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ABSTRACT OF THE DISSERTATION 

 

One Fish, Two Fish, Small Fish, Huge Fish: 

Utilizing Zebrafish as a Model for Studying 

Mitochondrial Function 

 

by 

 

Meghan Elizabeth Johnson 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2012 

Professor Carla M. Koehler, Chair 

 

The mitochondrion is a complex organelle, conserved throughout evolutionary history. Although 

the mitochondrion contains its own genome, most of the proteins required for function are 

encoded within the nucleus and need to be imported into mitochondria.  As a result, many of 

these import components are essential for viability, making their study via canonical knockdown 

methods extremely difficult. To this end, small molecules have been identified that block these 

proteins temporally.  Here I describe the work done to characterize 2 inhibitors of mitochondrial 

function identified in the laboratory. Through the work done with zebrafish, we show that these 

drugs affect particular aspects of embryonic development, providing validation for the 

MitoBloCK compounds as tools for targeted in vivo study, as well as providing information as to 
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the importance and role of mitochondria during embryonic development. Over the past decade 

neurodegenerative diseases such as Parkinson’s disease and Huntington’s disease have been 

found to contain pathological links to mitochondrial dysfunction.  Additionally, many known 

mitochondrial myopathies such as Leigh’s syndrome and MERRF have neurodegenerative 

components.   

Here we utilize the MitoBloCK compounds to study mitochondrial function and dynamics in 

motor neuron development. Through small molecule treatment with MitoBloCK-6, an identified 

inhibitor of mitochondrial import protein ALR, I show that inhibition of ALR results in a 

significant decrease in the growth and branching of developing zebrafish motor neurons.  

Additionally, treatment with MitoBloCK-6 drastically reduces the distance and velocity of 

mitochondrial trafficking within axonal projections. Together, this work illustrates a new method 

for studying mitochondrial biology in vivo, and highlights the important role mitochondria play 

in development as a whole, as well as specifically within neuronal environment.    
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Chapter 1: Introduction – Zebrafish as a Model 
Organism: A Practical Way to Study 
Mitochondrial Function in a Vertebrate System 
 
 

Abstract  

Zebrafish (Danio rerio) have served as a model for developmental study for more than 70 years 

but they have recently begun to be used for genetic and proteomic study.  With their ability to 

produce many progeny in a single crossing utilizing external fertilization, the optical clarity of 

the embryo, and rapid and well-documented developmental patterns, makes them ideal 

organisms to serve as vertebrate models for molecular study as well as human disease mimicry.  

Zebrafish also have a completely sequenced genome, the majority of which is mapped and 

characterized.  On a cellular level, the mitochondria of zebrafish are very homologous to 

humans, including the respiratory chain mitochondrial DNA organization and structure, and 

protein import pathways.  Here we discuss the benefits that make zebrafish an ideal vertebrate 

model organism, the intricate pathways and functions of the mitochondrion, and the aspects that 

show that zebrafish provide a useful platform for studying mitochondrial biology. 
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Introduction 

Mouse as a Model  

 Much of biomedical research involving the study of human disease is conducted through 

the use of animal models. Beginning in the early 1980s, mouse (Mus musculus) models were 

designed to mimic human problems in a workable vertebrate system.(1)  There is a remarkable 

gene homology between mice and humans.  Approximately 90% homology exists between the 

2.5 Gb mouse genome and the 2.9 Gb human genome.(2)  Of the estimated 30,000 protein genes 

encoded by the genomes, there is an average of 70% homology on the amino acid level.(2,3)  

Mouse embryos can be genetically modified via direct injection of DNA or manipulation of 

embryonic stem cells.(4) 

The average gestation period of a mouse is between 19 and 20 days, and each mating can 

yield an average litter size of 6 to 8 pups approximately every 3 weeks.(4)  Generation time is 

approximately 12 weeks (3 weeks for gestation, 3 to 4 weeks for suckling, and 5 to 6 weeks to 

reach sexual maturity).(5)  Once the mouse has reached maturity, it can be crossed for 

approximately 7 or 8 months before retirement, producing 4 or more litters, though some strains 

are capable of producing only 2 litters.(5)  Through calculation, it can be deduced that a breeding 

pair of mice can produce approximately 50 offspring over the course of their breeding span.  

Although mice are still used as the primary vertebrate model organism in laboratories 

worldwide, there are drawbacks to their usage.  It takes a large number of mice to produce 

enough material for many embryonic studies.  Additionally, embryo development occurs 

internally within the mother, requiring surgery if early developmental stages are to be studied 

and making it virtually impossible for real-time observation.(4)  Maintaining mouse colonies and 
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performing diagnostic testing, such as pregnancy assays and genotyping of progeny, can be time 

consuming as well as expensive.  

 

Zebrafish as a Model  

Using zebrafish as an alternative vertebrate model to mouse eliminates many of these 

drawbacks.  Other systems such as the fruit fly (Drosophila melanogaster) or nematode worm 

(Caenorhabditis elegans) may be effective models for studying certain cellular processes, but 

they fall short when trying to observe vertebrate-specific features, such as the kidney, complex-

heart development, and multicell lineage hematopoiesis, to name a few.(6)  Zebrafish (Danio 

rerio) have been studied as a classical developmental model for decades, beginning as early as 

the 1930s.(7)  As an organism, zebrafish are inexpensive to procure from commercial sources, 

and are easily maintained using a contained water filtration setup.(8,9)  Because its circadian 

clock governs many zebrafish behaviors, including mating, and because the clock is completely 

reliant on photosensitivity, ideal conditions are achieved when zebrafish are kept on a strict 

day/night schedule.(10) It is accepted practice to maintain zebrafish on a 14-hour-light/10-hour-

dark cycle.   

When treated and cared for properly, mating zebrafish can produce hundreds of embryos 

at a time.(11)  Moreover, the unique characteristics of the zebrafish embryo make it ideally 

suited for developmental study.  Zebrafish embryos are released and mature externally from 

parental fish, allowing for quick and simple collection of embryos upon fertilization.(7)  The 

embryo is also surrounded by a proteinaceous shell, the chorion, that is optically clear, allowing 

for real-time observation of all developmental stages, beginning as early as the single-cell 

stage.(12)   
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Zebrafish Embryonic Development 

Zebrafish follow a well-documented developmental pattern, allowing for specific points 

in development to be targeted for research purposes.  During the zygote and cleavage stages, the 

embryo goes through several rapid rounds of synchronous division beginning approximately 45 

minutes after fertilization (Figure 1.1: A–F).(13)  Following the rounds of synchronous division, 

longer, asynchronous cleavage occurs (approximately 3 hours post fertilization); giving way to 

the blastula and gastrula periods (Figure 1.1: G–N).  During these epibolic phases, involution, 

convergence, and extension of the epiblast, and formation of the embryonic axis can be 

noticed.(13)  

Ten hours after fertilization, segmentation begins, giving rise to 30 to 34 somites (Figure 

1: O–P).(14)  In zebrafish, somites develop predominantly into skeletal muscle, with a minor 

portion developing into vertebrae.(15)  Subsequently, after segmentation, the pharyngula period 

begins. The body axis straightens out, pigmentation appears, and circulation can be seen.  This 

phase begins approximately 24 hours after fertilization and lasts for another 24 hours (Figure 1.1: 

Q–R).(13)  

During this period, the emergence of the heart can be seen (Figure 1.1: R, arrow).  The 

heart is one of the first organs to develop in zebrafish, with cardiac progenitor cells developing 

around 5 hours post fertilization; however, these cells do not form the premature heart, or cardiac 

disc, until approximately 22 hours post fertilization.(16)  Following formation, the cardiac disc 

migrates laterally, with the ventricle moving right toward the anterior, and the atrium migrating 

left toward the posterior.  The 2 chambers then begin to balloon and expand, ultimately leading 
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to the constriction of the atrioventricular canal, and looping of the chambers; beginning around 

40 hours post fertilization.(16)  

  Beginning at 48 hours post fertilization, most embryos start hatching and are considered 

larvae.  During this time, organ systems are in rapid formation as well, and cartilage has begun 

developing in the head and tail.  Between 48 and 60 hours post fertilization, one can see the 

obtrusion and expansion of the pectoral fins, and the primary appearance of a small mouth 

forming between the eyes.  By 72 hours the mouth has become protruding, and the beginnings of 

gill slits and gill filaments can be seen (Figure 1.1: S, arrow).  Also at 72 hours, one can see the 

appearance of the first visible bone within the larvae.(13) 

From 72 to 96 hours post fertilization, the swim bladder inflates and the gut tube drops 

more ventrally (Figure 1.1: T, arrow).  During this period, the larvae begin to swim around more 

actively and are able to move their jaws, pectoral fins, and eyes rapidly and accurately.(13)  They 

are also able to respond to external stimuli with hasty precision.  Between 5 and 7 days post 

fertilization, the yolk sack is depleted and embryos must be fed exogenously.(17) 

At 5 days post fertilization, the zebrafish larvae can be transferred to nursery tanks for 

further growth.  Until the larvae reach 14 days post fertilization, they need to be fed baby food 

that is 50 µM or smaller because their mouths are too small to eat brine shrimp.  Zebrafish are 

considered adolescents from 21 days post fertilization until 3 months post fertilization, at which 

point the fish have reached sexual maturity and are able to produce offspring.(18)  

Zebrafish have been used for decades as models for developmental study, but it is only 

recently that they have been analyzed on a genomic and proteomic level.(7)  Zebrafish also have 

a close gene homology to humans.  The zebrafish genome is markedly smaller (1.5 billion bases 

split between 25 chromosomes) than the human genome (2.9 billion bases split between 23 
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chromosomes).(19,20)  It is estimated that the human genome has approximately 20,000 to 

25,000 protein-encoding genes.(21)  

Although sequencing has been completed on the zebrafish genome, mapping is still 

ongoing, so it is currently unknown how many genes are encoded.  It is expected that gene 

number will be on par with other known vertebrates because the base-pair numbers compare.  At 

some time in evolutionary history, the zebrafish genome underwent a gene duplication event, 

resulting in a number of genes with multiple isoforms, many of which encode for proteins within 

the mitochondrion.(22,23)  This duplication is another benefit of using zebrafish as a model 

because it allows for the study of proteins that are normally considered lethal when knocked 

down.  

Perhaps the founding advantage that hurtled zebrafish as a model organism to the 

forefront of developmental biology is its susceptibility to genetic manipulation.  Because 

zebrafish are external fertilizers, embryos can be collected immediately after formation and 

genes can be introduced or targeted for knockdown almost immediately upon conception.  

 

Genetic Knockdown: Morpholinos 

Much of zebrafish gene manipulation is done through the use of morpholinos.(24) 

Morpholinos are synthetic oligonucleotides that are approximately 20 to 25 nucleotides in 

length.(25,26)  They comprise typical nucleic acid bases bound to a morpholine rings instead of 

the customary deoxyribose or ribose rings.(27)  The main difference between morpholine rings 

and deoxyribose or ribose rings is that they have phosphorodiamidate base-pair linkages instead 

of phosphodiester bonds.(27)  
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Because of the nonionic nature of the phosphorodiamidate linkage, morpholinos cannot 

be elongated by normal transcriptional methods, so they cannot be altered.(26)  They also are not 

degraded by typical cell nucleases, nor do they activate immune responses or modify the 

methylation of DNA.(28)  The actual longevity of morpholino levels in an organism varies 

widely for each morpholino.  Some are active for only a few hours, whereas others can still be 

detected days later, depending on protein concentration (dilution effects occur as the organism 

develops and grows over time) and the specificity of the morpholino.(29) 

Morpholinos bind to the primary sequence of mRNA and block protein expression via 2 

different mechanisms (Figure 1.2).  Translation-blocking morpholinos bind to the ATG start 

codon of the mRNA sequence, inhibiting the ability of the tRNA carrying the initial methionine 

to start translation (Figure 1.2: B).(25) Splice-blocking morpholinos are designed to bind to the 

border of an exon and intron, blocking the spliceosome from removing introns from the 

sequence, causing an unspliced transcript or an alternatively spliced transcript to arise (Figure 

1.2: C).(30) When the aberrantly spliced transcript is subsequently translated, a frame-shift or 

premature stop codon is generated, thus producing a protein that is partially or completely 

nonfunctional.(31)  Detection of morpholino activity is relatively straightforward.  When 

translation-blocking morpholinos are used, protein levels can be measured using quantitative 

western blotting techniques, whereas when splice-blocking morpholinos are injected, polymerase 

chain reaction (PCR) can be conducted on cDNA generated by reverse transcriptase on RNA 

isolated from zebrafish embryos.(31,32) 

To show evidence for the specificity of the morpholino, mRNA rescue experiments are 

usually performed.  In a rescue experiment, mRNA is coinjected with the morpholino at the early 

cell stage.  The sequence can be altered to eliminate the morpholino-binding site or, as is more 
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commonly the case, mRNA from another organism can be injected.  In zebrafish, mRNA of the 

human homolog is often injected.(33)  

 

Genetic Introduction: DNA Injection and Transposition 

In addition to gene knockdown, DNA can also be introduced into the organism for 

expression.  There are 2 ways for inducing the expression of genes of interest: in a transient 

manner (in which the specified product is only expressed in the intended target fish and for a 

finite period of time), and in a germ line–integrated manner (in which the desired gene is 

integrated into the zebrafish genome and can be passed down to progeny).(34,35)  

Transient expression is usually done through microinjection of RNA.(36)  mRNA 

encoding for the desired protein is injected into the single-cell stage of a zebrafish embryo.  The 

endogenous cellular machinery then translates the mRNA, expressing the protein in cells 

presenting the transcript.(36)  Transient expression is fleeting; it occurs very early after injection 

and often lasts only a few hours or days.(36)  The promoter used to drive expression and the 

turnover rate of the mRNA transcript, as well as the protein generated, dictate the longevity of 

expression.(36)  

DNA integration is needed for long-term expression as well as for generating lines of fish 

that can pass down the introduced genes of interest to their progeny.  Genetic integration allows 

for proteins to be studied at all stages of development—both embryonic and adult—because 

protein synthesis is under cellular control and can be constantly produced. To introduce a gene 

for integration, cDNA encoding the gene is cloned onto a plasmid between 2 flanking Tol2 

transposition sites (Figure 1.3).(37) This plasmid, as well as RNA coding for the transposase 

protein, is injected into the single-cell stage of the embryo.  Cellular machinery then translates 
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the transposase protein, which in turn integrates the gene of interest somewhere into the genome 

through homologous recombination at the Tol2 sites.(37)  For genes that are unmarked, it is 

often useful to include a fluorescent-transgenesis marker with this type of integration.(38)  This 

marker is only expressed when the gene has been transposed, thus making it easy to screen 

injected embryos for successful integration.  To further confirm integration into the zebrafish 

genome, fin clips can be utilized.(39)  This process takes advantage of the regenerative process 

of the tail fin.  A portion of the tail fin can be cut off from zebrafish, and the fin will grow back 

with no detriment to the organism.  DNA can then be isolated from the cells from the clipped fin, 

and screening for the integrated gene of interest can be accomplished through PCR.(39)  

A typical manipulation and unification of both the transient and germ-line integration 

techniques is to use the yeast Gal4-UAS system first pioneered in D melanogaster.(40) 

Typically, the promoter of interest is cloned in front of the gene encoding for the Gal4 protein 

and a UAS sequence is placed in front of the desired gene of interest (Figure 1.4).  The Gal4 

protein driven by the included promoter is only expressed in the cells that typically express that 

promoter (eg, cardiac myocyte light chain 2 [cmlc2] drives protein expression only in cardiac 

cells in zebrafish).(41,42)  Concurrently, the UAS gene is only expressed in cells in which the 

Gal4 is also concomitantly expressed.(41)  Germ-line expression of a Gal4-driven protein can be 

used to regulate the expression of a variety of UAS-driven specific genes, thus yielding very 

controlled and exclusive expression of the protein of interest within specific embryonic tissues.  

 

Zebrafish Biochemistry 

In addition to genetic manipulation, zebrafish are amenable to a variety of other 

biochemical assays and techniques.  Embryos can be dissociated and subjected to SDS-PAGE 
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gel electrophoresis to identify target proteins; nucleic acid levels can be monitored through in 

situ hybridization assays.(14,43,44)  Similar to tissues from other organisms, both embryos and 

adult fish can be cryopreserved or paraffin embedded, sectioned, and stained by normal 

histological methods.(14,45)  Zebrafish embryos are also uniquely suited in that the embryo in its 

entirety is osmotically permeable and, as a result, can be subjected to whole-mount staining.(46)   

The best usage of zebrafish though, is fluorescent imaging. Because embryos are 

optically clear, individual proteins, or cellular components, can be fluorescently labeled and 

monitored through microscopic imaging in real time.(47)  GFP and DsRed were the first and 

remain the most common fluorescent proteins used for transgenic marking because they are 

highly stable, moderately resistant to photo-bleaching, and can be detected reasonably simply by 

a variety of microscopic techniques.(47-49)  Since its inception, there are now a number of 

fluorescent proteins available for use in addition to GFP and DsRed, including mcherry, tomato, 

and BFP, although some have brighter signals than others.(50,51)  In addition, photoconvertible 

proteins have been created that can be switched from green fluorescence to red fluorescence 

through laser excitation.(52) Photoconversion is a unique tool that allows for specific dynamics 

such as protein turnover to be studied.(53)  When paired with the transgenic expression systems 

discussed previously, lines of zebrafish can be generated that exhibit reporter fluorescence in 

specific regions of choice. As mentioned previously, the cmlc2 promoter placed in front of green 

fluorescent protein (GFP), for example, expresses GFP in the heart cells (Figure 1.5).(42)  

 

Zebrafish and Drug Discovery 

Recently zebrafish have begun to be used for high-throughput screening assays.(11)  At a 

time when small-molecule discovery and development is at the forefront of biochemical 
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research, zebrafish provide the means to perform en masse small-molecule screens on a living 

organism.(12,54)  Although this is not a new concept (drug screens have previously been 

conducted on D melanogaster and C elegans), zebrafish provide the ability to observe the effects 

on a vertebrate organism, thus yielding a more closely relatable phenotype to the human 

response than what would be observed with the fruit fly or the nematode worm.(12,55,56)   

As the zebrafish genome is also completely sequenced, lines of fish exist that have a 

known, sequenced, and characterized genetic background, similar to strains of yeast or 

mice.(24,57)(24,57)  Zebrafish typically produce between 200 and 300 embryos per mating pair, 

which is ideal for screening purposes.(11,58)(11,58)  Although adult fish are not conducive to 

small-molecule treatment because of their size, embryos can survive in as little as 50 µL of 

water, allowing them to be contained in 96-  or 384-well plates without issue.(11)(11)  This 

large-plate set-up allows for small molecules to be dispensed to the embryos through robotic 

systems, and essential component of the high-throughput process.(58,59)(58,59)  

Embryonic screening can be conducted for a variety of different reasons.  Because 

embryos are osmotically permeable, small molecules are able to diffuse through the embryo, thus 

providing insight into the adsorption, biodistribution, and tissue specificity of a possible 

therapeutic agent.(11)  Toxicity of potential therapeutic agents can also be evaluated, although it 

is necessary to note that the metabolic processes of zebrafish are not completely 

understood.(60,61) It is in generalities that a drug’s toxicity may be evaluated; the specific 

mechanisms of metabolic breakdown and the metabolites generated may remain a mystery.  By 

comparing the phenotypes of zebrafish treated with a small molecule with those of zebrafish 

subjected to morpholino injection or alternate forms of knockdown, off-target effects may be 

identified for compounds thought to affect specific proteins or pathways.(62)  
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Although there are some genes present in humans that are not present in fish, and vice 

versa, there is enough similarity between the 2 organisms that studies conducted in zebrafish can 

shed a great deal of light on human processes.  On a cellular level, the specific intricacies of the 

mitochondrion can be elucidated utilizing zebrafish. 

 

The Mitochondrion 

When looking at both humans and zebrafish on a mitochondrial level, a number of 

similarities arise. The mitochondrion is a complex organelle that is present in all vertebrate 

organisms.  It is dual-membrane bound, and consists of 4 distinct compartments, or regions: the 

outer membrane, the intermembrane space, the inner membrane, and the matrix.(63)  It is 

estimated that there are 600 to 1000 proteins present in the mitochondrial proteome, yet only a 

small percentage of these are encoded by the mitochondrial genome.(64-66)  

 

The Mitochondrial Genome and the Respiratory Chain 

Most animal mitochondrial genomes are approximately 16,000 base pairs in length and 

encode for the same 37 genes: 22 tRNAs, 2 rRNAs, 13 proteins, and 1 untranslated region.(67)  

The organization and structure is virtually identical between human and zebrafish.  Human 

mitochondrial DNA contains 16,569 base pairs, whereas zebrafish mitochondrial DNA contains 

16, 596 base pairs (Figure 1.6).(68,69)  When analyzed against one another, there is 61% 

homology between the 2 sequences, indicating a high level of evolutionary conservation.  

All protein genes encoded by the mitochondrial genome are subunits of the complexes of 

the respiratory chain, the most noted occupation of the mitochondrion.  The respiratory chain is 

responsible for shuttling electrons generated during cellular catabolic processes through a system 
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of protein complexes, generating energy that can be harnessed as ATP for biosynthetic reactions. 

(Figure 1.7)  Electrons harnessed as NADH are brought to NADH dehydrogenase (Complex 

I).(70)  Complex I comprises 45 polypeptide fragments, and 8 iron-sulfur (Fe-S) clusters.(71)  

Electrons are initially transferred from NADH to a prosthetic FMN group, through the series of 

Fe-S clusters, with the final acceptor being coenzyme Q.(72)  While this transfer is taking place, 

the first in a series of hydrogen ion translocations from the matrix to the intermembrane space 

occurs.(72,73)  Coenzyme Q also collects electrons from succinate dehydrogenase (Complex II), 

a protein complex containing 4 subunits that transfers electrons from succinate, via FAD.(73)  

Because coenzyme Q is fat soluble, it is uniquely suited to act as a transport between the first 2 

complexes to the cytochrome bc1 complex (Complex III).  Complex III uses a shuttling pathway, 

known as Q-cycling, to ultimately pass electrons from coenzyme Q to cytochrome c; again 

pumping hydrogen ions to the intermembrane space in the process.(74)  Cytochrome c, another 

lipid-soluble molecule, then traverses through the membrane, to cytochrome c oxidase (Complex 

IV).(75)  In Complex IV, electrons are transferred from cytochrome c to the final electron 

acceptor, molecular oxygen, transporting the final few hydrogen ions for the proton gradient.(76)  

These protons are then coupled with the ATP synthesis when they are reverse-pumped back into 

the matrix through ATP synthase (Complex V).(77)  

 

Mitochondrial Protein Translocation  

Although the respiratory chain is the most noted aspect of mitochondrial function, many 

other metabolic processes, such as the citric acid cycle or lipid oxidation, occur there.(78,79)  

The proteins required for these processes are all encoded within the nucleus, are translated in the 

cytosol, and need to be translocated into their designated compartments within the 
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mitochondrion. As a result, a complex system of translocation and assembly apparatuses exist 

within the various compartments of the mitochondria to aid in sorting all incoming precursor 

proteins (Figure 1.8). The first complex these pre-proteins encounter is the translocase of the 

outer membrane (TOM).(80,81)  The TOM complex comprises 7 integral membrane proteins 

(Tom70p, Tom40p, Tom22p, Tom20p, Tom7p, Tom6p, and Tom5p) that aid pre-proteins in 

crossing the outer membrane.(80-83)  Proteins that are destined for integration into the outer 

membrane are segregated through the sorting and assembly (SAM) mechanism, which comprises 

2 proteins, Sam50p and Mas37p (Figure 1.8: A).(84-86) 

Proteins destined for the inner membrane and matrix must go through another 

translocase, the translocase of the inner membrane (TIM).  There are 2 TIM complexes in 

mitochondria: the TIM23 complex and the TIM22 complex.  Precursor proteins destined for the 

matrix contain and N-terminal targeting sequence and are funneled through the TIM23 complex 

(Figure 1.8: C).(80,81)  Three integral membrane proteins make up the core of theTIM23 

complex: Tim50p, Tim17p, and Tim 23p.(80,81,87)  Tim50p acts as a receptor to guide 

incoming precursors through the Tim23 pore, which comprises Tim17p and Tim23p.(88)  

Translocation through the TIM23 complex would not be possible without the membrane 

potential, which is provided by Tim44p, Tim14p, mHsp70, and mGrpE.(89)  Together these 

proteins make up the translocation motor, providing the electrophoretic effect needed to attract 

the positively charged presequence of the precursor proteins.(90)   

Proteins destined for integration within the inner membrane proceed through the TIM22 

complex (Figure 1.8, B).(91,92)  This complex is also comprised of 3 integral membrane 

proteins, Tim54p, Tim22p, and Tim18p, and acts as a channel through which precursors are 

inserted into the inner membrane.(92-94)  Because the pre-proteins destined for the membrane 
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are hydrophobic in nature and do not contain an N-terminal targeting sequence, they require 

assistance in traversing the intermembrane space.(95)  These carrier proteins, referred to as the 

“small Tims,” form 6-membered complexes comprising 3 subunits of 2 different proteins each, 

to act as chaperones. Small Tims Tim8p and Tim13p form a complex, and Tim9p and Tim10p 

form a complex.(96-98)  All of the small Tims share a common twin CX3C motif; and import of 

these small proteins requires conservation of all 4 thiols.(99,100)  Elimination of any of the 4 

cysteine residues results in impaired import and improper assembly into the complex 

formation.(101)  

The intermembrane space is an oxidizing environment, compared to the reducing nature 

of the cytosol, and is very redox sensitive.(102)  Many of the proteins in this compartment 

contain disulfide bonds necessary for carrying out their respective chemical reactions.  Proteins 

such as Cox17p and Cox19p, subunits of the cytochrome c oxidase complex, contain twin CX9C 

motifs; similar to the CX3C motifs of the small Tims.(103,104)  These proteins also need to be 

oxidized to fold into their correct conformations after being imported into the intermembrane 

space from the TOM complex.  A disulfide relay organization (the Mia40p-Erv1p pathway) is 

needed to maintain the activity of the redox-active proteins, such as the small Tims, as well as to 

fold other cysteine-rich proteins located within the intermembrane space (Figure 1.9).(105,106)  

Once precursor proteins are imported through the TOM complex, they encounter Mia40p 

in the intermembrane space.  Mia40p contains 3 disulfide bonds, 2 of which are in a CX9C motif 

and appear to maintain a structural role, and 1 disulfide that exists as a CPC triad, located near 

the N-terminus.(107)  Incoming proteins undergo a transient disulfide exchange with Mia40p to 

become oxidized and folded.(107)  The redox-active cysteine pair of Mia40p then needs to be 

reoxidized to accept more electrons and aid in folding other proteins.  
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Erv1p conducts the oxidation of Mia40p.(103,104)  Erv1p is a sulfhydryl oxidase present 

in the intermembrane space of mitochondria.(108,109)  It is imported via the Mia40-Erv1 

pathway itself and subsequently folded into its active conformation.(110)  In addition to 

containing an active FAD domain, Erv1 has 2 redox-active cysteine pairs: amino acids C30-33 

and C130-C133 in yeast (Saccharomyces  cerevisiae).(108,111)  The C30-C33 pair is located 

opposite the active site and is responsible for interacting with substrate proteins.(108) 

Interestingly, although the C30-C33 pair is required for dimerization, it is not needed for 

catalytic activity.  Although a mutant form of the protein (in which the disulfide is deleted) is 

able to operate catalytically in vitro, it cannot be substituted for the wild-type protein in vivo, 

indicating that the C30-C33 pair is essential for in vivo activity.(111)  

The C130-C133 pair, situated near the active site, transfers electrons to the FAD moiety 

and is required for the sulfhydryl oxidase to function.(111)  Once the substrate has transferred 

electrons to Erv1p, the electrons are subsequently shuttled from the C30-C33 pair to the C130-

C133 pair, and ultimately to the FAD.(108)  Once the electrons have been passed to the FAD, 

they are shuttled through a myriad of electron acceptors, such as cytochrome c (which donates 

them to the electron transport system) or molecular oxygen (initially forming hydrogen peroxide, 

which is ultimately converted to water by cytochrome c peroxidase).(102,112)  

From protein translocation to oxidative phosphorylation, the mitochondrion is a complex 

organelle that still remains largely a mystery.  Our laboratory has been working to produce 

small-molecule tools to revolutionize mitochondrial study.  These small molecules allow for the 

systematic study of synthetically lethal proteins, previously unassayable by typical genetic 

means.  This type of chemical genetics grants the ability to temporally inhibit a protein to 

observe the effects.  Although much of this work has been done in vitro, we show that zebrafish 
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provide a great platform for conducting these types of studies in vivo, and expect that more 

studies will be done on mitochondrial biology using zebrafish in the future.  
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Figure 1.1: Stages of embryonic development. A–M are face views. Remaining are left-side 

views unless where noted with anterior up and dorsal to the left. A. 1-cell stage (0.2 h): embryo 

resides at animal pole (top) and yolk migrates to vegetal pole (bottom). B. 2-cell stage (0.75 h). 

C. 4-cell stage (1 h): blastomeres exist as a planar 2 × 2 array. D. 8-cell stage (1.25 h): 

blastomeres exist as a planar 2 × 4 array. E. 16-cell stage (1.5 h): blastomeres exist as a planar 4 

× 4 array.  F. 64-cell stage (2 h): blastomeres exist as 3 regular tiers of cells. G. 1000-cell stage 

(3 h): blastula period. The blastodisk appears ball-like and blastomeres reside in 11 tiers. H. High 

stage (3.3 h): beginning of blastodisc flattening. I. Oblong stage (3.7 h): flattening becomes 

elliptical in nature. J. Sphere stage (4 h): a flat border exists between yolk and blastodisc, and 

embryo appears spherical. K. Dome stage (4.3 h): embryo stays spherical, but yolk cells bulge 

inward toward animal pole as epiboly begins (arrow).  L. 30% epiboly stage (4.7 h): blastodisc 

thins and spreads uniformly around the yolk. M. 50% epiboly stage (5.3 h): blastodisc continues 

to spread around yolk and remains uniform in thickness. N. Bud stage (10 h): right side view, 

with anterior up and dorsal right. The tail bud becomes visible (arrow). O. 16–18 somite stage 

(~18 h): segmentation period. Extension of the tail begins.  P. 21–24 somite stage (~20 h): yolk 

begins to straighten out the posterior of the embryo. Q. Prim-5 (24 h): pharyngula period. There 

are approximately 30 somites, and length of yolk extension equals diameter of yolk ball. R. 

Long-pec stage (48 h): hatching period. Embryo begins to hatch from chorion. Pectoral fins have 

elongated and heart is clearly visible (arrow). S. Protruding-mouth stage (72 h): the mouth is 

wide open (arrow) and gills have begun to form.  T. Day 4 (96 h): swim bladder begins to inflate 

(arrow). U. Day 5 (120 h): swim bladder is fully inflated (arrow). V. Day 6 (144 h). W. Day 7 

(168 h). A-Q imaged at 25x magnification and R-W imaged at 16× magnification using a Leica 

MZ16F stereoscope.  
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Figure 1.2: Morpholino injection.  

A. During normal gene expression, RNA polymerase 

generates the mRNA transcript of the gene.  The 

introns of the mRNA transcript are then spliced out, 

generating the mature mRNA. The mRNA is 

exported to the cytosol, where the ribosome 

translates the mRNA, synthesizing the protein.  

B. When a translation-blocking morpholino is used, 

transcription and splicing remain unaffected, and the 

mature mRNA transcript is exported as during 

normal circumstances.  The morpholino then 

interacts with the mRNA in the cytosol, binding to 

the ATG start codon after the 5’-UTR, blocking the 

ribosome from synthesizing the protein.  

C. When a splice-blocking morpholino is used, the 

morpholino binds to the immature mRNA in the 

nucleus, preventing splicing of a particular intron.  

The resulting mRNA either remains an unspliced 

entity at that locus, or alternate splicing occurs.  

When these mis-spliced transcripts are translated, a 

truncated or mis-spliced protein can result. 
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Figure 1.3: The Tol2 method for genetic integration. The desired gene of interest, along with 

its respective promoter, is cloned between 2 Tol2 transposition insertion sequences. The plasmid 

and mRNA encoding the transposase protein are then microinjected into the single-cell stage of a 

developing embryo.  The embryo’s cellular machinery then translates the mRNA and synthesizes 

transposase, which integrates the plasmid insert into the genomic DNA through homologous 

recombination at the Tol2 sites.  Insertion can occur many times within a single insertion site, as 

well as many times throughout the genome, and often results in germ-line transmissibility.  
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Figure 1.4: The Gal4/UAS system. The Gal4/UAS method for protein expression was identified 

in yeast and utilizes the Gal4 transcription activator protein, which binds to the upstream 

activator sequence (UAS) enhancer to specifically activate gene expression.  A. When just the 

Gal4 protein is introduced, the Gal4 protein is synthesized, but no phenotypic change from wild 

type is seen.  B. Similarly, when a gene of interest under the regulation of the UAS enhancer is 

introduced, the gene cannot be expressed without the transcriptional activator, so no change from 

wild type is seen.  C. When both Gal4 and UAS gene are cointroduced, Gal4 is transcribed and 

translated in cells that express the governing promoter.  Gal4 then migrates to and binds the UAS 

enhancer region, allowing transcription of the gene.  In this manner, specific control of gene 

regulation and activity is achieved. 
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Figure 1.5: Fluorescent lines of zebrafish.  Through transgenesis, lines of zebrafish have been 

generated with fluorescent labeling in different tissues and systems.  A. Through an enhancer 

trap screen, a line was generated in which GFP is expressed solely in the motor neurons.  B. The 

motor neuron line was enhanced so that mitochondria within the neurons were labeled with 

DsRed protein.  C. Zebrafish expressing a mitochondrially targeted DsRed protein (MLS-

DsRED) under the α-actin promoter have fluorescent expression only in muscle.  D. Zebrafish 

expressing MLS-DsRed under the EF1-α (elongation factor 1-alpha) promoter, have ubiquitous 

fluorescence.  E. Zebrafish expressing MLS-DsRed under the cmlc2 (cardiac myocyte light 

chain 2) promoter have fluorescence only within the heart. 
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Figure 1.6: Comparison of human and zebrafish mitochondrial genomes. The human and 

zebrafish mitochondrial genomes are remarkably similar.  Both genomes contain 13 protein-

encoding genes; 22 tRNAs; 2 rRNAs; and a control region, the D-loop.  Although the number of 

base pairs between the 2 genomes does not differ  much, the length of genes encoded is much 

longer in human mtDNA, causing more overlap between genes to occur.  
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Figure 1.7: The respiratory complexes of the mitochondrion.  Electrons shuttled from NADH 

enter the respiratory chain at Complex I, located in the inner membrane.  Electrons are 

transferred from NADH to coenzyme Q (Q) through a series of iron-sulfur clusters within 

Complex I, transporting H+ ions across the membrane from the matrix to the intermembrane 

space in the process.  Similarly, electrons shuttled from FADH2 are transferred to Q through 

Complex II, although no H+ translocation occurs.  Q then travels to Complex III, ultimately 

transferring electrons to cytochrome c, but not before tranlocating more H+ ions through Q-

cycling.  Cytochrome c then releases the electrons to the final acceptor, O2, at Complex IV,  

where more H+ ions are pumped into the intermembrane space.  The translocated protons are 

then pumped back into the matrix by Complex V, and the energy generated is harnessed to 

generate ATP from ADP. 
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Figure 1.8: Mitochondrial protein import.  Protein translocation into the mitochondria 

progresses through different protein pathways, depending on the final destination.  All proteins 

first progress through the TOM complex.  A.  For proteins destined to remain in the outer 

membrane, precursors are diverted to the SAM complex, where they are inserted into the 

membrane. B. Proteins targeted for insertion into the inner membrane are accompanied by the 

small Tim complexes once they exit the Tom40 pore.  The small Tims deposit the precursor 

protein at the TIM22 complex, where insertion into the inner membrane is mediated.  C. Matrix-

targeted proteins contain a positively charged N-terminal localization sequence that directs them 

to the TIM23 complex.  Tim23 and Tim17 form a channel for the precursor to travel through into 

the matrix, where the N-terminal targeting sequence is cleaved off upon entry. Translocation for 

both inner membrane complexes is reliant on a membrane potential (ΔΨ), which is provided by 

the translocation motor (Tim44, Tim14, mHsp70, and mGrpE). 
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Figure 1.9: The Mia40/Erv1 disulfide relay. Proteins destined for the intermembrane space 

often contain disulfide bonds that require oxidation for activity.  The oxidative folding of these 

proteins is mediated by Mia40 and Erv1.  Precursor proteins first encounter oxidized Mia40 upon 

exit from the Tom40 pore.  Mia40 oxidizes the precursor into its active form, subsequently 

becoming reduced.  Erv1 reoxidizes Mia40 to its active state, becoming reduced.  Erv1 becomes 

reoxidized and active through electron transfer to an acceptor such as cytochrome c, which 

ultimately passes the electrons to O2, through its mediation with Complex IV.  
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Chapter 2: Modeling the In Vivo Drug 
Response of Identified Small-Molecule 
Inhibitors of Mitochondrial Function Using 
Zebrafish 
 
 
Abstract  

Zebrafish are uniquely suited for monitoring the in vivo drug response to small-molecule 

therapeutics.  Conducting studies using embryos provides a vertebrate, whole-organism view, 

which is unattainable with in vitro, in cellulo, and invertebrate study.  Assays can be performed 

rapidly, and efficiently, providing information regarding all aspects of compound discovery, 

from target verification to characterization and toxicity studies.  Many compounds currently 

available arose from studies utilizing zebrafish. Here we describe the work done to characterize 2 

inhibitors of mitochondrial function identified in the laboratory. MitoBloCKs-2 and -6 have been 

shown to behave specifically within the mitochondrion, interacting with targeted aspects of 

mitochondrial biology and behavior.  Through the work done with zebrafish, we show that these 

drugs affect particular aspects of embryo development, providing validation for the MitoBloCK 

compounds as tools for targeted in vivo study, as well as providing information as to the 

importance and role of mitochondria during embryonic development.  
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Introduction  

Role of Zebrafish in Small-Molecule Development  

With the introduction of high-throughput screening (HTS), the rate of identifying small 

molecules capable of modifying biological processes, or providing therapeutic help for disease, 

rapidly increased.(1)  Early methods included in vitro and in cellulo assays, and although these 

assays do have size and speed advantages, drugs identified from them often failed when 

introduced to animal models, possibly because of metabolic breakdown, inability to permeate 

cellular membranes and reach target tissues, and off-target toxicity concerns.(1,2)  Small-

molecule screens have been performed in simple model systems previously, such as Drosophila 

melanogaster or Caenorhabditis elegans; however, these invertebrate organisms still differ from 

humans and other larger animals in a multitude of ways.(3,4)  Screening compounds in zebrafish 

provides an efficient way to elucidate these concerns in a vertebrate model.  Zebrafish have the 

unique ability to fit into many aspects of the drug discovery pipeline.  They can be used in the 

very beginning, during lead compound discovery using high-throughput methods; for target 

verification once potential hit compounds have been identified; for drug optimization; and for 

characterization during the adsorption, distribution, metabolism, excretion, and toxicity 

(ADMET) studies.   

HTS Discovery.  Zebrafish are ideally suited for initial HTS discovery: they produce 

large numbers of identical embryos per mating, they are optically clear and osmotically 

permeable (allowing molecules to freely diffuse into the organism), and through sequencing it 

has been proven that there is a great deal of genetic synteny between zebrafish and 

humans.(1,5,6)  With a  multitude of new lines available that that are transgenic and contain  
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fluorescently labeled tissues, the possibilities for monitoring in vivo responses to small-molecule 

treatment in new and more intricate ways are endless.  The Z-tag system (Zymogen) was 

automated to create a screen for antiangiogenesis drugs in fish with fluorescently labeled blood 

vessels, identifying a previously unknown compound with antiangiogenic properties.(7)  

Through a similar screen, a drug for prostate cancer was discovered using zebrafish, further 

proving their utility as a research animal, even though they do not contain a prostate.(8) 

Target Verification. Because of their amenability to molecular biology and genetic 

studies, zebrafish can be used for rapid confirmation of hit compounds.  For example, zebrafish 

testing illustrated the in vivo proof that thalidomide interacted with the cereblon protein 

previously identified in vitro.(9)  The authors were able to recapitulate the phenotype seen with 

thalidomide treatment through morpholino knockdown of cereblon, thus proving the teratogenic 

properties of the drug were due to its interaction with the protein.  

ADMET Studies. Traditionally used as a marker of environmental toxicity, zebrafish 

are rapidly becoming a hallmark of dose-dependent toxicity.(10,11)  Drug delivery to zebrafish 

embryos is easily accomplished because exposure can occur through simple osmosis.  Most 

toxicity analysis done to date has been pharmaceutical in nature, such as looking at the effects of 

the antirheumatism drug diclofenac, or Amiodarone, which targets heart arrhythmias, although 

research has started to include the effects on nonpharmacological substances, such as ethanol and 

acetaldehyde, and their subsequent role on development.(12-14)   

Structure-Activity Relationships (SARs). Following drug characterization, SAR 

studies usually accompany development as a way of dissecting the activity of a compound 

through substituent modification.  Zebrafish provide a means to rapidly screen SARs for 

phenotype as well as toxicologic effects.  This technique was used to modify the drug 
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dorsomorphin, which was originally characterized to combat bone morphogenetic protein 

(BMP), which causes improper dorsal-ventral patterning.(15)  Dorsomorphin also caused 

vascular endothelial growth factor problems, preventing its use as a therapeutic.(16)  Through 

SAR studies in zebrafish, researchers were able to identify a modified compound that retains its 

BMP-inhibitory properties without any vascular endothelial growth factor issues.(16) 

 

Small-Molecule Screens of Mitochondrial Proteins 

Previous work performed in the laboratory utilized both in vitro screening using 

recombinantly purified protein and an in vivo study conducted in Saccharomyces cerevisiae to 

identify small-molecule compounds that arrest import of varying components of mitochondrial 

import.   

 

MitoBloCK-2 

MitoBloCK-2, an indazole derivative, was isolated by a former graduate student during a 

chemical genetic screen conducted in yeast to determine inhibitors of mitochondrial protein 

translocation, namely, the inhibition of the small Tim proteins, Tim9p and Tim10p (data 

unpublished). When characterizing the method of import impairment, it was surprising to see 

that MitoBloCK-2 was able to inhibit the import of substrates of the TIM22 pathway and the 

TIM23 pathway, as well as the import of the TOM40 translocon of the outer membrane.  This 

was startling because each of these pathways is specific, and little overlap occurs between their 

respective substrate components. Upon further scrutiny, it was noticed by Coomassie staining 

and other assays for mitochondrial integrity that the basal levels of mitochondrial proteins were 

actually markedly decreased in the presence of MitoBloCK-2.  Interestingly, trypan blue staining 
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confirmed that the plasma membrane remained intact in HeLa cells, nor did it appear that the 

membrane of the endoplasmic reticulum was disrupted, which indicated that only the 

mitochondrial membrane was affected in the presence of MitoBloCK-2.  

When SAR assays were performed on MitoBloCK-2, a hydroxyl group was deemed the 

cause of the impairment.  When functional substitutions were conducted on the phenyl ring, in 

which the 5’-hydroxyl moiety was replaced by a 5’-O-methyl, the integrity of the mitochondrial 

membrane was maintained during treatment, and import proceeded as normal (Figure 2.1).  

Mitochondrial integrity appeared sound after treatment with the SAR compounds (data not 

shown). 

 

MitoBloCK-6 

MitoBloCK-6 was identified during an in vitro screen designed to isolate modulators of 

Erv1p oxidase activity.  An in vitro reconstitution assay was designed using recombinantly 

purified yeast Erv1p and a nonphysiologic substrate DTT. When the assay proceeded without 

disruption, DTT would be oxidized by Erv1p, thus generating H2O2 from O2 when Erv1p was 

reoxidized.  The amount of H2O2 generated would then be measured using Amplex Red and 

horseradish peroxidase in a fluorometric assay.  As H2O2 was produced, the fluorescent signal of 

the Amplex Red would increase, thus giving a quantifiable way for measuring Erv1p activity.  

When a small molecule inhibited Erv1p, the fluorescent signal would be decreased accordingly.  

This screen resulted in the identification of the small-molecule MitoBloCK-6 (Manuscript in 

submission, data not shown). 

It was seen through in vitro reconstitution assays that treatment with MitoBloCK-6 

impaired import of Erv1p itself, as well as other substrate proteins imported via the Mia40/Erv1 
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import pathway, such as Mia40p (Figure 2.2: B–C).  Proteins not involved with this pathway 

showed no change in their ability to be imported upon MB-6 treatment (Figure 2.2: D). 

Mitochondrial integrity assays indicated that MitoBloCK-6 did not disrupt the mitochondrial 

membrane, unlike MitoBloCK-2, nor did it uncouple the electron transport chain.  Subsequent 

studies using mammalian mitochondria showed that MitoBloCK-6 was also able to inhibit 

import of, and by, ALR, the vertebrate homolog of Erv1p.   

 

In Vivo Zebrafish Assays 

After isolating and characterizing our compounds in yeast and mammalian tissue culture 

systems (data not shown), we devised an assay using zebrafish to ascertain whether the activity 

witnessed in the in vitro and in cellulo assays would be retained in higher organized systems, and 

what overall in vivo response the small molecules would elicit when introduced into a vertebrate 

organism.  Using zebrafish, I determined what the effect of MitoBloCK-2 and MitoBloCK-6 

would be on developing zebrafish embryos.  With these small molecules as tools I was able to 

highlight what role these specific aspects of mitochondrial biology may provide during 

development, roles that were previously unable to be studied because of their embryonic lethal 

nature.   

 

Results  

MitoBloCK-2 

To ascertain which concentration of MitoBloCK-2 was best suited for our studies, many 

drug concentrations were tested and the resultant phenotype observed.  Time-synchronized 
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developing embryos were treated with buffer, 1% DMSO control, or MitoBloCK-2 at 3 hours 

post fertilization (hpf) and allowed to develop undisturbed for 3 days at 28.5°C before data 

analysis.  The time point of 3 hpf was chosen because that is the stage during which the embryos 

undergo a final round of synchronous cell division before beginning asynchronous development.  

Three days was chosen because this was the maximal time in which embryos could survive in the 

drug, thus allowing us to maximize any developing phenotype while still maintaining embryo 

viability.  

Treatment with 1 µM MitoBloCK-2 resulted in prominent spinal curvature morphology 

at 3 days post fertilization (dpf) (Figure 2.3).  Even treatment at concentrations on the nanomolar 

level produced a pronounced phenotype, illustrating the potency of MitoBloCK-2 (Figure 2.3: 

B).  At concentrations higher than 2.5 µM, the embryos were unable to sustain viability (data not 

shown).  When looking closely at cardiac development and morphology, a wild-type heart is dual 

chambered and loops in on itself. Blood is pumped in through the bottom ventricle and exits the 

heart out through the top atrium.  Treatment with MitoBloCK-2, however, caused the heart to be 

malformed (Figure 2.3: J).  The chambers are either enlarged or improperly looped, so the heart 

appeared stringy in nature.  

As mentioned previously, import assays showed that treatment with 2 SAR molecules 

JMS-A-140-1 (SAR-140) and JMS-A-146-1 (SAR-146), restored import to control levels seen 

with 1% DMSO treatment (Figure 2.4).  When zebrafish embryos were treated with the maximal 

concentration of 2.5 µM of SAR-140 and SAR-146, compared to MitoBloCK-2 treatment, we 

see no difference in body axis formation or development compared to wild-type and control-

treated embryos (Figure 2.4: D–E).  Additionally, the hearts of the SAR-treated embryos appear 

to be normal in size and are looped properly, indicating that the SAR compounds have no effects 
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in vivo, both specific effects as seen with MitoBloCK-2 and possible off-target effects (Figure 

2.4: N–O).  

 

MitoBloCK-6 

Assays performed with MitoBloCK-6 were conducted similarly to those performed with 

MitoBloCK-2.  After testing a variety of concentrations, it was deemed that 2.5-µM and 5-µM 

treatment provided a reliable phenotype. Again, time-synchronized developing embryos were 

treated with buffer, 1% DMSO control, or MitoBloCK-6 at 3 hpf and allowed to develop 

undisturbed at 28.5°C for 3 days before data analysis.   

Treatment with MitoBloCK-6 resulted in improper somite formation and body curvature 

compared with vehicle control treatment (Figure 2.5: B).  In addition, treatment with 

MitoBloCK-6 resulted in an improperly looped heart, as well as a loss of fluorescent signal, 

indicating compromised development (Figure 2.5: H).  Upon closer inspection, it was noted that 

MitoBloCK-6–treated hearts had difficulty circulating blood throughout the embryo, resulting in 

a heart rate with slower beats per minute (bpm) compared with untreated and vehicle control–

treated embryos (Figure 2.5: J).  This effect was further confirmed through staining with o-

dianisidine, which binds to heme groups.  O-dianisidine staining showed prolific staining below 

the bottom chamber of the heart where blood enters, and little stain along the vasculature, 

indicating cardiac deficiency resulting in blood pooling before entering the heart (Figure 2.5: E). 

Because MitoBloCK-6 targets a known protein within the mitochondrion, we wanted to 

confirm that the effects seen were a direct result of inhibition of ALR and not simply off-target 

effects of drug treatment.  To do this we designed a morpholino specific to zebrafish ALR.  The 

morpholino was injected at a concentration of 4 ng into the single-cell stage of a zebrafish 
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embryo and then embryos were allowed to develop undisturbed until 2 dpf.  Embryos were 

imaged at 2 dpf rather than 3 dpf because of concerns about morpholino longevity.  After 2 days, 

a similar phenotype was observed with morpholino treatment as with MitoBloCK-6 treatment, 

indicating that the effects seen with MitoBloCK-6 treatment are truly the result of specific 

knockdown of ALR.  

 

Discussion 

The work here illustrates the true power of using zebrafish as a model for drug response 

simulation in a vertebrate system.  Conducting the same experiment using another vertebrate 

model, like mouse, would require a series of complex prenatal injections into the mother, or 

some sort of oral system in which the drug is ensured to travel through the mother’s system 

untouched and reach the developing pups.  This can be costly and time consuming, with no 

guarantee of strong and worthwhile delivery.  Zebrafish bypass all of these caveats.  Embryos are 

fertilized externally, allowing for rapid collection and treatment, ensuring that drug can be 

administered at the very earliest of stages. Small molecules can freely diffuse through the 

proteinaceous chorion to reach the embryo; therefore, drug delivery is simple and efficient.  

Their optical clarity allows for effective observation and imaging of phenotypic response, and 

the ease with which biochemical assays can be performed on them ensures quantifiable results.  

MitoBloCK-2 treatment illustrates a phenotype seen before when mitochondrial function 

is impaired.(17,18)  The similarity garnered here between other documented knockdown of 

mitochondrial function and MitoBloCK-2, which disrupts the mitochondrial membrane, gives 

credence to the specificity of our targeted response and further verifies previous work suggesting 

that MitoBloCK-2 only acts on mitochondria and does not disrupt other membranes within the 
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organism.  The fact that zebrafish are so remarkably sensitive to MitoBloCK-2 treatment, that 

concentrations on the nanomolar scale were capable of curtailing development, suggests how 

important mitochondria are to the accurate and correct development of these aspects of 

embryogenesis.   

Protecting the 5’-hydroxyl of MitoBloCK-2 with a methyl group completely abrogated 

the function of the 2 SAR compounds in vivo, further validating the results ascertained during the 

in vitro experiments.  Simply changing the one moiety resulted in the restoration of the wild-type 

phenotypic response, suggesting that no other part of the molecule shows any activity in vivo.  It 

is interesting that a single scaffold can be completely inert in vivo with one substitution, and 

potentially very active with another, all by changing a single moiety.  If this technology could 

somehow be controlled in vivo, one could potentially target a small molecule to a desired protein, 

and then incapacitate it,; either throughout the entire organism or within a specific region or 

tissue.  The implications this method could have for both research tools as a whole, as well as 

disease therapeutics, would be tremendous.  

MitoBloCK-6 treatment showed distinct differences in phenotype compared to 

MitoBloCK-2.  Although both drugs resulted in spinal curvature, defects in somatogenesis, and 

cardiac defects, MitoBloCK-6 also resulted in distinct circulatory deficiencies.  MitoBloCK-6 

treatment yielded improperly looped cardiac muscles that were unable to circulate blood through 

the embryo properly.  As a result, blood pooling was seen around the lower chamber of the heart.  

This strong cardiac phenotype suggests that mitochondria play a crucial role in cardiac 

development.  This is unsurprising; mitochondria are the major source of energy in the cell, and 

during embryonic development, as with any organism, the heart plays a crucial role in viability.  

Additionally, other studies examining proteins involved in mitochondrial import showed that 
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knockdown of import proteins can cause the heart to form on the opposite side of the embryo’s 

body (data unpublished). 

 Comparing the phenotype of chemical treatment with that of the morpholino injection 

provides a frame of reference for the specificity of the small molecule for its designated target 

protein.  Morpholinos are designed to be sequence-specific as well as species-specific.  They are 

designed not to cross-react and affect other proteins when injected into an organism.  Injection 

with the ALR morpholino showed a similar phenotype to treatment with MitoBloCK-6, 

illustrating that the specificity first exemplified in vitro is retained in vivo. 
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Materials and Methods 

Zebrafish Lines. Zebrafish displaying fluorescent hearts were derived from transgenic TL fish 

expressing a mitochondrially targeted dsRed regulated by a cardiac myocyte light chain 2 

(cmlc2) promoter to make it heart-specific.  O-dianisidine staining was conducted in albino lines 

that were generated from crosses of wild-type TL and Tü.  Morpholino injections were 

performed in wild-type AB. 

 

Zebrafish Husbandry. Zebrafish lines were maintained in a 14-hour-light/10-hour-dark cycle 

and mated for 1 hour to obtain synchronized embryonic development.  Embryos were grown in 

E3 buffer (5 mM sodium chloride, 0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33 

mM magnesium sulfate) at 28.5°C.  

 

Zebrafish Drug Treatment Assay. Zebrafish were mated for 1 hour to obtain synchronized 

embryonic development. Embryos were grown to 3 hpf in E3 buffer (5 mM sodium chloride, 

0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium sulfate) and then 

incubated with buffer, 1% DMSO, or drug for 3 days at 28.5°C.  Following treatment, embryos 

were imaged using a Leica S8APO microscope at 1.575× magnification or Leica MZ16F 

fluorescent stereoscope (TexasRed filter set) at 5× magnification.  Albino embryos were stained 

with o-dianisidine (40% (v/v) ethanol, 0.01 M sodium acetate, 0.65% hydrogen peroxide, 0.6 

mg/mL o-dianisidine) and incubated for 15 minutes in complete darkness.  Embryos were then 

washed with E3 buffer to remove residual stain and stereoscopically imaged under white light 

using a Leica S8APO microscope at 1.575× magnification. Images were resized to 300 dpi 

without resampling using Adobe Photoshop.  
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Zebrafish Morpholino Studies. Wild-type AB embryos were microinjected at the single-cell 

stage with 4 ng of an ATG morpholino targeted to zebrafish ALR protein (5’-

GAGGGTTGCCAGATCTCTGTTAAAT) (GeneTools, Inc.) Zebrafish were allowed to develop 

undisturbed to 2 dpf and imaged similarly to drug-treated embryos.  Images were resized to 300 

dpi without resampling using Adobe Photoshop.  
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Figures 

 

Figure 2.1: Import of AAC in the presence of MitoBloCK-2 and structure-activity 

relationship (SAR) compounds. Radiolabeled precursor was imported into GA74A (wild-type) 

mitochondria. Mitochondria at a concentration of 100 µg/mL were incubated with DMSO 

vehicle control or drug (1% DMSO final concentration) for 15 minutes at 25°C.  In vitro 

transcription/translation product was then added to each reaction.  At designated time points, 

aliquots were removed and stopped with cold buffer and trypsin.  All aliquots were incubated for 

15 minutes in stop buffer before being subjected to centrifugation.  Pellets were then carbonate-

extracted for 30 minutes on ice.  After carbonate extraction, mitochondria were resuspended in 

reducing sample buffer and resolved on a 12% SDS-PAGE.  Gels were dried and then exposed to 

film for 6 hours.  Resultant film indicated that in the presence of MitoBloCK-2 and SAR 

compound JMS-A-151-1, import of AAC was impaired, but in the presence of SAR compounds 

JMS-A-140-1 and JMS-A-146-1, import was unaffected and comparable to vehicle control 

treatment. Figure adapted with permission from Samuel A. Hasson.  
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Figure 2.2: MitoBloCK-6 effect on precursor import. A. Chemical structure of MitoBloCK-6.  

B–D.  In a procedure similar to that outlined in Figure 2.1, wild-type mitochondria were 

incubated in the presence of 1% DMSO vehicle control or drug. After incubation period, in vitro 

transcription/translation precursor was added to the reaction. Aliquots were taken at time points 

and the reaction stopped.  Pellets were carbonate-extracted and loaded on and SDS-PAGE gel.  

Gels were dried and exposed to film.  B and C. Precursors involved in the Mia40/Erv1 import 

pathway (Erv1 and Mia40) saw a marked reduction in import into mitochondria.  D.  Import of 

precursors that do not utilize the Mia40/Erv1 pathway (Hsp60) was unaffected by MitoBloCK-6 

treatment. Figure adapted with permission from Deepa V. Dabir.  
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Figure 2.3: MitoBloCK-2 treatment. Embryos were treated with either 1% DMSO vehicle 

control or different concentrations of MitoBloCK-2 beginning at 3 hpf.  Once treated, embryos 

were left undisturbed for 3 days. A–D. Treatment with MitoBloCK-2 resulted in spinal curvature 

at concentrations as low as 0.1 µM and as high as 2.5 µM.  Embryos treated at concentrations 

higher than 2.5 µM were not viable. E–H. Staining with o-dianisidine which stains red blood 

cells, also showcased cardiac phenotype (arrows). I–J. Treatment with MitoBloCK-2 also 

resulted in cardiac formation defects.  
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Figure 2.4: MitoBloCK-2 SAR treatment. Treatment with the SAR analogs JMS-A-140-1 and 

JMS-A-146-1 do not exhibit the effects seen upon MitoBloCK-2 treatment. MitoBloCK-2 

treatment results in spinal curvature and cardiac myopathy (B, C, L, M), but treatment with the 2 

SAR analogs results (D, E, N, O) in the same phenotype as the DMSO control (A, K). Embryos 

were also stained with o-dianisidine, which binds to heme groups, marking red blood cells (F-J). 
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Figure 2.5: MitoBloCK-6 treatment. MitoBloCK-6 treatment resulted in defects in 

somitogenesis as well as circulatory deficiencies. Embryos were treated at 3 hpf with 1% DMSO 

control or MitoBloCK-6. MitoBloCK-6 fish exhibited spinal curvature (B), compared to control 

treatment (A), as well as cardiac morphology problems, exhibited by blood pooling below the 

ventricle in MitoBloCK-6–treated embryos compared with DMSO control (D, E, arrow). 

Additionally, florescence was lost, indicating problems during development. (N) Embryos 

injected with 4 ng of a translation-blocking morpholino against ALR also exhibited a similar 

spinal curvature (C) as well as blood pooling below the ventricle (F, arrow). (I) The heart rates 

of MitoBloCK-6 treated fish and morpholino-injected fish were markedly reduced compared 

with untreated controls, further indicating cardiac problems. 
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Chapter 3: Elucidating Mitochondrial 
Dynamics During Early-Stage Axonal Growth 
and Development in Zebrafish Embryos 
 
 

Abstract  

Neuron growth and formation during embryogenesis has been well characterized.  With 

increasing focus being drawn to the field of mitochondrial dynamics because of links being 

found between mitochondrial dysfunction and neurodegenerative disorders, significant interest 

has arisen in cellular trafficking within neurons.  Of particular interest are the motor neurons, the 

cells required for muscle control.  In the work described here, we characterize mitochondrial 

presence and dynamics within the motor neurons of developing zebrafish embryos, describing 

trafficking patterns and movement at the various stages.  By comparing the information gathered 

here with development seen when mitochondrial biology is impaired, we can determine what 

potential roles mitochondrial proteins may have in motor neuron development.  
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Introduction 

Zebrafish and Neuronal Study 

Zebrafish have been studied as a hallmark model for vertebrate developmental biology 

for many years.  Because zebrafish can produce 200 to 300 eggs in a single clutch, the embryos 

are transparent and develop externally with veritable synchrony; they are ideal for studying 

developmental processes beginning as early as fertilization.(1,2)  Embryos can also be 

genetically manipulated to observe cellular process; even the minute movements of individual 

proteins and signaling factors can be observed through fluorescent labeling in the optically clear 

organism.(3)  With a major focus of medicine shifting onto neurological disorders with links to 

mitochondrial dysfunction, such as Parkinson’s disease and Alzheimer’s disease, the 

development and function of the nervous system is beginning to be more closely examined.(4-6)  

Given that the nervous system is so complex, and essential for viability, much is still unknown 

about the inner mechanisms of neurons. 

 

The Vertebrate Nervous System 

The vertebrate nervous system comprises primarily the brain; spinal cord; and peripheral 

ganglia, or nerve cells.(7)  There are numerous types of neurons, including sensory neurons, 

which respond to stimulus from the sensory faculties and send signals to the spinal cord and 

brain; motor neurons, which receive signals from the brain to control muscle contractions and 

glandular secretions; and interneurons, which connect neurons to each other within the spinal 

cord and brain.  
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A neural cell has 3 segments: the cell body (where the bulk of the cell mass is located), 

the dendrites, and the axon (Figure 3.1).(7) Dendrites are thin protrusions that arise from the cell 

body and project radially, often extending for a few centimeters and branching multiple times 

along the way, giving rise to a vast branching network.  Although a cell body can give rise to 

many dendrites, it can only generate 1 axon. Axons, like dendrites, are cellular extensions of the 

cell body, but they are much thicker in nature and grow much longer.  Human axons can be up to 

1 meter in length, and in some species they can be even longer.  Axons also have many branch 

points along their length; some axons can branch hundreds of times before their termination.  For 

protection as well as to aid in signal conduction, the axons of motor neurons are covered by the 

myelin sheath, a fibrous layer produced by Schwann cells (Figure 3.1). 

Neurons are unlike other cells in many ways.  Most notably, neurons do not undergo cell 

division; rather, a type of stem cell generates them, and neurogenesis is virtually nonexistent 

once the organism reaches adulthood.(8)  Additionally, neurons have the ability to communicate 

signals through the presence of synapses. Synapses are junctions between nerve cell components 

responsible for transmitting signals from the brain to the desired target. Synaptic signaling 

usually occurs from the axon of one neuron to the dendrite of another, but signaling can proceed 

in alternate fashions as well.  

 

Axonal Growth 

Because vertebrate organisms can be very complex, the axonal network needs to be 

extremely precise to guarantee maximal control over, and communication with, all cellular 

processes.  Because each neuron only produces 1 axon, and because axons can extend very long 

distances from the cell body, each axon and axonal projection needs to be precisely placed.  
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During development, axons traverse through their environment through the growth cone.  The 

growth cone is located at the tip of the axon and expresses filopodia responsible for sensing 

signaling factors of the surrounding area and responding accordingly.  Signals such as cell 

adhesion molecules (CAMs) influence the direction and rate of axonal growth and can be 

classified into 4 categories: contact-attracting, contact-repulsing, long-range chemoattracting, 

and long-range chemorepulsing.(9)  In this manner, axons are able to grow and retract, spreading 

out and integrating into the environment by interacting with, and responding to, the various 

signaling components. 

Axonal growth during development is well characterized, but the extent to which, and 

mechanisms through which, the cellular components are trafficked within the growing axons, 

namely the mitochondria, is largely unknown. To this end, we set out to ascertain where 

mitochondria are located, and how they behave in developing motor neurons during the early 

growth process in embryonic zebrafish.   

 

Results  

Axon Growth: 1dpf 

Motor neurons develop in the spinal column, from the anterior end (head) to posterior 

end of the zebrafish (tail); as a result, the anterior axons appear more developed than the 

posterior axons (Figure 3.2: A).  Each new “row” along the spinal column contains 2 cell bodies, 

each growing laterally along the body curvature to the dorsal and the ventral sides 

simultaneously.  The axons of 3 sequential cell bodies intertwine to form a large bundle that then 

grows as a unit longitudinally through the embryo.  
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The majority of axon growth seen at 1 dpf is longitudinal axonal projection away from 

the cell body (Figure 3.2).  By 24 hours, the cell bodies have formed along the length of the 

spinal column and the developing axons are in the bundles of 3 axons each.  The growth cones of 

the axons extend in an overall outward motion from the dorsal side of the embryo to the ventral 

side of the embryo, following the line of the dorsoventral axis.  The actual growth cone moves in 

a combination of anterograde (extending away from the cell body) and retrograde (contracting 

toward the cell body) movement as it senses chemical cues from the environment as well as from 

other projecting axons.  Small branch points of growth can be seen to begin developing at this 

stage.  

The mitochondria present in the motor neurons at 1 dpf are concentrated predominantly 

in the cell body of the axon (Figure 3.2: B).  Almost no fluorescent signal can be detected in the 

axonal projections themselves, indicating that either very few or no mitochondria have traveled 

into the projection itself.  Although all of the fluorescence is concentrated in the cell body, it is 

unclear whether the mitochondria exist as a cluster of individual mitochondria or as 1 large fused 

mitochondrion or mitochondrial network.  

 

Axon Growth:2 dpf 

At 2 dpf, the axons are still short, thick, longitudinal projections along the dorsoventral 

axis of the embryo (Figure 3.3).  The growth cone is still proceeding away from the cell body 

overall, but the anterograde and retrograde movement is still visible as the axons respond to 

surrounding signals.  Projections deviating from branch points along the longitudinal line 

become more pronounced at the ends of the developing axons.   
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The mitochondria of each neuronal cell can be detected in large groups throughout the 

entire axonal projection at this stage (Figure 3.3: B).  Given the size of the mitochondrially 

localized, fluorescent signal seen scattered throughout the axonal projection, we anticipate that 

the mitochondria exist, and travel, as fused groups of mitochondria as they migrate radially 

outward from the cell body.  Interestingly, over the imaging time frame, very little movement 

can be seen in the projection itself, indicating that migration of the mitochondria down the axon 

is very slow at this stage.  In contrast, a plethora of movement can be seen along the neurons that 

make up the spinal column (Figure 3.4). 

 

Axon Growth: 3 dpf 

At 3 dpf, small projections are beginning to branch along the entire length of the axon, 

rather than just at the distal end near the growth cone (Figure 3.5: A).  Most growth seen at this 

point is lateral growth of the branches as they spread throughout the body of the zebrafish.  

These projections grow in a similar manner to the expansion of the singular axon; the growth 

cone extends and retracts as it moves through the surroundings, encountering other branching 

axons.  Developing projections repel one another, ensuring that no neuron branch occupies the 

same space as another.  

The mitochondria are beginning to spread more diffusely throughout the entire axon at 

this stage, and have begun to migrate into the branches growing off the main axon trunk (Figure 

3.5: B).  As was seen at day 2, very little movement could be detected from the mitochondria 

present in the axonal projections (Figure 3.6), indicating that movement along the axons and in 

the branches is still very slow at day 3, but activity along the spinal column remains present and 

fast-paced (Figure 3.6).  
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Axon Growth: 4 dpf 

At 4 dpf, small, secondary and tertiary projections can be seen along the branches of the 

axonal projection (Figure 3.7: A).  The majority of growth at this stage is still lateral growth of 

the extending primary and secondary branches.  The trunk of the axon does not appear to show 

much change in growth because the overall width of the embryo is not changing much during 

this time period. 

Mitochondria appear to be smaller, and perhaps exist as individual entities at this stage, 

rather than the larger groups visualized at the earlier time points (Figure 3.7: B).  Interestingly, at 

4 dpf we can detect the individual, rapid movement of mitochondria in the axonal projections 

(Figure 3.8: A).  Indeed, at 4 dpf we can detect the most movement of mitochondria within the 

axonal projections.  As expected, movement is still detected along the spinal cord, with many 

mitochondria traversing the field during this time (Figure 3.8: B). 

 

Axon Growth: 5 dpf 

At 5 dpf, the axons are very thin, and little growth is detected over the experiment length.  

The axons appear as a web, traversing the expanse of the “empty” space seen between the axonal 

bundles first observed at 1 dpf (Figure 3.9: A).  The smaller primary and secondary branches 

seem to bisect the regions between these bundles into virtually even sectors, and no branches 

appear to overlap a region. 

By 5 dpf, mitochondria seem spread uniformly throughout the main projection and the 

peripheral branches (Figure 3.9: B). The mitochondria are also rather stationary along the axon 

length and in the primary and secondary branches, although a small amount of movement can 
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still be detected (Figure 3.10).  At 5 dpf, we can also detect fully developed mitochondrial 

networks along the projections, rather than just the existence of individual or large, fused groups 

of mitochondria (Figure 3.11, inset). 

 

Axon Growth: 6+ dpf 

At 6 dpf and beyond, the physical axon morphology remains virtually identical to that 

seen at 5 dpf (Figure 3.12).  Any growth observed coincided with the overall growth and 

development of the zebrafish.  The majority of the branches needed to reach developing muscles 

have been formed, so no change in branch formation or location can really be detected from 5 to 

6 dpf.  Similarly, the mitochondrial networks observed at 5 dpf are still easily visible at 6 dpf and 

beyond.  There is little sporadic movement of the mitochondria along the axons, but migration is 

still observed regularly along the spinal region (Figure 3.13). 

 

Discussion  

 As mentioned previously, although the development process of motor neurons in early 

zebrafish embryos is very well documented and characterized, little is known about the location 

and trafficking of a large number of cellular components.   Of particular interest to our research 

was the movement and behavior of mitochondria within these developing neurons.  At 1 dpf, the 

mitochondria could be observed predominantly in the cell body, with little observable signal seen 

in the axonal projections.  This changes as the organism develops over time: the mitochondria 

migrate along the axonal projection, eventually spreading out to cover the entirety of the primary 

axon as well as all of the peripheral branches.  



 73 

It is interesting to compare mitochondrial location and placement with observable 

embryo movement during development. At 1 dpf, the embryo is still in its chorion, and the only 

motion observed is the spontaneous wiggle of the tail.  If the embryo is removed from the 

chorion, it is still only able to writhe its tail back and forth; it is unable to swim.  At 2 dpf, the 

embryo is able to swim, but only in a straight line in a singular direction.  Movement is often the 

result of a perceived external stimulus; when undisturbed the embryo will often remain 

stationary.  From 3 dpf onward, motion of the embryo becomes more controlled, more frequent, 

and less of a direct result of external stimulation.   Embryos will still flee from a perceived threat, 

but they also swim frequently and continuously when there is no external impetus.   

This increase in both frequency and control of movement directly correlates to the 

migration of mitochondria and formation of a mitochondrial network in motor neurons.  At 

stages in which embryonic movement is minimal and limited (1 through 3 dpf), mitochondria are 

in a primitive point of migrating along the developing axonal network.  Transmitting signals that 

control motion response, both along a singular axon branch as well as between neighboring 

axons, is energetically costly; as a result, motion may be restricted to the spontaneous reaction to 

the firing of neurons (the “fight-or-flight” response).   

As mitochondria migrate through the axon in later stages of development, forming 

networks and sparking movement of individual mitochondria within the projections (4 dpf 

onward), the embryo develops the ability to swim multidirectionally.  This stands to reason: with 

the mitochondria that generate the majority of energy for a cell spread throughout the entire 

axon, the energy production required to transmit the signals that control finite motion throughout 

the motor neuron network is also spread through the axon, within close proximity to firing 
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synapses.  Motion is not restricted to spontaneous reactions and the “fight-or-flight” response, 

but becomes a regular and essential component of the ability to survive.   

 Through characterizing the development of the zebrafish embryonic motor neuron, and 

how the mitochondria behave at the various stages for development, we created a basis of 

reference for monitoring axonal behavior and response. By comparing the canonical behavior 

during development with the observations garnered when a protein involved in mitochondrial 

biology is modified, we can determine what potential roles the proteins of interest may play in 

motor neuron development.  
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Materials and Methods 

Zebrafish Lines 

The line of zebrafish expressing green fluorescent neurons with red fluorescent 

mitochondria was generated by modifying a line of fish identified during a GFP enhancer trap 

screen, conducted at the University of Tübingen.  The Gal4-GFP cassette location was mapped to 

intron 1 of the gnaI2 gene on chromosome 6, and is regulated by either the gnaI2 or inka1b 

enhancer.  Zebrafish expressing the enhancer GFP were injected with a UAS-MLS-DsRed in 

pCS2+.  The MLS-DsRed construct was created by fusing the coxVIIIa mitochondrial targeting 

sequence in front of the DsRed protein, and cloning the fusion protein into the pCS2+ vector.   

This construct was then microinjected into zebrafish embryos at the 1-cell stage, along with 

transposase RNA, and integrated into the host genome using homologous recombination around 

the Tol2 locus.  

 

 

Zebrafish Husbandry 

Zebrafish lines were maintained in a 14-hour-light/10-hour-dark cycle and mated for 1 

hour to obtain synchronized embryonic development.  Embryos were grown in E3 buffer (5 mM 

sodium chloride, 0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium 

sulfate) for 1 to 7 days at 28.5°C.  

 

Confocal Microscopy: Axon Growth Experiments  
Zebrafish embryos were anesthetized in 0.01% tricaine and embedded in a sealed 

chamber using 1.2% low-melt agarose.  Larvae were imaged for 12 hours using a 20× air 
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objective. Stacks were scanned every 20 minutes in 0.71-µm intervals.  Imaging was performed 

with 4 to 6 larvae per session on a LSM 510 confocal microscope (Zeiss) with an automated 

stage, using Multitime software.  Larvae viability was maintained at 28.5°C throughout the time 

course using a stage heater.  Maximum intensity projections of confocal stacks were generated 

using Zeiss LSM software, and further processed using Image J.(10)   

 

Confocal Microscopy: Mitochondrial Movement Experiments  
Zebrafish embryos were anesthetized in 0.01% tricaine and embedded in a sealed 

chamber using 1.2% low-melt agarose.  Larvae were imaged for 5 minutes using a 40× oil 

objective and 3× optical zoom. Stacks were scanned in rapid succession every second over a 1-

µm section volume.  Imaging was performed on a LSM 510 confocal microscope (Zeiss) with an 

automated stage, using Multitime software.  Larvae viability was maintained at 28.5°C 

throughout the time course using a stage heater.  Maximum intensity projections of confocal 

stacks were generated using Zeiss LSM software, and further processed using Image J.(10)   
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Figures 

 

Figure 3.1: A neuron. A neuron cell comprises 3 distinct regions: the dendrites, the cell body, 

and the axon.  Although a neuron has more than 100 dendrites, each cell body produces only 1 

axon.  Axons project radially away from the cell body, and can branch into many termini along 

the way.  For protection, and to enhance signal conduction, axons are covered by a fibrous layer 

of myelin.  
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Figure 3.2: Axonal development at 1 dpf. At 1 dpf, axons are growing longitudinally away 

from the cell body.  Axons develop from anterior (A, red arrow) to posterior (A, blue arrow) so 

projections closer to the tail are shorter in length. Branches are beginning to form at the axon 

termini.  B. Mitochondria are predominantly clustered within the cell body (arrow). No signal is 

detectable along the projection. 
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Figure 3.3 Axonal development at 2 dpf.  A. Axons are continuing to project away from the 

cell body, and branch points can be seen at the axon termini (yellow arrow) as well as beginning 

to develop along the length of the axon (red arrow).  B. Mitochondria are spread throughout the 

axonal projection.  Fluorescence appears as large blocks, scattered throughout the entire axon, 

indicating that mitochondria travel as clusters as they migrate.      
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Figure 3.4: Mitochondrial movement at 2 dpf. Very little movement can be witnessed in the 

projections at 2 dpf, indicating that mitochondrial progress is slow.  Motion can be detected in 

the spinal column at this stage (arrows).  
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Figure 3.5: Axonal development at 3 dpf.  A. Projections are distinct throughout the entire 

length of the axon, and are not just concentrated at distal ends. (arrow)  B. Mitochondria are 

smaller and can be seen migrating within the newly developed peripheral branches. 
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Figure 3.6: Mitochondrial movement at 3 dpf. Mitochondrial movement can be detected along 

the spinal column (arrows), but not in the projection (thick, white segment in center of image 

set), indicating that the mitochondria are still progressing very slowly.  
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Figure 3.7: Axonal development at 4 dpf.  A. Tertiary branches can be seen off of the 

secondary branch points (arrow).  B. Mitochondria appear to be individual entities, and are 

present throughout the entire axon, as well as in the peripheral projections (arrows). 
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Figure 3.8: Mitochondrial movement at 4 dpf. Movement can be detected in both peripheral 

branches, as well as along the spinal column.  A. Movement of a singular mitochondrion through 

a peripheral branch point (arrow).   B. Many mitochondria can be visualized traversing the spinal 

column. Each colored arrow follows the path of 1 mitochondrion.   
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Figure 3.9: Axonal development at 5 dpf.   A. Axons appear as a web throughout the entire 

body of the zebrafish.  B. Mitochondria are spread uniformly throughout axon length and all 

peripheral projections.  
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Figure 3.10: Mitochondrial movement at 5 dpf.   A. Movement in peripheral projections is 

restricted; most mitochondria remain stationary.  B.  Movement remains in the spinal column, to 

a greater extent than in peripheral projections, but is not as rapid as in 4 dpf.  
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Figure 3.11: Mitochondrial networks. Mitochondrial networks can be detected in projections 

at 5 dpf.  Mitochondria undergo fusion and fission as a means of traveling through a projection.   
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Figure 3.12: Axonal development at 6 dpf. Axon morphology appears identical to 5 dpf, with 

no great change in branch formation or number.  Projections to tail are fully elongated.  
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Figure 3.13: Mitochondrial movement at 6 dpf.  A.  Movement along periphery is limited to 

small migrations.  B.  Movement still occurs regularly along length of spinal column.  
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Chapter 4: Inhibiting ALR Affects Axonal 
Growth and Mitochondrial Movement in the 
Motor Neurons of Zebrafish 
 
 
Abstract  

Over the past decade, neurodegenerative diseases such as Parkinson’s disease and Huntington’s 

disease have been found to contain pathological links to mitochondrial dysfunction.  

Additionally, many known mitochondrial myopathies, such as Leigh’s syndrome, have 

neurodegenerative components.  For these reasons, we treated embryos with MitoBlock-6, a 

known small-molecule inhibitor of ALR and protein translocation, to observe its effects on motor 

neuron development and mitochondrial dynamics.  Treatment with MitoBlock-6 caused a 

significant decrease in axon growth, and branching, compared with controls, along with a 

decrease in mitochondrial motility in axonal projections with prolonged treatment.  Together, 

these data suggest that inhibition of ALR, an essential protein of the intermembrane space, not 

only affects mitochondrial import, but also axonal development and mitochondrial movement 

within developing motor neurons.  These effects illustrate the importance of studying 

mitochondrial biology  in vivo, a methodology that tools such as MitoBlock-6 can greatly 

enhance. 
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Introduction 

Within the past decade, many neurodegenerative diseases have been linked to problems 

with mitochondrial function.  Neurological disorders such as Parkinson’s disease, Alzheimer’s 

disease, and Huntington’s disease, have all been found to have a mitochondrial component.  

Many known mitochondrial myopathies such as Leigh’s syndrome or MELAS syndrome 

(mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes) have a 

neurodegenerative component to their pathology, so it stands to reason that other 

neurodegenerative disorders would have mitochondrial deficiencies as well.(1,2)  

Recently, it was discovered that a hereditary early-onset form of Parkinson’s disease is 

caused by mutations in PINK1 and Parkin.(3)  PINK1,  a serine/threonine kinase residing in the 

outer mitochondrial membrane, is responsible for recruiting Parkin to depolarized mitochondria.  

Activation of the PINK1/Parkin pathway leads to clearance of damaged mitochondria.(4)  In 

neurons where this pathway is inactive because of mutations, clearance of mitochondria is 

impaired, and the neurons may become prone to degeneration and degradation.  Additionally, 

drugs that inhibit Complex I of the respiratory chain have been shown to produce Parkinson’s 

like symptoms in humans and animal models.(5) 

The link between Alzheimer’s disease and mitochondria is a new and tenuous one, but 

there are certain aspects that point to, at the very least, a mitochondrial response.  Beta-amyloid 

(Aβ), the fibril-forming protein responsible for plaque formation, has been shown to be able to 

localize to the mitochondrion.(6)  Additionally, neuronal cultures treated with media from other 

cells expressing mutant forms of amyloid precursor protein (APP,) the precursor to Aβ, had an 

increase of mitochondrial fission, a loss of dendrites, and eventually cell death.(7)  Although 
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specifics regarding the mitochondrial role in Alzheimer’s degeneration remain elusive, there 

appears to be a link.  

Mutant Huntingtin, the protein responsible for causing Huntington’s disease has been 

shown to interact with dynamin-related protein 1 (Drp1), which is required for mitochondrial 

division. The interaction between Drp1 and mutant Huntingtin results in abnormal dynamics, and 

defective anterograde movement, along with synaptic deficiencies.(8,9)  In patients and mouse 

Huntington’s disease models, expression of the mutant protein led to elevated lactate levels, a 

decreased membrane potential, and Complex II respiratory problems.(10) 

Amyotrophic lateral sclerosis (ALS) showcases mitochondrial dysfunction specifically 

within the motor neurons.(11) The familial form of ALS is caused by mutations within 

superoxide dismutase 1 (SOD1). SOD1 exists in both the cytosol and in the mitochondria. 

Patients with ALS mutations in SOD1 experience mitochondrial dysfunction and degradation, 

and ultimately motor neuron degeneration.   

Because of these connections between neurons and mitochondria, we decided to test what 

effects our MitoBlock-6 inhibitor had on mitochondrial function and neuron development within 

zebrafish embryos.  Because ALR is responsible for importing and successfully folding a myriad 

of proteins involved in all aspects of mitochondria biology, we hypothesized that knocking down 

its function would have a detrimental effect on axonal development and mitochondrial dynamics.  
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Results  

FCCP: 2 dpf 

To ensure that treatment with MitoBloCK-6 was distinct from general uncoupling of 

mitochondria, 2 days post fertilization (dpf) zebrafish embryos were treated with varying 

concentrations of FCCP for 1 hour before imaging. At 150 nM, development stalled, and 

embryos entered a suspended animation–like state.  There was a slight growth of the body axis 

over the time course, but the axons remained unaltered throughout the experiment, which was 

conducted with a maintained presence of FCCP (Figure 4.1: A).  If treatment was elongated to 24 

hours before imaging, embryos staged to 1 dpf, the developmental stage at which treatment 

began (data not shown).  At a higher concentration of 500 nM, the mitochondria collapsed and 

the axons fragmented, but the typical embryo death morphology did not follow, as evidenced by 

the continued presence of the body outline (Figure 4.1: B).   

 

MitoBloCK-2: 2 dpf 

Embryos were treated with E3 buffer, 1% DMSO, or 2.5 µM MitoBloCK-6 at 24 hours 

post fertilization, and allowed to incubate undisturbed at 28.5°C for an additional 24 hours.  

Embryos were then mounted in a sealed chamber with the continued presence of MitoBloCK-6, 

and imaged for 12 hours.  Compared to the DMSO control, MitoBloCK-6 treatment resulted in a 

significant decrease in axon growth (Figure 4.2: B).  DMSO-treated axons grew an average of 

29.1 µm over the time course, whereas MitoBloCK-6–treated axons grew an average of 17.6 µm.  

Comparing morphology, axons treated with DMSO grew as the fish axis elongated, and began 

branching by the end of the experiment.  Axons treated with MitoBloCK-6 also grew and 
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elongated in a similar manner to those in DMSO treatment, and did not exhibit any of the stalled 

characteristics witnessed with FCCP treatment.  However, they also appeared stunted in length, 

and are markedly less branched than those under DMSO treatment by the end of the time course 

(Figure 4.2: B).  

As mentioned previously, axons develop from anterior to posterior, so each axon 

projection must be compared individually when analyzing developmental changes.  With DMSO 

treatment, axon 6 (counting anterior from tail) had an average of 7 branch points, with a mean 

length of 22.4 µm, whereas an axon in MitoBloCK-6 had an average of only 3 branch points, 

with a mean length of 18.6 µm.  Similarly, axon 3 had an average of 4 branch points with a mean 

length of 13.2 µm in DMSO treatment, but only 2 branch points with a mean length of 9.9 µm 

(Figure 4.5: I).  Although the ratio does not change much in terms of branching from older axon 

(axon 6) to newer axon (axon 3), there is a dramatic difference in the ratio of branch length.  

To ascertain whether the difference in length was due to a lack of growth or a change in 

the ratio of anterograde (away from cell body extension) to retrograde (toward the cell body 

retraction), the specific velocities and the direction of growth at each time point were quantified.  

With DMSO treatment, axons appear to engage in more gross anterograde movement compared 

with MitoBloCK-6 treatment (Figure 4.6: A).  Axons in the presence of MitoBloCK-6 spent 

more time either stationary, or moving in a retrograde direction.  Further analysis examining the 

specific velocities showed slight differences in growth patterns, but no further information could 

be gleaned (Figure 4.6: B).  
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MitoBloCK-2: 1 dpf 

To further explore the effects of MitoBloCK-6, we modified the experiment to monitor 

growth at 1 dpf.  Embryos were again treated with E3 buffer, 1% DMSO, or 2.5 µM 

MitoBloCK-6, and embryos were treated for 24 hours, in keeping with the 2-dpf data.  

Interestingly, the phenotype was not as strong as that seen at 2 dpf.  DMSO treatment resulted in 

an average growth of 41.2 µm, whereas MitoBloCK-6 treatment resulted in an average growth of 

34.1 µm (Figure 4.3). Comparing morphology, we again see the same growth and elongation 

pattern for DMSO treatment as that of the 2-dpf data.  The projections appear normal and evenly 

spaced along the length of the zebrafish (Figure 4.3: A).  With MitoBloCK-6 treatment, however, 

the neurons look “stump-like,” sickly, and disorganized (Figure 4.3: B).  Although branching is 

only beginning at 1 dpf, we still quantified the occurrences.  DMSO treatment resulted in more 

branches on average than MitoBloCK-6 treatment, as was seen at 2 dpf, although there were 

admittedly smaller differences in number between the 2 treatments (Figure 4.5: II).  The 

branches that did form, however, had no discernible difference in length.  When comparing the 

specific velocities for DMSO and MitoBloCK-6 treatment, we again saw that DMSO treatment 

resulted in axons that spent more time growing anterograde, and MitoBloCK-6 treatment 

resulted in axons that remained stationary.  Contrary to the 2-dpf data, DMSO treatment resulted 

in more retrograde movement than MitoBloCK-6 treatment (Figure 4.6: C).  Once again, in 

keeping with the 2-dpf data, the detailed specific velocity quantification did not provide any 

further insight (Figure 4.6: D).  
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ALR Morpholino: 2 dpf 

To establish whether the effects seen by MitoBloCK-6 treatment were due to specific 

knockdown of ALR, and not a result of off-target effects incurred occasionally by small-

molecule treatment, we injected a morpholino designed to target the zebrafish ALR protein 

exclusively.  Four nanograms of a translation-blocking morpholino was injected into the single-

cell stage of embryos. Embryos were then imaged at 2 dpf.  The results for these studies were 

similar to those acquired during MitoBloCK-6 treatment; however, they were not as strong.  

Morpholino treatment resulted in similar growth morphology compared with uninjected 

embryos, and had virtually the same average growth as well (Figure 4.4).  Axons in morpholino-

injected fish, however, looked shorter and less branched, as if they were developmentally 

delayed compared with those left untreated (Figure 4.4: B).  Morpholino-injected zebrafish also 

has a slight difference in branch number compared with untreated fish, but there was a marked 

difference in the length of the axon branches at all 3 points of calculation (Figure 4.5: III).  

Velocity comparisons between morpholino-injected embryos and untreated embryos were 

virtually identical, although morpholino-injected fish had slightly more retrograde movement 

and slightly less anterograde movement compared with untreated embryos (Figure 4.6: E).   

 

Mitochondrial Movement and MitoBloCK-6 Treatment 

We had previously characterized the movement of mitochondria within the motor 

neurons during development.  To establish whether treatment with MitoBloCK-6 would have 

any effect on mitochondrial trafficking, we treated embryos with MitoBloCK-6 at 24 hpf and 

allowed them to develop in the drug undisturbed at 28.5°C until 4 dpf.  Twenty-four hours post 

fertilization was chosen in keeping with our previous data.  Additionally, embryos can only 
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remain viable in MitoBloCK-6 for 3 days, and 4 dpf was shown to have the most mitochondrial 

movement. To establish a point of reference, and to ensure that MitoBloCK-6 was not behaving 

as a membrane potential uncoupler, embryos were treated with 150 nM FCCP for 1 hour before 

imaging, and then kept in FCCP during the time series.  Treatment with FCCP resulted in almost 

a full cessation of mitochondrial movement (Figure 4.7). 

Unlike FCCP treatment, MitoBloCK-6 treatment did allow for mitochondrial trafficking 

within the axon (Figure 4.9).  Twenty-six movies were analyzed from zebrafish treated with 1% 

DMSO, with a total of 827 mitochondria quantified.  Similarly, 36 movies were analyzed from 

zebrafish treated with MitoBloCK-6, with a total of 1171 mitochondria being quantified.  Data 

were normalized for comparison.  The percentage of mitochondria trafficked did not differ 

remarkably from DMSO treatment (Figure 4.8), nor was there a change in the percentage moving 

anterograde versus retrograde; however, the distance and velocity with which the mitochondria 

move was drastically altered (Figure 4.10).  MitoBloCK-6 treatment resulted in a majority of the 

mitochondria moving very slowly, most slower than 1 µM/s. DMSO treatment, however, had a 

large percentage of mitochondria moving between 1 and 2 µM/s.  

 

Discussion 

As more neuronal diseases and disorders are found with links to mitochondrial proteins, 

the role of the mitochondrion within this system becomes an important question.  Understanding 

what part mitochondria play in the key pathways of the affected systems could elucidate where 

the disease-causing problems leading to neurodegeneration are deviating.  

We showed that with MitoBloCK-6 treatment, axonal growth decreased significantly in 

2-day-old embryos.  Additionally, development was disrupted and axons became stunted and less 
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branched.  Lastly, it appeared that treatment with MitoBloCK-6 caused a decrease in growth by 

altering elongation patterns; axons in the presence of the drug spent more time in a stationary 

position rather than lengthening or retracting as is normally seen.  Taken together, these data 

suggest that by inhibiting ALR, we are blocking the translocation of unidentified proteins 

required for neuronal growth, or perhaps by inhibiting the import of other mitochondrial 

proteins, we are disrupting cellular energetics within the neuron.  However, because the 

phenotype observed with MitoBloCK-6 did not mirror that seen with FCCP treatment, which 

uncouples the respiratory chain and prohibits ATP production, the latter option does not seem to 

be the whole story.  Given that the data produced at 1 dpf followed similar trends as that at 2 dpf, 

but had softer differences between the empirical values of the 2 treatments, we can postulate that 

protein import via the ALR pathway is more widely essential at 2 dpf.  Perhaps protein levels are 

higher at 2 dpf than at 1 dpf, thus providing a starker contrast when inhibition occurs, or perhaps 

the level of mitochondrial protein import is simply greater at 2 dpf. There is also the possibility 

that certain neuron-specific proteins are only just beginning to be synthesized and imported 

around 24 hpf, and as a result, the phenotype observed is simply not as strong.  

Unfortunately, the morpholino injections did not prove to be compelling.  Although the 

trends for growth and branching were present, it appeared as if normal growth had resumed by 2 

dpf.  Because morpholinos are transient objects and their effects wear off as cellular metabolism 

eventually degrades them, this is not surprising.  The effects of MitoBloCK-6 are reversible 

within a small treatment window (data not shown); once removed and washed away, protein 

import resumes as normal. An analogous effect seems to be the case with morpholino treatment; 

thus, growth rates appear identical to control embryos, but the axons appear delayed.   
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Interestingly, in addition to growth defects, MitoBloCK-6 seemed to have an effect on 

mitochondrial trafficking within the motor neurons.  The percentage of mitochondria that remain 

motile was similar to that seen with control treatment; however, the velocity with which the 

mitochondria move dramatically decreased.  It was observed during earlier studies that 

mitochondria migrate with the axon as it elongates. If that movement is slowed, it could explain 

why the axons spend more time in a stationary position during the growth time courses.  

Elongation may not be able to continue very far, or very long, without mitochondria present and 

migrating simultaneously.   

Through these studies we have shown the importance of mitochondria within the 

neuronal system.  Although we do not believe that ALR is directly required for axonal growth 

and development, we have shown that if ALR is inhibited, not only is import into the 

intermembrane space affected, but growth and development are as well.  These secondary effects 

make studying the role of mitochondria in vivo crucial.  Developing tools to dissect these 

connections could lead to a new understanding of intracellular relationships and possibly new 

discoveries in the field of neuronal biology.  

     



 115 

Future Directions 

Further work in these studies is to investigate the specific mechanism by which 

MitoBloCK-6 is disrupting zebrafish development.  Previous experiments conducted by the 

laboratory have suggested that disruption of ALR could generate reactive oxygen species (ROS) 

due to its link with cytochrome c and molecular oxygen (data not shown).  Rendering ALR non-

functional causes a build-up of free electrons, which could generate ROS.  Studies are currently 

ongoing to ascertain whether co-treatment with antioxidants such as n-acteyl cysteine would 

ameliorate the phenotype garnered by MitoBloCK-6 treatment.  Should this prove effective, 

treatment with compounds known to generate ROS, such as hydrogen peroxide or paraquat, will 

be conducted to recapitulate the phenotype observed with MitoBloCK-6 treatment.  Studies are 

also being designed to over-express ALR in zebrafish neurons in an attempt to induce excessive 

growth.  Additionally, the motor proteins involved with mitochondrial trafficking will be 

investigated to determine if there is a link between them and ALR, due to the observation that 

ALR inhibition decreases the velocity of mitochondrial movement.  Determining how ALR 

inhibition causes the observed phenotype could help elucidate the role mitochondrial disruption 

plays in neurodegenerative disorders.   

The methodology described here will also be used for future assays looking at alternative 

disease-causing proteins localized within the mitochondria.  Current research is beginning 

examining small molecule affectors of mitochondrial proteins linked to Parkinson’s disease as 

well as Alzheimer’s disease.  Using similar procedures, and zebrafish that are completely 

transparent as adults; the role of mitochondria, mitochondrial protein import, and mitochondrial 

trafficking will be examined for these targets, with the ultimate goal to generate an adult model 

amenable for study. 
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Materials and Methods 

Zebrafish Lines 

Zebrafish expressing green fluorescent neurons with red fluorescent mitochondria 

(MitoMotor) were generated by modifying a line identified during a GFP enhancer trap screen, 

conducted at the University of Tübingen.  The Gal4-GFP cassette location was mapped to the 

first intron of the gnaI2 gene on chromosome 6, and is regulated by either the gnaI2 or inka1b 

enhancer.  Zebrafish expressing the enhancer GFP were injected with a UAS-MLS-DsRed in 

pCS2+.  The MLS-DsRed construct was created by fusing the coxVIIIa mitochondrial targeting 

sequence in front of the DsRed protein, and cloning the fusion protein into the pCS2+ vector.   

This construct was then microinjected into zebrafish embryos at the single-cell stage, along with 

transposase RNA, and integrated into the host genome using homologous recombination around 

the Tol2 locus.  

 

Zebrafish Husbandry 

Zebrafish lines were maintained in a 14-hour-light/10-hour-dark cycle and mated for 1 

hour to obtain synchronized embryonic development.  Embryos were grown in E3 buffer (5 mM 

sodium chloride, 0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium 

sulfate) at 28.5°C.  

 

Zebrafish  FCCP Assay 

Zebrafish were mated for 1 hour to obtain synchronized embryonic development.  For 2-

dpf imaging series; embryos were grown to 24 hpf in E3 buffer (5 mM sodium chloride, 0.17 

mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium sulfate) and incubated 
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with 150 nM or 500 nM FCCP for 1 hour before imaging. Following treatment, embryos were 

imaged using a LSM 510 confocal microscope (Zeiss).  

 

Zebrafish  Drug Treatment Assay 

Zebrafish were mated for 1 hour to obtain synchronized embryonic development.  For 2-

dpf imaging series; embryos were grown to 24 hpf in E3 buffer (5 mM sodium chloride, 0.17 

mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium sulfate) and incubated 

with buffer, 1% DMSO or 2.5 µM MitoBloCK-6 for an additional 24 hours at 28.5°C.  

Following treatment, embryos were imaged using a LSM 510 confocal microscope (Zeiss).   

 

Zebrafish Morpholino Studies 

 Wild-type AB embryos or MitoMotor embryos were microinjected at the single-cell stage 

with 4 ng of an ATG morpholino targeted to zebrafish ALR protein (5’-

GAGGGTTGCCAGATCTCTGTTAAAT) (GeneTools, Inc.).  Following treatment, embryos 

were imaged using a LSM 510 confocal microscope (Zeiss).   

 

Confocal Microscopy: Axon Growth Experiments 
Zebrafish embryos were anesthetized in 0.01% tricaine and embedded in a sealed 

chamber using 1.2% low-melt agarose.  Larvae were imaged for 12 hours using a 20× air 

objective. Stacks were scanned every 20 minutes in 0.71-µm intervals.  Imaging was performed 

with 4 to 6 larvae per session on a LSM 510 confocal microscope (Zeiss) with an automated 

stage, using Multitime software.  Larvae viability was maintained at 28.5°C throughout the time 

course using a stage heater.  Maximum intensity projections of confocal stacks were generated 
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using Zeiss LSM software, and further processed using Image J.(12)  Still images were isolated 

and compiled using Adobe Photoshop.  Data were processed using ImageJ and Microsoft Excel.  

 

Confocal Microscopy: Mitochondrial Movement Experiments  
Zebrafish embryos were anesthetized in 0.01% tricaine and embedded using 1.2% low-

melt agarose in a sealed chamber containing FCCP, 1% DMSO or 2.5 µM MitoBloCK-6.  

Larvae were imaged for 5 minutes using a 40× oil objective and 3× optical zoom. Stacks were 

scanned in rapid succession every second over a 1-µm section volume.  Imaging was performed 

on a LSM 510 confocal microscope (Zeiss) with an automated stage, using Multitime software.  

Larvae viability was maintained at 28.5°C throughout the time course using a stage heater.  

Maximum intensity projections of confocal stacks were generated using Zeiss LSM software, 

and further processed using Image J.(12)   
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Figure 4.1: Axon development with FCCP treatment at 2dpf. A. Treatment with 150 FCCP 

resulted in stalled axonal development over the 12-hour time course.  From panel I to panel VI, 

not much change is observed.  This stall corresponds with a suspended animation–like state for 

the embryo, in which embryologic development stages stop progressing over time. B.  Treatment 

with 500 nM FCCP resulted in a breakdown of the mitochondrial membrane resulting in axonal 

fragmentation.  This defragmentation did not coincide with embryonic lethality, however, and 

the fish body remained intact.   I. t = 0 hours, II. t = 2.3 hours  III. t = 4.6 hours IV. t = 7 hours 

V. t = 9.3 hours VI. t = 12 hours. 
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Figure 4.2: Axon development in the presence of 1% DMSO and MitoBloCK-6 at 2 dpf. A. 

Treatment with 1% DMSO resulted in a mean axon growth of 29.1 µm. Axons appear elongated 

and  are beginning to branch by the end of the time course (panel A, I). B. Treatment with 2.5 

µM MitoBloCK-6 resulted in a significant decrease in growth, 17.6 µm.  Additionally, axons 

appear shorter and less branched than their DMSO counterparts by the end (panel B, I) .   I. t = 0 

hours, II. t = 2.3 hours  III. t = 4.6 hours IV. t = 7 hours V. t = 9.3 hours VI. t = 12 hours. 
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Figure 4.3: Axon development in the presence of 1% DMSO and MitoBloCK-6 at 1 dpf. 

Treatment with 1% DMSO and MitoBloCK-6 at 1 dpf had a similar phenotype trend as that of 

the 2-dpf series. Axons treated with DMSO (A) appear ordered and evenly spaced along the 

spine, whereas those treated with MitoBloCK-6 (B) appear twisted and stumplike.  I. t = 0 hours, 

II. t = 2.3 hours III. t = 4.6 hours IV. t = 7 hours V. t = 9.3 hours VI. t = 12 hours. 
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Figure 4.4: Axon development with ALR morpholino injection at 2 dpf. Morpholino 

injection (B) gave rise to embryos that grow at a similar rate compared with the uninjected 

controls (A). When morphology is compared, morpholino injectants appear to be 

developmentally behind the untreated controls, indicating that the morpholino has most likely 

worn off and protein levels are returning to normal levels.   I. t = 0 hour, II. t = 2.3 hours III. t = 

4.6 hours IV. t = 7 hours V. t = 9.3 hours VI. t = 12 hours. 
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Figure 4.5: Branching quantification. Branching and the differences with treatment was much 

more pronounced at 2 dpf than at 1 dpf.  I. Differences with MitoBloCK-6 treatment could be 

seen in the number of branches per axon and in branch length. II. At 1 dpf, DMSO treatment 

produced more branches than MitoBloCK-6 treatment, although a smaller difference was seen.  

For the branches that did form however, there was no discernible difference in length between 

the 2 treatments.  III. Although the branch number was similar in the 2 groups, those injected 

with the morpholino has much shorter branches, providing further credibility to the hypothesis 

that the morpholino had worn off and the embryos are delayed. 
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Figure 4.6: Velocity comparisons. For all 3 conditions observed, inhibition of ALR resulted in 

more stationary growth (–0.05 to 0.5) and less anterograde movement (more than 0.05) 

compared with the control groups, with the strongest discernible difference happening with 

MitoBloCK-6  treatment at 2 dpf (A). Retrograde motion (less than –0.05) appeared to only be 

affected at 1 dpf. (C). Detailed velocities appear Gaussian in nature, but have a much greater 

percentage of stationary motion compared with all other velocities (B, D, F). 
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Figure 4.7: Mitochondrial movement with FCCP treatment. FCCP treatment for 1 hour 

before imaging resulted in virtually no mitochondrial motion over the imaging time frame.  

Time-lapse photos were taken for 5 minutes, imaging approximately once per second.  Frames 

are excerpted from the image sequence.  
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Figure 4.8: Mitochondrial movement with 1% DMSO treatment. Twenty-six movies were 

analyzed from zebrafish treated with 1% DMSO, with a total of 827 mitochondria quantified.  

Treatment with DMSO did not affect mitochondrial movement. Many mitochondria can be seen 

traversing the screen during the time lapse; individual mitochondria are marked with different-

colored arrows. Motion can also be seen in both the anterograde and retrograde direction. Frames 

are excerpted from larger image sequence.  
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Figure 4.9: Mitochondrial movement with 2.5 µM MitoBloCK-6. Thirty-six movies were 

analyzed from MitoBloCK-6 treatment, with a total of 1171 mitochondria being quantified. The 

percentage stationary vs percentage motile is similar to DMSO treatment; however, movement is 

constrained, and over a much shorter distance. Over the course of the time lapse, mitochondria 

do not cross the entire screen, as was seen with DMSO treatment.  Frames are excerpted from 

larger image sequence.  
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Figure 4.10: Quantification of mitochondrial movement with 2.5 µM MitoBloCK-6 

treatment. (Graph). Twenty-six movies were analyzed from zebrafish treated with 1% DMSO, 

with a total of 827 mitochondria quantified.  Similarly, 36 movies were analyzed from 

MitoBloCK-6 treatment, with a total of 1171 mitochondria being quantified.  Data were 

normalized for comparison.  The velocity of mitochondria in axons treated with MitoBloCK-6 

skewed left compared to DMSO treatment.  Many more mitochondria move at much slower 

speeds with MitoBloCK-6 treatment than with DMSO treatment. A–D. Kymographs 

representing mitochondrial movement. More horizontal slopes indicate faster motion. Distance 

traveled is proportional to the length of the panel. Positive and negative slope values equate to 

anterograde and retrograde movement. More mitochondria can be visualized traveling longer 

distances at faster speeds with DMSO treatment. A, B. Simultaneously, the more vertical lines 

indicate that mitochondria are traveling shorter distances and at slower speeds in a similar length 

of time. C, D. Also, the vertical pause (marked by arrow) in panel C illustrates when a 

mitochondrion becomes stationary during the time frame, pausing its motion. 
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