -3’ and 5’- 

TCATCCATGCCATGTGTAATCCCA -3’). Genomic DNA samples were isolated 

from RFP-positive and RFP-negative embryos for the hbog locus digested with Ase1.  

Blots were probed with a 585bp GBT-R15-specific probe generated by PCR (5’-

GTCATCAAGGAGTTCATGCGCTTCA  -3’ and 5’-

GATGTCCAGCTTGATGTCGGTCTTGT-3’).  

 

5’ and 3’ rapid amplification of cDNA ends (RACE) 

Total RNA was isolated from 10 three day- old zebrafish larvae using RNeasy RNA 

isolation kit (Qiagen).  First strand cDNA was synthesized in a 10 µl reaction from 
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250ng of total RNA using Superscript II reverse transcriptase (Invitrogen). 5’ and 3’ 

RACE were conducted on this cDNA as previously described[37, 128] 

 

RT-PCR  

RNA was prepared from clutches of at least ten sibling animals at five days of age.  

RNA was reverse transcribed using Superscript II, and two microliters of reverse 

transcription reaction was used for PCR.  For hbog, wild-type primers used were 

located in Exon 3 and Exon 9 (Exon 3- 5’-

CGACCACCTAGAGATGGAGGGATCAG-3’  Exon 9- 

5’GGGAAAACGCTGACGGTTGGAG-3’ ).  Mutant hbog primers used the same Exon 

3 primer as above along with a GBT-R15 primer located within the mRFP (GBT-R15 – 

5’-CGCCCTTGGTCACCTTCAGCTT-3’). For bdav, wild-type primers were located in 

Exon 1 and Exon 5 (Exon 1- 5’- TGCAGCCTCATCCAGCATCAATCT -3’ Exon 5- 

5’-TGCAATGAGGTTGGCCAGGAAA -3’).  Mutant bdav primers used the same 

Exon 5 primer as above along with a GBT-P9 specific primer located within the GM2-

GFP (GBT –P9 – 5’- TGGGATTACACATGGCATGGATGAAC -3’). For control 

primers, ß-actin primers as previously described (ß-actin-ex4F1 and ß-actin-ex4R1 (28)) 

were used.  For determination of knockdown in bdav hetereozygous and homozygous 

fish,  genotyping and semi-quantitative knockdown data was obtained following RT-

PCR of cDNA from individual embryos. 

 

Genetic analysis of bdav.  



   65 

 

The number of single chromosome, GFP-linked fish from the initial bdav founder line 

that did not produce offspring with a deficiency in nicotine response was 0 out of 107 

total fish, indicating tight genetic linkage. The standard linkage assessment such as the 

traditional logarithm of odds (LOD) formula as described by Morton [129]is difficult to 

assess in this screening paradigm (and would yield a nearly infinite LOD score). 

Consequently, we believe the likelihood that the observed nicotine response mutation is 

not linked to the GFP-tagged locus is very low. 

 

Cre reversion 

Cre coding sequence was PCR amplified using primers BglII/Cre-F1 (5’-

ACGAGATCTACAAGATGTCCAATTTAC-3’) and Spe/Cre-R1 (5’-

AGCACTAGTTTAATCGCCATCTTCCA-3’) and peGFP-Cre (Halpern laboratory) as 

a template.  PCR fragment was digested with BglII and SpeI and cloned into BglII-SpeI 

digested pT3TS[130]. Synthetic Cre-encoding mRNA was synthesized from XbaI-

linearized plasmid pT3TS-Cre and 50pg injected into homozygous hbogmn31 embryos 

and raised to adulthood. These animals were out-crossed, and the resulting offspring 

were molecularly genotyped for Cre-mediated reversion at the hbog locus using primers 

hbogInsertF1 (5’-TGGTCCATTCTCATTGAGCAGCG -3’) and hbogInsertR1 (5’- 

GCAGAAAGCGGTTCCAGGTTTGA -3’) resulting in a shifted gene product. The 

nicotine response profile was subsequently assessed on this allele (hbogmn32!GBT). 

 

In situ hybridization 
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Whole mount in situ hybridization was conducted as described[131]. Partial hbog 

coding sequence was amplified using primers 5’-CTAGGCAAATGGGACTCACC-3’ 

and 5’-CTCTTGTTCACCAGATCCAG-3’ and cloned into Strataclone vector.   hbog 

antisense probe were synthesized by linearizing with Xba1 and using T3 RNA 

polymerase. Partial bdav coding sequence was amplified using Exon 1 primer as 

described above and 5’-TGTGGCGTACAGTTTGGAGATCAG -3’ and cloned into 

Topo vector (Invitrogen). bdav antisense probe were synthesized by linearizing with 

Xba1 and using T3 RNA polymerase. 

 

Photography of mutant lines 

Photography of mutant lines, both in live imaging of fluorescence and imaging of fixed 

embryos, was accomplished using a microscope and a consumer grade camera. For 

imaging of the fluorescent pattern of hbog, embryos were embedded within a 1.5% low-

melt agarose solution and photographed using a Zeiss Apatome and AxioVision 4.1 

software. This imaging procedure was later replaced with SCORE imaging as described 

in Petzold et. al 2010[132] found in Appendix B. 

 

Isolation of full coding region for hbog/gabbr1.2  

We performed a BLASTN against publicly available sequences in the NCBI database.  

The identified sequence was highly similar to accession number XM 682935; a 

predicted sequence similar to GABA-B receptor 1.  To fully characterize the coding 

region of this sequence, we performed a 5’RACE with primers located in Exon 9 

(above) and Exon 6 (5’- TGTTCACCAGATCCAGGGCCATT -3’) of the predicted 
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sequence.  This resulted in a complete sequence of untranslated Exon 1, and the 

partially translated Exon 2 upstream of the predicted coding sequence.  The predicted 

full-length coding sequence for hbog/gabbr1.2 has been submitted to GenBank under 

accession number XM 682935 . 

 

Phylogenetic analyses 

We performed a BLASTN of the coding region of hbog against the Ensembl zebrafish 

genomic DNA database (Zebrafish genome assembly – Zv 6).  This result was highly 

similar to Ensembl Gene ID ENSDARG00000016667.  We then used the “ortholog 

prediction function” to generate a predicted orthologic tree.  We repeated this procedure 

using the bdav coding sequence. The resultant BLASTN of the coding region identified 

as being highly similar to Ensembl Gene ID ENSDARG0000008243. 

 

Environmental Differential Plates 

Choice plate environments were created by modifying a standard 100mm petri dish.  

These modifications created either a differential in light, texture or both.  To generate 

differences in light, an opaque black colored electrical tape was wrapped around the 

outside of the dish, covering the entire dish for training dishes and one half of the dish 

(as measured with a ruler) for choice plates. If color choice was being examined, a 

colored film was applied to the bottom of the plate. Color was normalized by matching 

both saturation and value (HSV scale) within Adobe Photoshop to create similar 

intensities of light. To generate differences in texture, plates were scratched using a 

medium grit sand paper (60 grit) in a random but circular pattern. For environmental 
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conditioning plates, the entire plate was scratched, for choice plates, a tape barrier was 

placed along the center line preventing scratches on half of the dish. For combination 

testing, a similar procedure was followed combining the two environmental changes 

upon the same dish. After the environmental changes were applied, dishes were washed 

with embryo water to remove extra particles and possible chemical residues revealed 

within the environmental modification process. 

 

Place Preference Procedure 

To determine initial preference to environmental cues, zebrafish larvae, 5dpf, were 

placed into a testing environmental plate, testing either differences in response to light, 

texture or both, in groups of 20 fish per dish (as described above). Placement of 

zebrafish was analyzed using either photography or videography as described above for 

a period of 35 minutes. After this exposure to the environmental testing plates, fish were 

returned into initial housing dishes within the bottom lit incubator for a period of at 

least 1 hour. After this recovery time, in the event of nicotine conditioning, larvae were 

administered a single dose of nicotine immediately followed by being placed into a 

conditioning plate, placed within the photography cabinet for a period of one hour. 

Control fish were treated in a similar manner, without the exposure to nicotine. A 

preference was then taken in a similar manner to that described previously. This 

procedure was then repeated upwards of 4 times, depending on the experimental 

conditions. (See Figure 13 for a diagrammatic of the procedure) 

 

Determination of place preference 
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Place preference was assessed by digital snapshot capture of larvae within conditioning 

plates using a standard point and shoot camera on an interval timer (Nikon Coolpix 

S10). This setting takes individual photographs upon a set time interval schedule 

determined by the user.  For the purposes of this study, time intervals of either 1 minute 

or 5 minutes were used. Placement was determined as the percentage of larvae in a 

given location at the moment the photograph was obtained. With the larval zebrafish 

being allowed to randomly arrange themselves within the testing environment, a lack of 

preference would be visualized as a value of 50% of the fish located on the given 

counted side. A preference would be visualized as a value different from 50% with 

values higher representing a preference towards the counted environment and less than 

50% representing a preference against the given counted environment. For color 

preference, rather than counting a singular side of preference, a percentage of the total 

number of larvae in a given colored environment was determined. Because of the equal 

area arrangements of the colored environments, a preference for a given environment 

was considered a value higher than 33.3%. A preference against a specific environment 

was considered a value lower than 33.3%. No preference was considered a value of 

33.3%. 
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Chapter 5 

Conclusions and Future Directions 

 

 

This study presents the larval zebrafish as a model for genetic assesment, within 

conserved biological paradigms that are a part of complex behavioral pathways of 

addiction and learning. In particular, the large family size of the zebrafish allows the 

detection of a single gene’s contribution within a multi-loci behavioral response. With 

the added benefit of the gene-breaking transposon, an efficient and powerful forward 

genetic screen can be conducted by a single researcher or within a team to examine a 

specific pathway of study. The robust assays that have been presented within this study 

serve to highlight only a small number of the possible uses of such an assay within the 

larger system. The methods described provide the framework to further explore the 

mechanism of addiction, behavioral disorders and other complex behavioral systems. 

Some potential routes of study are described below. 

 

Discovery of necessary and sufficient neurons for nicotine response 

The innovations implemented within the gene-breaking transposon, such as the 

inclusion of Cre-recombinase recognition sites for ease of reversion and a protein-trap, 

allow for a more specific and directed study. Moreover, these sites also allow for the 

determination of the specific neural structure and function of individual neurons within 

the zebrafish brain. For example, a determination about which of the many GABAB 

receptor-expressing neurons are critical for the observed physiological response to 
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nicotine can be made. This would be accomplished by engineering a gene-specific 

driven Cre-recombinase line of zebrafish to cross to the hbog mutant line.  The co-

localization of the gene-specific Cre-recombinase and the GBT-R15 hbog would 

produce a localized reversion within the gene-specific neurons allowing the gene-

specific function to be determined. The current limitation to this research approach is 

the lack of gene-specific Cre-recombinase lines of zebrafish. 

 

Development of nicotine based reporter lines to explore NRTs and interventions 

The fluorescent based gene-tags and reporters that are included within the GBT protein-

tagging, polyadenilation and combination traps take advantage of the inherent 

transparency of the larval zebrafish. With the inclusion of the protein-specific 

expression tagging that is present within the GBT-R14, R15 and RP2 vectors (Appendix 

A), the possibility of a biased approach to screening was possible.  Aside from reaching 

beyond the single reading frame that is being utilized currently in these trapping 

vectors, other fluorescent-based technologies can take advantage of the transparent 

nature of zebrafish larvae. Specifically, it has been shown that transgenic zebrafish 

reporter lines can be readily made using the Tol2Kit Gateway-based construction 

system[133]. This system takes advantage of the Tol2 transposon to create a non-

mutagenic expression vector that produces gene specific fluorescent expression. By 

using a method similar to this, it is possible to create an expression-tagged line of 

zebrafish that is responsive to nicotine. The nicotinic receptor subunits have been 

studied extensively [134, 135] and many of the regulatory elements of these subunits 

have been characterized in humans and rodents[136, 137]. Taking advantage of this 
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information would allow researchers to first find the regulatory elements that drive the 

expression of the nicotinic receptor and then use these elements to drive a fluorescent-

based marker. This expression-based line of fish would be able to determine when 

nicotinic receptors are being upregulated in the presence of nicotine or other stimuli. In 

combination with the GBT screening process, it would be possible to examine, in real 

time, the specific effects that the mutated gene would have on nicotine receptor levels.  

Additionally, with the current strides within the chemical screening field, this type of 

reporter fish has the potential of aiding in the discovery of a new nicotine replacement 

intervention (Figure 19). With this line of fish, a researcher has the ability to apply a 

large number of chemicals in combination with nicotine or alone and observe the 

resulting fluorescence. A nicotinic receptor agonist, or nicotine alone, would produce a 

GFP response alone and have an enhanced response in the presence of nicotine due to 

an upregulation of the nicotinic receptor (Figure 19B).  A nicotinic receptor antagonist 

should lessen the response of GFP in the fish (Figure 19C). Using this information, a 

panel of drugs could easily be screened using a number of these transgenic fish housed 

within a 96 well plate (Figure 19D). By monitoring the GFP expression levels of these 

fish, novel antagonists and agonists to the nicotinic receptor can be discovered.  

 

Furthermore, with the use of a non-Tol2 based GBT, it would be possible to perform a 

biased based screen similar to that previously mentioned. This screening approach 

would be able to discover genes that affect both the expression of the nicotine driven 

GFP and the location of the GFP providing yet another method for examining the 

method of determining the mechanism of nicotine response and addiction. The use of a  
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non-Tol2 based GBT system would be required dependent on the method of creating the 

nicotinic reporter line. If the gateway-cloning system was described as mentioned 

previously, an injection of Tol2 mRNA that accompanies the GBT construct has the 

potential of re-mobilizing the Gateway-based Tol2 ends creating both a localized 8bp 

duplication and the possibility of concatamerization, localized genome rearrangements 

and excision of the Gateway-based construct. The use of an alternate transposon system, 

such as Ac/Ds, PiggyBac, Hermes or Sleeping Beauty[138], as a vehicle for either the 

reporter construct or the GBT construct would allow for a systematic forward genetic 

based screen within such a background (Figure 19E). Alternatively, the initial reporter 

line of fish could be created using a non-Tol2 based method such as an alternative 

transposon or simply injection of the transgene into a once-cel embryo. Additionally, 

once a stable line of fish was created by any of the previously mentioned methods, these 

reporter fish could be crossed into the screening lines of fish at an earlier time point, 

either at the F1 or F2 generations (See Figure 5 for initial screening paradigm details) 

 

Use of larval assay with putative NRTs or current NRTs (varenacline) to help 

describe mechanism of action. 

An immediate potential possible use of the larval-based nicotine response assay is the 

exploration of current and putative nicotine replacement therapies. Many studies have 

show that the larval zebrafish is amenable to the discovery of novel drugs when 

deployed in a screening approach[127, 139, 140]. The simplicity of the nicotine 

response assay allows the user to screen through a large number of potential drugs in an 

expedited manner. Additionally, drugs previously approved by the Food and Drug 
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Administration that play a role within proposed mechanisms of addiction, such as the 

serotonergic, dopiminergic and gabaergic pathways can be tested in a similar manner to 

that described with mecamylamine (Methods found in Chapter 4, results in Chapter 2 

and 3).  This would provide an accelerated approach to examine the potential use of 

drugs as a nicotine replacement therapy or intervention without the need for phase 1 

clinical trials. Furthermore, the specific route of action of currently used drugs such as 

varenacline (Chantix[141]) can be examined to elucidate a mode of function. Learning 

more about the mechanism of action of such drugs could provide insight into the 

addiction process as a whole as well as providing additional mechanisms for improved 

intervention technologies. 

 

Nicotine paired with other drugs to determine common genes within pathways of 

addiction 

Drug abuse as a whole accounts for more than 55 million annual deaths worldwide 

[104]. Despite these overwhelming statistics, the majority of drug users began use with 

abuse of a legal substance such as nicotine or alcohol [104, 142]. One of the benefits of 

performing a larval-based behavioral screen is the amenability of such a screen to the 

use of alternative stimuli including non-addictive substances, legally obtainable 

substances and illicit substances. With slight alterations to the methods presented, a 

screen could be developed to search for genes involved in the response mechanism to a 

number of stimuli (Figure 20A). Once a gene is determined to have an affect upon the 

response to any of these stimuli, alternative stimuli could be administered either as 
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larvae in a similar method to that described here or as adults, utilizing previously 

described methods [28, 143]. 

 

The idea that the use of a drug of abuse can lead to progressive illicit drug use has been 

known since the early 1970s with the term “gateway drug” being first coined by Robert 

Dupont in 1984 [144]. The “gateway drug” hypothesis states that an individual is more 

likely to become a user of illicit drugs when exposed to “weaker” drugs at an early age. 

These “weaker” drugs of addiction (nicotine, alcohol and marijuana) provide a 

“gateway” for the user to experience more addictive and illicit drugs of abuse (cocaine, 

methamphetamine, morphine etc)[145]. It is thought that these “gateway” drugs act to 

train juveniles into the complex behaviors that are associated with use of illicit drugs of 

abuse. The added combined pathways of reward that are stimulated by use of tobacco 

help to create a perceived need for more rewarding stimuli as well as enhancing the 

rewarding attributes of a secondary stimulus[146]. The specific genes that create this 

combined response to stimuli can be examined with the methods described. A 

combinatory approach to addictive studies would allow the researcher to examine 

shared pathways in addiction as well as a direct exploration into the “gateway drug” 

hypothesis in a model organism. This approach can be used to elucidate the sufficient 

and necessary genes that allow for such an addiction to occur. Additionally, a 

combinatory approach could be employed in conjunction with a small molecule based 

screening process to for initial experiments in drug discovery for the dampening of 

addiction in general or to specific drugs of abuse. 
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Nicotine assay paired with stress assay to examine linked pathways between 

behavioral disorders and addiction (Developed by Clark et al. in preparation) 

The current trend towards an individualized approach to medicine requires an increased 

examiniation of the role that genetic and epigenetic factors play on complex behaviors. 

The develompental and early life stage environmental interactions combined with the 

genetic background of an individual can prime an individual for later reactionary 

responses including and trigger the onset of a behavioral disorder [147]. Addiction has 

been shown to share many common pathways to other behavioral disorders and is often 

found to present itself along these disorders [148]. For example, addiction to alcohol or 

nicotine has often been diagnosed in patients that suffer from schizophrenia, depression 

and anxiety [149, 150]. Predisposition to addiction within major depressive disorder and 

generalized anxiety disorder has been shown to share upwards of a 70% and 50-60% 

inheritance due to genetic variations within the population [151-153]. Additionally, the 

exploration of the role that the stress response plays within the onset and progression of 

addiction will permit the development of novel combinatory interventions. With the use 

of the nicotine response assay in larval zebrafish, it would be possible to further explore 

how these eraly stressing events can lead to differences within either conditioned place 

preference or general nicotine response. Such a method could attempt to compare 

stressed and unstressed larvae in the presence of nicotine; specifically examining further 

locomotor changes into adulthood. Additionally, a similar larval based screen could be 

developed to examine the genes involved in such shared pathways. Understanding the 

role the stress response plays within  the onset and maintenence of addiction would 
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allow for more complex indicators of disease and improved medical and psychological 

intervention. 

 

Assays in juveniles and adults 

Withdrawal occurs in an individual after cessation of use of a drug of dependence or 

abuse. Nicotine withdrawal produces a variety of physiological and psychological 

changes in a subject. Physiological changes include decreased adrenaline, cortisol, heart 

rate and an increase in weight, resting metabolic rate, startle response and drug 

metabolism[154] among many other symptoms. Behavioral changes include an increase 

in aggression, anxious behavior and eating as well as a decrease in performance and 

focus in precision-based tasks. The combinations of these symptoms provide the major 

cause of relapse into drug use from members who have been abstaining from 

nicotine[155-157]. Of these symptoms, in adult zebrafish, there has been some research 

into anxious behaviors[158, 159] including a study examining withdrawal to 

amphetamine[48] and cocaine [160], but little else that has been directly correlated with 

withdrawal. While these studies could be recapitulated using nicotine as the addictive 

substance rather than amphetamine, the advantage of the present screening technique 

would be lost. Alternatively, it is possible to examine the startle response of larval 

zebrafish beginning at 48hpf [161]. A similar approach could be used with juvenile 

zebrafish exposed to chronic, low doses of nicotine, acute high-doses of nicotine or 

multiple doses of nicotine over time (Figure 20B). A true larval-based system could not 

be employed within these studies due to the need for a withdrawal response to be 

developed over time[162]. However, the use of a larval system for the initial exposure  
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training of a zebrafish presents additional advantages and opportunities. One of the 

benefits to working with a developmental model is the ability to look at the long-term 

effects of early exposure to a drug of abuse[163]. Combined with the GBT screen, a 

long-term longitudinal study examining the permanent genetic and behavioral changes 

associated with an early exposure to a drug such as nicotine is possible. This 

longitudinal study would raise larvae that have been exposed to multiple doses of 

nicotine through their development and compare their movement, behavior and specific 

genetic markers to their non-nicotine exposed siblings (Figure 20B). Such a study, 

paired with microarray and genome-wide sequencing technology, could indicate genes 

that are directly linked to addiction to nicotine. This would in turn provide a genetic 

marker that could be used within a human population to determine both risk involved in 

smoking and susceptibility to addiction and indications as to affectivity of intervention. 

 

Genome-wide association studies to examine genetic and epigenetic changes in 

response to nicotine 

The behavioral sensitization of the larval zebrafish that is described following multiple 

doses of nicotine presents additional avenues of discovery. Although untested as of yet 

in the zebrafish model system, in other models, sensitization has been demonstrated to 

persist after prolonged periods of nicotine abstinence[164]. This persistence of 

phenotypic response suggests an epigenetic regulation of the nicotine response. These 

epigenetic modifications occur by modifying chromatin structure which in turn alters 

the transcriptional machinery and binding of transcriptional proteins to the DNA. There 

have been several studies exploring the modification of histone acetylation that have 
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shown this as a regulator of sensitization in cocaine addiction.. Furthermore, a 

pharmacological inhibition of histone deacetylation (HDAC) prior to administration of 

cocaine has shown to quench the sensitization response[165]. Using the nicotine 

response model presented here, it would be possible to examine the effects of HDAC 

inhibitors both upon the action of sensitization and longterm upon nicotinic receptors 

and epigenetic markers such as FosB. Additionally, next generation sequencing 

techniques can be employed to examine genome wide transcriptional level changes 

associated with nicotine sensitization. This information could then be used to identify 

genes that play a role in the development of sensitization, which could in turn be used 

as a genetic and molecular marker for smoking addiction. 

 

Conclusions 

This study has brought to light the complexity of the genetics of behavior. This 

behavioral diversity must be viewed as major players within the specific response 

(ChRNA complex units) that are altered by modifiers to this response. Similar genetic 

controls contribute to the diversity that is seen within pigmentation. For example, much 

of the natural variation in pigmentation lies in a genetic locus, SLC24A5, that subtly 

alters melanocyte function rather than within the TYR locus, the latter which removes 

all pigmentation completely[166]. The discovery of this type of gene pathway presents 

the possibility of many complex genetic pathways following a similar paradigm of a 

central pathway of genes that are modified by the actions of many other interacting 

genes that together encode the range of variations found in a population for a specific 

phenotype. Complex behaviors such as stress, addiction and learning seem to be 
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obvious candidates for multi-genic complexly controlled pathways. This study presents 

the larval zebrafish as a mechanism to explore these alterations of complex genetic 

pathways in a forward genetic screen. 

 

Within the context of behavioral science as a whole, the use of a developmental model 

organsism within a forward genetic screen for novel loci is not a novel concept [167-

170]. However, bdav and hbog represent the first fully characterized mutant lines of 

zebrafish that have been found in a forward genetic behavioral screen. Additionally, 

bdav, hbog, and the previously characterized nic1, represent the first dominant 

behavioral mutants presented in the zebrafish.  Furthermore, hbog represents the first 

published conditional insertional mutant in the zebrafish and the first insertional 

behavioral mutant in the zebrafish. 

 

The inclusion of other modifiers to behavior, such as the response to temperature, touch 

and other noxious stimuli, not only adds power to the specificity of the assay but also 

allows the researcher to examine shared pathways within the behavioral response as a 

whole. Additionally, by examining a combination of drugs of abuse, like opioids and 

depressants, paired with nicotine this assay could allow for a determination of the action 

of a previous addiction within the behavioral addictive pathways as a whole. 

Exploration of shared pathways would allow for the discovery of independent 

mechanisms of action within traditional behavioral pathways possibly providing more 

insight into complex behavioral and psychological based disease paradigms. 

Alternatively, the exploration of stimulus specific pathways allows for a greater 
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understanding of the mechanism of action of the pathway being studied providing more 

options for a chemical intervention or treatment. This inclusion would also allow for the 

discovery of a broader range of genes involved within the behavioral diversity that is 

seen not only within zebrafish but also within life as a whole. Additionally, the 

conditioned place preference assay outlined within this work represents an opportunity 

to examine the behaviors represented within the learning and plasticity of memory and 

the pathway it shares with the response to drugs of abuse.  The combination of these 

assays presents the researcher with a more complete paradigm of study of a number of 

behavioral pathways including the stress response, cue based learning, memory and 

other complex behaviors. 
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Appendix A 

Gene Break Transposon Vectors 

 

A variety of Gene-Break Transposon vectors were applied in the screening process.  

These vectors represented different technological advantages within the trapping and 

mutation process.  The following figure represents the trap vectors with a graphical 

representation as well as an approximation of the number of mutant chromosomes 

screened. 

 

The initial vector used in mutant screening, GBT-P9, is a Polyadenylation-trap vector 

based directly off of GBT-P6, as described in Sivasubbu et al. 2006 [1] (Figure 21A). 

GBT-P6 is a Sleeping Beauty-based (SB) transposon vector including a branch-point 

splice acceptor followed by a polyadenylation signal with putative boundary element 

(Ocean Pout Terminator “OPT) [2], a strong promoter (!-Actin) with intron and a green 

fluorescent protein (GFP) with splice donor. When inserted into an intron in the sense 

orientation, the endogenous gene splicing is hijacked by the splice acceptor of the GBT-

P6, halting the transcription of the gene product creating a truncated protein. 

Additionally, a carp !-Actin promoter drives GFP expression ubiquitously throughout 

the fish. Due to the lack of a polyadenylation signal following the GFP, mRNA will 

stabilize in the presence of a polyadenylation signal from the endogenous gene, thus 

tagging a mutant product and no other inserts (A graphical representation of this process 

is described in Figure 2). 
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The next developed GBT vector was GBT-P9 [3].The major difference between GBT-

P6 and GBT-P9 is the inclusion of the Tol2 full inverted-terminal repeats (ITR) flanking 

the entire GBT-P6 vector in the cis orientation (Figure 21B). Tol2 has been shown to be 

more active in zebrafish creating earlier transposition and insertion events at a higher 

affinity when compared to SB [4]. GBT-PX represents two technological advantages 

over GBT-P9: the inclusion of the mini-Tol2 ITR[4] and the inclusion of Cre/loxP-

recombinase recognition sites and non-matching ISce-meganuclease sites (Figure 21C).  

The first of these advances allows for a greater rate of transposition and the removal of 

a cryptic-splice acceptor within the left-ITR as well as a potential internal promoter  

(Ekker lab unpublished observations). The inclusion of Cre/loxP-recombinase 

recognition sites allows for an easier and more efficient method of reversion of the 

mutant locus to wild-type.  These sites, located directly internal of the ITR, remove the 

mutagenic properties of the GBT leaving behind the ITR and a single Cre/loxP 

recognition site. The inclusion of the ISce-meganuclease sites allows a user to induce a 

double-stranded DNA break and possibly non-homologous end-joining (NHEJ). If 

located within a smaller intron, NHEJ can produce localized deletions[5]. Additionally, 

the remnant SB ITRs have been removed to create a smaller insertion and allow for SB 

transposon work upon mutant lines. 

 

An additional line of research produced a series of protein-trap vectors. These vectors 

rely upon the enhancer and promoter of the endogenous gene to produce a fluorescent 

protein tag. The GBT-R14 vector is a protein-trap vector that includes an AUG-free 

mRFP followed by the zebrafish !-Actin polyadenylation signal, within the full-length 
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Tol2 ITR as well as the inclusion of the Cre/loxP-recombinase recognition sites (Figure 

21D). GBT-R15 includes a single technological advance over GBT-R14; the 

replacement of the full length Tol2 ITR with the mini-Tol2 ITR (Figure 21E). 

 

The final GBT-vector used within this screen is a combination-trap, combining both the 

protein-trap and polyadenylation trap. The creation of the GBT-RP2 is accomplished by 

combining the GBT-R15 protein trap with the GBT-PX polyadenylation trap (Figure 

21F). This represents two technological advances in trapping.  First, a ubiquitous 

protein-tag allows the notification of a trapping event, combined with the gene-

localization if located in the proper open-reading frame.  The addition of the OPT 

following the rather than the zebrafish !-Actin polyadenylation following the mRFP 

signal provides greater gene breaking and reduces wild-type protein expression (Ekker 

lab unpublished observation). A graphical description of the mechanism of the trapping 

vector can be seen in Figure 2. 
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Appendix B 

SCORE Imaging 

 

This appendix is a reprint of the published work: 

SCORE Imaging: Specimen in a Optically Corrected Rotational Enclosure 

as found in the June 2010 issue of Zebrafish 

 

The Use of SCORE Imaging 

To facilitate the high-throughput visualization of a variety of expression based mutant 

embryos, a novel concept for data capture was needed. The development of this method, 

although not directly used within the scope of this work, has been invaluable to the 

entire functionality of the screening process and the documentation of these mutant 

lines. Furthermore, this process has enabled the documentation, presentation and 

recording of these expression patterns as well as an effective method for teaching 

members of the community at large about the visualization of the larval zebrafish. The 

SCORE technique, as described here, has been employed by a variety of users ranging 

in scientific ability levels of a high school student and elementary school teacher to 

zebrafish researchers, all of whom have found the process to be useful and at times 

needed to capture the data that was needed. Furthermore, following presentation at the 

9th Zebrafish Conference on Genetics and Development (June 2010), the zebrafish 

research community at large has found this process to be straightforward, affordable 

and powerful. 
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The need for a novel method of imaging the larval zebrafish 

Visual data capture is a major part of scientific documentation. The transparency of the 

zebrafish (Danio rerio) has been an invaluable backdrop to the use of this system for 

complex biological research based on relatively simple and classically optical 

observation. One of the major hurdles of the zebrafish researcher has been the capture 

and meaningful representation of this visual data. Many aspects of zebrafish biology are 

better expressed in images and other digital media rather than in written descriptions. 

Examples include assessment of morphological mutant phenotypes, protein or nucleic 

acid expression patterns, and developmental stages[1-3]. 

 

Part of the challenge in obtaining consistent, high quality images of the zebrafish arises 

from efforts in attaining static, two-dimensional images of a dynamic, three-

dimensional sample. Additional difficulty comes from the shift of a largely spherical-

shaped early embryo (0 to 24 hpf) to the cylindrical shape of the larvae and adult fish. 

Traditionally, this problem has been addressed by sectioning the fish either physically 

or optically.  However, preparation of the sample is laborious and the depth of field can 

be lost. To further increase the photographic challenge, beginning at 72 hpf the 

zebrafish larvae inflates its swim bladder[3], providing buoyancy, a challenge that adds 

difficulty in manipulating and immobilizing specimens in a purely sagittal or coronal 

plane (Cartoon: Figure 22B).  The issues of working with this unique shape have 

inspired many methods that attempt to remedy these problems and deliver consistent, 

high quality image capture [1-4]. However, all of these approaches still require 

substantial training to achieve proficiency, are laborious and thus are often not practical  
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for high-throughput screening or other applications.  Quality imaging can be the most 

critical bottleneck in using the fish for many scientific areas. 

 

We developed a simple and efficient method for holding and photographing embryonic 

and larval zebrafish that we termed Specimen in a Corrected Optical Rotational 

Enclosure (SCORE) Imaging. The SCORE method takes advantage of the cylindrical 

nature of an embryo and allows a specimen to be freely rotated about its longitudinal 

axis.  This rotation, in turn, facilitates image capture of sagittal, coronal or other 

horizontally angled planes. To accomplish the rotation, larvae are drawn into either a 

polymer or a borosilicate capillary housing, and are immobilized using a viscous liquid 

either low melting point agarose or methylcellulose for living larvae or glycerol for 

fixed embryos.  If the fixed embryos are placed in a permanent mounting solution, it is 

possible that these embryos can be stored indefinitely. The SCORE method uses a 

capillary tube to allow rotation about the longitudinal axis and combines it with a 

solution that matches the refractive index of the capillary to eliminate distortion.  This 

process allows the user to quickly obtain publication-quality images in multiple, 

perfectly aligned imaging planes. 

 

Larval zebrafish imagery within a rotational enclosure 

The idea to put a specimen into a capillary tube is not a unique one [2, 5-8] with 

references to similar approaches dating to the late 1920’s (See reference 7 by Moroz et 

al. and citations therein). Such a method addresses the holding aspect of photography, 

facilitating the alignment for potentially a full, 360-degree view of the specimen. 
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However, without modification this approach added major distortion to the light path, 

especially near the periphery, making the image unfit for data analysis or publication 

(Figure 22A; arrows). Using the principles of optics as a guide, the main cause of 

distortion was determined to be the difference in refractive index between the curved 

outer surface of the capillary and the air surrounding it, creating a bend in light as 

described previously [9]. Normalizing the refractive index of the capillary housing to 

the liquid surrounding the housing and the fish greatly reduced this effect (Cartoon 

diagrams Figure 22C and 22D; example images are Figures 22E-22G).  To accomplish 

a nearly complete refractive index correction, we tested a variety of polymer-based 

tubes with a refractive index similar to that of water (n=1.33 [10] for matching, see 

Table 1). We evaluated these materials based on four criteria: 1) distortion present, 2) 

auto-fluorescence in common wavelengths of light such as deployed in fluorescence 

microscopy 3) biocompatibility and 4) ease of use.  

 

To determine the best imaging housing for the photography of larval zebrafish, we 

tested fluorinated ethylene propylene tubing (FEP; n= 1.338 [11]), perfluoroalkoxy 

tubing (PFA; n = 1.34 [12]) and polytetrafuoroethylene tubing (PTFE; n = 1.35 [11]).  

While these tubes perform equally well under most levels of magnification in 

brightfield applications (FEP shown Figure 22E-G; PFA and PTFE not shown), they 

tend to differ when using red and green fluorescence. We noted that the FEP tubing 

produced little auto-fluorescence in either the green fluorescent protein (eGFP filter set; 

Figure 22H-22I) or red fluorescent protein (such as an mRFP filter set; Figure 22J-22K) 

channels. In contrast, PFA and PTFE tubing showed a higher level of auto-fluorescence 



   107 

 

especially with dimmer transgenic fish lines. In addition to the polymer tubing, we also 

tested a common zebrafish lab reagent, a borosilicate glass capillary (n=1.48 [9]). For 

live embryos, the glass capillary was optically matched to a surrounding solution of 

50% sucrose (Table 2). This combination provided a clear and crisp image in brightfield 

applications but also produced a dark shadow on the edge of the capillary. In 

fluorescent applications there was no auto-fluorescence, however. Overall, when 

photographing a live embryo, we recommend the use of FEP tubing due to its modest 

cost, lack of auto-fluorescence and crisp optical imaging.  

 

SCORE imaging is also an excellent method for imaging fixed embryos, such as 

commonly generated for whole-mount in situ hybridization (WISH). 75% glycerol is 

commonly used to image WISH embryos and is a suitable optical imaging solution 

using borosilicate glass capillaries (Cartoon: Figure 23A). Use of the SCORE method 

on fixed samples is ideal for obtaining images in both the sagittal (Figure 23B, 23C, 

23D) and coronal planes (Figure 23E). Additionally, the intricacies of the expression 

pattern can be displayed in alternative planes of view. For example, if one were to be 

studying the nephric duct staining shown by pax2a using WISH, the sagittal view does 

not show both ducts, and the coronal view is obstructed by additional neural staining 

(Figures 23B-23E).  A ~30° rotation counter-clockwise view off the coronal plane 

(Figures 23F), however, provides the optimal view of the nephric ducts (Figures 23F, 

arrows). Use of the SCORE method also allows for a full rotation of a single embryo to 

be captured using a video camera attached to the microscope (Figure 23B).   If needed,  
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a precise angle of rotation can be attained with the use of a mechanical aid to ensure 

reproducibility.  

 

The SCORE method is also a simple and efficient system for creating high quality 

wide-field images using standard microscopes at 50X and 100X magnifications. With 

the ease and speed of preparation of samples, this procedure, for example, allows the 

user to quickly obtain maximum intensity projections of z-stacks in the major planes 

(sagittal; Figure 24A, dorsal; Figure 24B) using a single zebrafish and an ApoTome 

Grid Microscope.  The image was of high quality up to 100X magnification using this 

imaging setup (sagittal; Figure 24C). The greatest limitation to deploying the SCORE 

method of imaging for whole animal imaging at higher magnification is the available 

working distance of most common objectives. 

 

Benefits of SCORE Imaging 

The key to the SCORE approach is optical correction of an easy specimen housing 

method. This approach could be applied to chemical genetic testing and other, related 

high-throughput screens. In addition, the use of this method with smaller capillaries 

could be used for imaging single cells, especially over time with a biocompatible 

housing solution. Deploying larger capillaries opens the door to the imaging of many 

other specimens, including synthetic samples where a full, 360 degree viewing would 

be desirable. Finally, the housing method developed here could be adapted for use in 

precisely aligning fixed samples for downstream study such as histological preparation. 
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Applying the SCORE method at higher magnification is largely limited by two issues – 

the distortion by air between the samples’ cover slip and the lens, and the moderate to 

low working distance of traditional lenses, including oil immersion optics. One 

potential option would be the use of optical imaging solution compatible immersion 

lenses, such as those that work with glycerol and those that work with water. The main 

limitation will be the thickness of the specimen in relation to the working distance of 

the objective. 

 

Finally, the ready ability to generate high resolution and multi-media content for 

scientific papers challenges the contemporary publishing paradigm. The current patch 

solution is normally a form of supplementary material provided either by the publisher, 

the authors or both. Instead, we strongly feel that moving forward means the use of a 

new generation of scientific format that directly integrates such imaging data in the 

main manuscript. 

 

 

Methods used for SCORE image capture 

 

Immobilization of the zebrafish embryos. 

For all of our procedures, we have used the anesthetic tricaine (MS-222) at standard 

concentrations[13]. Fish were further immobilized using either a 2% methylcellulose 

solution or a Low Melting Point (LMP) agarose solution (at approximately 0.5% in 

embryo water). If fixed larvae were imaged (such as from a whole mount in situ 



   112 

 

hybridization experiment), a 75% glycerol solution was used due to its viscosity and 

similar refractive index to that of borosilicate glass. 

 

Preparation for SCORE imaging 

After fish were immobilized (Figure 25A), a capillary adapter was placed in a pipette-

pump and used to draw an embryo into an appropriate-sized borosilicate capillary 

(Figure 25B). When using LMP agarose, the capillary is then allowed to rest for 2 

minutes, letting the LMP agarose solidify. Multiple fish can be loaded into a single 

capillary, allowing for greater variety in sample choice and for data analyses (Figure 

25C). Note that the inner liquid must almost fill the entire capillary to lessen the chance 

of mixing with the potentially different external optical imaging solution. A paraffin 

wax plug can be added to the end of the capillary by way of scraping or a ‘stick-and-

twist’ method to block this possible contamination and to eliminate sample drift. 

 

Choice of capillary size 

Embryos begin as a bulbous shape and straighten as they age. Consequently, the size of 

the capillary opening depends inversely on the age of embryonic, larval and young fish. 

Capillaries with a 0.60 mm inside diameter work well for 48+ hpf embryos (WPI 

#1B120-3 or WPI #TW100-3 for thin walled applications). For younger embryos (0 – 

48hpf), an inside diameter of at least 1.12 mm was used (WPI #TW150-3). When 

choosing the size of the polymer tubing, the smallest readily available tubing (ID-.8mm, 

ColeParmer EW-06406-60) was used for all embryos 24hpf and older; however, all 

younger embryos needed to be dechorionated. Within the size range of the capillaries 
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tested, the outer diameter of the capillary seems not to factor in any distortion of the 

embryo, however the width of the wall of the capillary may. Thus it is recommended 

that thin-walled capillaries be used when possible. 

 

Choice of plastic tubing to match refractive index of water 

We tested a variety of plastic tubing to best match the refractive index of the tubing to 

that of water for the greatest ease of use and image clarity.  We determined that 

fluorinated ethylene propylene tubing is optimal for use with water as an optical 

imaging solution and either LMP agarose or Methylcellulose as an immobilization 

media. (Table 1). 

 

Table 1. Refractive indices of polymer tubing used. 
Solution Refractive Index  Comments about use 

Water (surrounding fluid) 1.34 15 Used to cover tubing.  Matched 
for tubing 

FEP 1.33816 Recommended for live embryos 

PFA 1.3517 Works well for live embryos 

PTFE 1.35-1.3816 Not recommended 
 
 

 

Matching the refractive index of borosilicate glass using optical imaging solutions 

We tested a variety of imaging solutions to match the refractive index of borosilicate 

glass. We determined that a 75% glycerol solution is best for use when paired with 

fixed embryos. Due to a fear of harm to a living embryo, a 50% sucrose solution is 
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recommended if it is preferred to use a borosilicate capillary over plastic tubing. A more 

in-depth analysis of these choices is presented in Table 2. 

 

Table 2. Refractive indices of borosilicate glass capillaries and optical imaging 
solutions used. 
 

Solution Refractive Index  Comments About Use 

Borosilicate Glass Capillary 1.47-1.49 14 Used for housing.  

Water 1.34 15 Slight distortion, but can work if 
needed (not shown). 

Vegetable Oil (Soybean) 1.47 14 Not much distortion, slight GFP 
background. 

Mineral Oil 1.48 14 No distortion creates bubbles easily. 

75% Glycerol 1.46 High viscosity.  May harm living 
fish. Best for fixed larvae. 

Light Corn Syrup (BRIX=80) ~1.5 18 High Viscosity. 

50% Sucrose 1.464 18 Recommended Optical Imaging 
Solution for live embryos if using 
Borosilicate Glass 

 
 
 

SCORE imaging 

The capillary containing the sample is placed onto a slide with a channel with edges at 

least as high as the outer diameter of the capillary, allowing at least one end of the 

capillary to extend beyond this channel to allow rotation. This barrier can be made by 

affixing capillaries of a slightly larger diameter, or craft foam (Crafts Etc, 2mm Funky 

Foam) onto a glass slide. The appropriate optical imaging solution (water, 50% sucrose,  
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or 75% glycerol) should be applied over the capillary so that the entire height of the 

capillary is covered (Figure 25D). Care must be taken to ensure that no excess optical 

imaging solution spills onto the microscope optics. A cover slip is then placed on top of 

the capillary immersed in the corrective solution. Once the cover slip has been 

deployed, the slide can be examined under a microscope. The orientation of the embryo 

can be adjusted by simply rotating the capillary, the ends of which extend past the 

viewing area. The slides may be reused after the images have been obtained, if cleaned 

fully. To recover the embryos from the capillary, carefully snap off the wax plugs and 

expel the embryos by applying pressure to the side of the capillary. All rotation of the 

capillary is based off of 0° being a coronal image with the dorsal side upward and the 

lens of the specimen aligned, from this mark, sagittal is defined as a 90° 

counterclockwise rotation and ventral is defined as a 180° rotation.  Any other rotational 

angle is approximate and is noted as such. 

 

Digital photography and editing 

Images were obtained using a Nikon D3 (Figure 22), Canon Powershot A640 digital 

camera (Figure 23), Zeiss ApoTome Grid Microscope (Figure 24) or a Canon G10 

(Figures 25 and 26).  Bright-field images were captured using a shutter speed of 1/200 

(Figures 22 and 23). Green fluorescent photographs were captured using a shutter speed 

of 1/60 (Figure 22). Red fluorescent photographs were captured using a shutter speed of 

1/25 (Figure 22). Photographs were edited with Keynote 09 for Macintosh OSX (Apple 

Inc) to allow for differing focal planes and to remove shadow caused by the capillary 

housing; no parts of the image of the fish were removed in this editing process.  
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Zebrafish collection and preservation 

Embryos were collected at day zero, approximately one-hour post fertilization (pf) and 

placed into 100x15 mm Petri dishes with no more than 100 embryos per dish. These 

dishes were then stored in a 30° C incubator. At three dpf, larvae were then transferred 

into 60x15mm Petri dishes with no more than 20 fish per dish for fluorescent-based 

genotyping according to Davidson et al.[14]. 

 

Transgenic fish 

The doubly transgenic Tg(fli-1:eGFP)y1[15] /Tg(gata-1:DsRed)sd2[16] fish were as 

described by Pickart et al., 2006 [17]. Protein trap fish line Tg(SEC0124)mn124 shown 

in Figure 24 was generated in a similar manner to that described previously [18]. 

Zebrafish were injected with 25 ng of plasmid containing the gene-break protein trap 

transposon GBT-R14.5. This construct is the same as GBT-R15 [19] with a full-length 

Tol2 right inverted terminal repeat instead of the mini Tol2 end found in GBT-R15. 

 

Microscope ease of use 

To facilitate longer hours on a fluorescent microscope required for high-throughput 

screening without producing the eyestrain of a traditional microscope, we employed the 

camera port of an inverted Zeiss fluorescent microscope to its fullest potential by 

connecting a Sony HDR-HC9 high definition (HD) video camera (Camera: Figure 26A, 

Microscope: Figure 26B). The output of the HD video camera can either be run directly 

into a video screen (Figure 26C) or a computer for video capture (Figure 26D). Notably,  
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we have removed the eyepieces of the microscope to ensure that no unwanted light 

bleaches the image when working with fluorescence (Figure 26E) and to vastly improve 

access to the samples (Figure 26F).  This microscope setup also allows colleagues to 

easily and simultaneously observe phenotypes and patterning in the zebrafish, an 

environment that facilitates scientific discussion in real-time.  Although not necessary 

for the SCORE approach, this microscope set-up vastly improves the accessibility to 

embryos in SCORE enclosures and eases high-throughput imaging. 
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Appendix C 
 

PERMISSION TO INCLUDE PREVIOUSLY PUBLISHED MATERIAL 

 

Portions of the material within this document have been published previously: 

Much of Chapter 2 has been previously published in PNAS as: 

 

“Nicotine Response Genetics in the zebrafish" publication number 0908247106 pages 

18662-18667 of vol 106 no 44 from November 3, 2009. 

 

According to the copyright policy of PNAS, the Author retains rights to re-publish 

works within a thesis or dissertation (Screen Capture from Author FAQs included 

below) 
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PERMISSION TO INCLUDE PREVIOUSLY PUBLISHED MATERIAL 

Portions of the Material included within Appendix B was previously published within 

MaryAnneLiebert’s Zebrafish as: 

 

"SCORE Imaging: Specimen in a Corrected Optical Rotational Enclosure" from the 

June 2010 issue Volume 7, number 2 pages 149-154 

 

This article is published as an Open Access article and has been given permission for 

reprint within this document. A copy of this is included on the following page: 
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