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ABSTRACT

Dopamine exerts an important role in the regulation of motor activity in humans.
During the progression of Parkinsonés diseas
neundegeneration of nigrstriatal dopamine neuromssulting inan array of
pathological symptoms characteristic of the disease. Current treatment relies on targeting
symptomatic aspects of the disease but curre
Targetirg the regeneration &A neuronsn PD patients could offer an alternative
therapeuti@pproach thatould stall and perhaps even revert the progression of the
diseaseand improve the quality of lifeor patients

Here | describe the generation atransgenic zebrafish line for the namvasive,
conditional and specific ablation of dopaminergic neurons in both larval and adult
zebrafish. Understanding the endogenous regenerative ability of the zebrafish may in the
future contribute to the developmentrmivel therapeutic approaches targeting DA
neuron regeneration in hungn

The Tg@at:CFP-NTR) line efficiently labels and ablates most clusters of DA
neurons in botlthelarval andtheadult zebrafish braimleuronalablation is folowed by
a locomotor andhil bend phenotype as well as by an increase in exploratory behavior.

Usingdouble transgenic larvaere shoved througHive imaging that loss of DA neurons
induces an increase inestinexpression; in addition we sham increase in the number
of proliferating cells and an up regulatiohgenes involved in neurogenesis and tissue
repair.Adult zebrafish were able to fully recover their DA neuronal population in the

olfactory bulb within 45 days post ablation.

Vi



Overallthe Tg@at:CFP-NTR zebrafishoffers a novel tool for the study of the
molecular and cellular mechanisms driving the regeneration of DA neurons in the

zebrafish brain and will be a useful tool for the field of regenerative medicine.
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RESUME

Ladopamme joue un rltle important dans | e col
| 6 homme. Lors de | a progression de | a mal adi
une dégénération progressive des neurones dopaminergiques (DA) dans la région négro
striatale et eci cause une série de symptdmes caracteéristiques de la maladie. Les
thérapies actuelles visent & améliorer les aspects symptomatiques de la maladie mais la
maladie de Parkinson reste incurable. Une thérapie visant la régénération des neurones
DA chez legatients atteint de PD peut constituer une alternative qui pourrait ralentir
sinon renverser sa progression et améliorer ainsi la qualité de vie des patients.

Je décris dans cette these la production de poigsimes transgéniques
per met t aonrnonirvasigebdoraitionnelle et spécifique des neurones
dopaminergiques chez les juvéniles et les adultes. La connaissance des capacités
régénératives du poiss@ébre pourra contribuer au développement de thérapies
nouvelles permettant larégénératbe s neur ones DA chez | 6humain

La lignée transgéniquieg(dat:CFP-NTR per met | e mar qguage et |
efficace des neurones DA dans le cerveau des poigebinss juvéniles et adultes.

L6abl ation des neurones dangdganslequetl2 mod | e r @
locomotion et les fléchissements de la queue sont afféiésaugmentation du

comportement exploratoire a été observée. Les larves transparentes sont un outil utile

pour suivrejn vivo, les changements et pour les cribles a grande éckgllutilisant des

ani maux doubl ement transg®ni ques, nous montrtr

gue | a perte des neurones DA cnaestinsDeplusne augme

viii



nous montronsune augmentation du nombre de cellules endsprslifération ainsi
gudune augmentation de | 6expression de g nes
réparation tissulaire. Les poissargbhres adultes ont pu complétement récupérer leur
popul ation de neurones DA dXoussulvatldorul be ol f a
ablation.

Globalement, les poissoagbresTg(dat: CFP-NTR) constituent un nouvel outil pour
| 6®t ude cellul aire et mol ®cul aire des m®cani

DA dans le cerveau et apporteront une contributkda au domaine de la médecine

régénérative.
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CHAPTER 1

INTRODUCTION: ZEBRAFISH ( DANIO RERIO) AS A

MODEL FOR NEURON ABLATION AND THE STUDY OF

DOPAMINERGIC NEURON REGENERATION



Dopamine or 4(2-aminoethyl)benzenel, 2 diol is a neurohormone and
neurotransmitter that plays a crucial roleegulatinganimallife by acting in both the
central and peripheral nervous systems. Routinely referred to as DA, dopamine
originating from theCNS can act as a neurohormone and be released to thehggd
portalsystemwhere it reaches the pituitary glands and sends an inhibitory $igriae
secretion of prolactifUgrumovet al.2012) DA in the peripheral nervous syst€PNS)
has been reported in the kidney, carotid bodies, peripheral arteries and parts of the
gastrointestinal, getdurinary and endocrine systelfi§senhoferet al. 1997; lturriaga
and Alcayaga 2004; Carey 2001; Pivonetal.2007; Hyunet al.2002) It 6 s known
roles,includevasodilation, sodium excretion and myocardial contractiSngler and
Kuchel 1983)

Despite its importance in the PN8r the pupose of our studywe will focus on
the role played by DA in the CNSince its proposed role in the brain as more than
merely a precursortonoadr enal i ne and ad(Carlssoretiaine i n
1958) much research has shed light on the importance of dopamine in the maintenance
of proper retinal adjustments and the regulatiosesfsory and motor programrgin
feeding, emotion, sleep, reward, attention, legynmotivation and memoriEmeets and
Gonzalez 2000; Bjorklund and Dunnett 2007; Yamanedtal. 2013) As a member of
the catecholamine group of neurotransmitters, DA is the precursor for both epinephrine
and norepinephrine, but here we choos®tosmainly on the neurawhich use DA as

a neurotransmitter.

t

he



1.1 Dopaminebiosynthesis

In dopaminergic neuronshe enzyme tyrosine hydroxylase (THalde to
convert the amino acid-tyrosine into an intermediate producClOPA, which is
consequentlylecarboxylatedhto DA by the aromatic amino acid decarboxylase (AADC)
enzymeand later packaged inBynaptic vesicles by the vesicular monoamine transporter
2 (VMAT2), animportantstepfor the stabilization of the highly reactive dopamine
molecule(Meiseret al.2013)(Fig.11).

The dopamine releagénto the synaptic cleft is known to act onp@otein
coupled receptors of either the Odr D2-like receptor family which are well conserved
among different veebrate species such as tels@std mammalg¢Callier et al.2012)
D1- and D2like receptors cabe present postynapticand act respectively via an
excitatory or inhibitory signaling cascagler be present prgynapticasis the case with
D2 receptos, where it acts as an adteceptorand is used to inhibit neurotransmitter
releasgBenoitMarandet al.2001)(Fig. 11). The released dopamine can be reupiake
from the synaptic cleftyothe dopamine transporter (DAWhich allows dopamine to e
enter dopaminergic neurons and either bpagkaged into synaptic vesicle through
VMAT?2 or to be degraded in the cytdsea the monoamine oxidase (MAQO
alternatively, extracellular dopaminean also beip takerby glial cells whee it is
degraded by either MAOr catecholO methyl transferase (COMTIFig. 11) (Meiseret
al. 2013)

The elements needed for the biosynthasprocessingf DA such as TH,

AADC, VMAT2, DAT, MAO and COMT have been identified in different species



among chordates amsthow a conserved presence and function among vertebuatess

teleost fish(e.g.Danio rerio) amphibians and mammaggamamoto and Vernier 2011)



Figure 1.1. Dopaminebiosynthesis in the vertebrate brain Dopaminegic
neurons convert tyrosine inteOPA and consequently into dopamineA)lvia the
action of tyrosine hydroxylase (TH) and the aromatic amino acid decarboxylase (AADC).
Cytosolic dopamine is packaged into vesicles through the vesicular monoamine
transporter 2 (Vmat2) and in response to an action potential, vesicles in thecsyna
button release DA into the synaptic cleft where DA can act on asgnaptic neuron
either by acting on a Dike or D1-like receptor which can be respectively inhibitory or
excitatory. Extracellular DA can act on autxeptors to control dopaminégutput,
become degraded by catecl@imethyl transferase (COMT) or beuptaken into the
dopaminergic neuron via the dopamine transporter (DR3@lJowing reuptake, DA can

either be repackaged into vesicles or be degraded by monoamine oxidase (MAO).
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1.2 Dopaminegic neurons: anatomical distribution and projections

Although the different DA neuron populations in the brain share the common
enzymes needed for the biosynthesis of dopamine, the anatomical localization of distinct
DA neuronpopulations and the various regions with which their axons connect form
networks respasible for various cognitivdgehavioraland physiologicalunctions.

The distribution and characterizationtbé catecholaminergioeuron clusters and
their axonal pojectionsare well describein the rodenbrain and are classically
categorizedasclusters Al to A1Aand C1 to C3Kandel 2012)While clusters C1C2
and C3are adrenergic cells, and clusters Al to A7 are noradrenezgronsthe
dopaminergic groups can be divided intp a mesencephalgroup which contains
clustersA8 (retrorubral), A9 (substantia nigra) and A10 (ventral tagmental area), 2) a
diencephabt groupcomprisedf clusters Allg¢audal diencephalon), A12 (tuberal), A13
(zona incerta)andA14/A15 (periventricular), 3) anltactory bulb group A16 and 4) a
retinal group A1{Smeets and Gonzalez 20@B)g 1.2A).

Dopaminergic neuror®rm four major projections in the mammalian brain, three
of which originate in the midbrain area. These include the nigrostriatal pathway which
comprises of DA neurons in the substantia nigra projecting to the stwdtioh are
important in the control of moweent; the mesocortical & mesolimbic pathway which
play a role in emotion, reward, memory, attention and motivation; and the
tuberoinfundibular pathway which originates in thgothalamus and pregts to the
pituitary where it plays amportantrole in the regulation of hormonal secretigandel

2012)



Despite the differences in brain size and anatonanynof these previously
described dopaminergic clustersdaneuronal projections described in the mammalian
brain, are present and have bebaracteriseth the zebrafish brain,

Larval zebrafish stato expres®A neuronmarkers such agator th as early as
18 hpf(Holzschuhet al.2001) By 5 dpf, larvaéhave established most DA neurons that
are identified in the adult zebrafish brékig 1.2B) includingcellsin the olfactory hlb,
pretectumtelencephalorpreoptic area and diencephalon, in addition to retinal amacrine
cells(Rink and Wullimann 2002b)

Thecategorization otatecholaminergiclusters in the zebrafish brain does not
follow the classicamammalian A1A17 nomenclature, and have been faescribe by
Rink and Wullimann (2002Although a newer nomenclature has been proposed
(Sallinenet al.2009) we will used the original labeling described by Rink and
Wullimann (2002) throughout our work.

Dopaminergiolfactorybulb and retinal amacrine cells, which are found in all
majorvertebrate group8ramamoto and Vernier 201,13renamedn the zebrafish based
on their anatomical locatioffrig 1.2B) and represerihe mammaliagroups A16 and
Al7, respectivelyA group of dopaminergic neurons are found in the pretectum of
zebrafish while no DA cells are found in th@turemammaliarpretectum(Yamamoto
and Vernier 2011, Filippet al.2007)

Other cbpaminergic neurons present in the zebrafish brain include DC 0/1
(suggested to bequivalent to A13); DC 3 and DC guggested to bequivalent to A14

and Al12);preoptic DA neuronss(uggested to bequivalent to A15and DC2, 4,5 and 6



(suggested to begaivalent to group A11 and further discussed bel@ilppi et al.
2012; Schweitzeet al.2012)

No DA neurons have been described in the midbrain of the zebrafish as opposed
to themammalian brain where clusters A8, A9 aAtl0 are found'Yamamoto and
Vernier 2011) Despite theéack of mesencephalic DA neurons and projectighe
zebrafi s ho®OC)tluseers t, @ and 4 Have baeportedo have ascending
projectionstothetelebsb s ar e a e gtuatuw @Hiclke has been adentifibdeto be
housed within the sygallium region of the telencephal@Rink and Wullimann 2001)
and thughese clustersave beemproposed to represent the mammalian clusters A9/A10
(Rink and Wullimann 2001; Rink and Wullimann 2002ingd to form projections
equivalent to those of tmammaliammesestrial pathwayRink and Wullimann 2002a)

A more recenprojectome analysis of the cat®laminergic neurons of the larval
zebrafish(Tay et al.2011)has suggested thBC clugers 2 and 4 are the only sources of
scarcely occurring asc e rsubpatiugmFgtheomore,ct i ons i nt
recent findings based on the analysis of DA neuron transcription factors has shown that
DC 2 and 4 expredbeorthopedia ¢tp) transcription factor, which makes these neurons
more similar to mammalian A1l clust@yu et al.2007)instead of the previously
proposed A9/A10 cluster

Furthemore,evidence fom the larvalcatecholaminergic neuroprojectome
analysisindicates that mosdendritic arborization and neuronal connections found in the
subpallium are derived from local projectidiiay et al.2011)

Theconstantlygrowing body of informatiomvailableon the orgaization of

dopaminergic neurons within tlzebrafish brain, along with the projectome description



of these neurons, molecular and cellular characterization, and the understanding of their
physiological roles when compared to their mammalian counterpastsllowed the
zebrafish to emerge as a modeldonditions involvingdopamine impairment and as

tool to studyhuman disease, which will be discussed next.
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Figure 1.2. Dopaminergic neuron distribution in the rodent and teleost brain
and retina. A) Dopamine neurons in the rodent brain are arranged frotAJA8 Red
circles indicate areas where neuron cell bodies reside, while dashed lines indicate their
axonal projections. Blue arrows shtamdmark regions of the rodent brain. The retina
indicated below and contains dopaminergic neurons (A17), information adapted from
(Prakash and Wurst 2006; Bjorklund and Dunnett 2007; Kandel 2@} he zebrafish
brain dopaminergic arrangement does not follow the classiciilA8homenclature
referred to in many mammalianodels;instead it has a nomenclature system vhaes
from larval to adult. DA neuron nomenclature for larvae is shown in green, while adult
nomenclature is shown in purple. Red circles indicate where DA cell bodies can be found
and braimnatomicalandmarks are written in black. Light blue dashed lines indicate
equivalents in the rodent brain and brown dashed lines indicate projections proposed to
be equivalent to the mammalian niggriatal connections, information adapted from
(Parkeret al.2013; Tayetal. 2011; Schweitzeet al.2012; Panul&t al.2010; Rink and

Waullimann 2002b; Yamamotet al.2010)
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1.3Zebrafish as a model for human disease

With roughly 26,206 proteisoding genes anal 71.4% human to zebrafish gene
orthology(Howeet al.2013) the zebrafish has emerged as a model for the study of gene
function, development and human disedses higHy prolific vertebrate species with an
externddevelopment, is optically clear during the early stages of development and
within the first week of life has developed the major organs and systems found in
mammals such as the cardiovasculaedigestive andhenervous systerRubinstein
2006)

The zbrafish toolbox, which includebe meganucleasgSoroldoniet al. 2009)

Tol2 (Fisheret al.2006)and PhiC3XRobertset al 2014)technologies usefbr the

optimization of transgene insertion into haniorericd s genome, has al |l owe
generation otlifferentzebrafish transgenic lines that are used to facilitate the

understanding od vast array obiological processs.

Transgenic zebrafish lines inclyde many caseshe use of gene specific
regulatory elements to drive the expression of reporter genes (such as eGFP) which
combined with the optical clarity of zebrafish larvae, nsdkes an useful model for
tracking biologicalchangesn vivo. Additionally, other technologiesuch aghe
nitroreductase mediated cell ablation (discussed in more detattionl.4) as well as
the CRELoxP recombinase systems, further prompt the use of zebmafstdies where
bath cell specific and time specific events can be regulatetithushave allowed for the
expansion of studs in the field of regeneration, neurogenasid cell specific lineage

tracing(Kroehneet al.2011)
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In addition to the applications gkneratingransgenic lines, mutagenesis studies
doneprimarily through the ENU approach, and to some extent using retroviral mediated
mutagemsis, have allowed the generatiorzebrafishmutants for many human
orthologous gere which inmany cases havaown toresult in similar phenotypes
relatedto those of human diseadgéseschke and Currie 2007; Patton and Zon 2081)
reverse genetic approach has also been possible through the use of T(Lighklkbke
and Currie 2007and more recently CRISPR mediated genome ediimgura et al.
2014)whichis a promising tool for the manipulation of the zebrafish genoméaaurthe
modeling of human disease.

The abilityof larval zebrafish to absorb compounds through water exposures,
further validates the use of zebrafish as a model for toxdcigengde Eschet al.2012;
Guo 2009)Indeed, theismall size and optical clarity when combineith ther
amerability for in vivocell labeling andn vivo phenotype tracking such as Wweomotor
activity make the larval zebrafish @&heal model for high throughput chemical screens
(Rennekamp and Peterson 20IH)ese discoverpased drug screens, whiaim to
detect compounds capableadfecting the larval zebrafish at thellular and phenotypic
levels have the final olgictiveof identifying potential targets for novel human disease

therapeuti@pproaches.
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1.3.1 Zebrafish as a model for dopamine impairments

Impairments in DA neurotransmission have implicationie progression of
differenthuman conditions, which asgttributedto thediferentroles played by dopamine
in the CNS.

In humans, dopamingown regulation in the tuberoinfundibular pathway has
been proposed foartly contribute to a condidin known as hyperprolactinaemia, a
common reason for female infertilias previously reviewed by Prakash and Wurst
(2006).Dopamine in the mesorticolimbic systens plays a citical roles in the
developmenof drug addiction and addictive behaviors such as gamphdooff 2004;
Volkow et al.2006) andto the development adepressiomndthe psychotic symptoms
of schizophrenigPrakash and Wur2006)

The zebrafish has been used as muamstudy aspects ohany of these
previously mentionedopamine impairment relatednditions. For examples, it has been
shown that in zebrafish, tyrosine hydroxylase immunoreactive fibers innervate luiginizi
hormone cells where they act through D2Rs to inhibit reproduction in the female fish
(Fontaineet al.2013) Furthermore, exposure of the zebrafisladalictivedrugs has been
shown to alter the expression ofraknts linked to the dopamine synthesis pathwaag
these elementslay a role in addictiofKlee et al.2011) Ethanol exposure, for exanepl
has been shown to upgulate levels athl andth2in larval zebrafisi{Puttoneret al.
2013) as well as to increase levels of dopamine neurotransmiter in ady|Chsltterjee
and Gerlai 2009)Cocaine administratiom larvae has been shown to alter the expression

levels of transcription factors involved in the formation of DA neurons suchasb,
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OtpandNurrl (BarreteValeret al.2013)and nicotine exposa has been shown to
increase théevels of DOPAC in adult zebrafigkddinset al.2008)

Neuropsychiatric research has also used the zebrafish as a model for the role of
dopamine in schizophrengand ADHD (Norton 2013; Souza and Tropepe 2014d)arval
zebrafish, loss of function of the ADHIlhked gendphn3.1has been shown to result in
the reduction and migatterning of ventral diencephalic DA neurghangeet al.2012)
while D2R activation in larval zebrafish has shown to suppress Akt activity, a signaling
element which is downegulated in schizophrenic patie®uzaet al.2011)

Taken togethetthe zebrafish has been used asaalel to understand different
aspects of human disease and dopamine related disdidegswe aim to use the
zebrafishto model the dopaminergic neuron loss observed in patients diagnosed with

Parkinsonds disease for ialbofthessedellsdy of the reg

1.3.2 Par ki ns o nandzehdafise BCansodels

Par ki ns o (PD)sthd nastepe\wlent neurodegenerative movement
disorder and the second most prevalent neurodegenerative conditions (ségaod on
Al zhei mer 6 scandfeclesperoent of thengibbal population over the age of
65 andup to 4 perent of the elderly populatiors/er80 years of agéDavie 2008;
Meissneret al.2011)

Although PD patients suffer fronon-motor synptoms such as gastrointestinal
dysfunction (e.g. constipatiorgleep disorders (e.g. insomnia), neuropsychiatric

disorders (e.g. depression, anxiety, panic attackslamentia), autonomic symptom
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(e.g. sexuatlysfunctior), and sensory symptoms (e.g.rpalfactory and visual
dysfunctions)Chaudhuri and Schapira 200®)e hallmark symptoms of PD are
characterized by the motor impairment described in PD patients.

The motor symptms of PD aodten describe by the acronym TRAP, which
encompass (T) tremor at rest, (R) rigidity, (A) akinesia or bradykinesia and (P) postural
instability (Jankovic 2008)These symptoms are said to arise due to a reductginarel
dopamine neurotransmitter as a result of the progressive neurodegeneration of
dopaminergic neurons which project from the substantia nigra into the st({i2swmar
and Przedborski 2003)

The progression of sporadic PD may start long before the appearance of motor
symptoms.One of the pathological chatadstics of PD, the formation @froteinatious
inclusions termedlewy bodies, has been said to commence in neurong tdwrer brain
stem in the dorsal motor nucleus of the vagus nerve and to expand into the pons
midbrain, basal forebrain and cerebrailtex, in addition to the olfactory systdiel
Trediciet al.2002) As previously reviewed}synuclen, thecomponenbf Lewy
bodies, may mediate the transmission of the disease pathology across the different brain
regions in a priotlike fashion(Visanji et al.2013) Additionally, Braak and colleagues
have propésdad & yipa vadhdurstiomc pathvder (e.g. virus) could
contribute to PD pathology by entering the breither via the nasal or gastric reut
(Hawkeset al.2007)andfurtherprogress intaix differentstages of thedisease
described as thBraak stagesf PD (Hawkeset al.2010)

Although the etiologyf PD isnot fully understood, both genetic and

environmentaBporadicfactors are involved ithe onset of PPOlanow and Tatton
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1999) furt her merid 0a hiymuwltthiemsli eshere both gdnetieamd pr op o s
environmental conditions in combination are said to contribute to the disease
developmen{Sulzer 2007,)

The currentreatments available for PD patients regavily on the
pharmacological managemaeafttheir symptomatic effectsespecially the motor
phenotyps. These treatments involveetluse of medications that targie¢ dopaminerg
system with the goal of compensatiiog loss of striatal DALevodopa, which is the
precursor to DAfirst introduced inl968 still remainsa commaly prescribed
medication by phsicians(Hickey and Stacy 2011hnhibitors of COMT and MAGD as
well assurgicalprocedures such as delegain stimulation and nepharmacological
approaches such as exercise and physical therapyhamptions for the management
of disease sympton{€onnolly and Lang 2014; Pedrosa and Timmermann 2013)

Todat e, Parkinsono6s di s éomDespite therabilitytcc an i n
treat its symptoms, the progression of the neurodegeneration obseivedliseiase is
inevitableandprogressivelydebilitates patients

Researchers working in the field of regenemtnedicine with an interest in the
undestandingof neuron regeneration, hope to oféer alternative to the curreRD
treatments by attempting to restore the lost dopaminergic population in PD patients.

In addition to serving as a model for other dopaminergic impairments (see section
1.3.1),the zebrafish has beemall-studiedmodel for PDMany of the genes identified
to be associatediwt h  Par ki ns o nbXk Parckin BINKIL andLRRKRlcakie a s
been detected in the zebrafigti et al.2011a; Bandmann and Burton 2010; Sageal.

2010; Blandni and Armentero 2012; Flinet al.2008) Although, the zebrafish does not
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e x p r sysleinknockdown (D) oafn dbynacleins shova hypokinetic and
decreased dopamine level phenotglddaneseet al.2012)in fish. Furthemore,KD of
another geneéPARL with an identifiedmutations in PEpatienty(Shiet al.2011) resuls
in DA neuron mispatterningand neuron degenerati@Nobleet al.2012)in larval
zebrafish

Most of the studies done on the zebrafish genetic models of PD involve the use of
morpholino MO) mediated gene KPwhich included the KD of zebrafigrarkin (Flinn
et al.2009) dj1 (Bretaudet al.2007) pink1 (Xi et al.2010; Sallineret al.2010;
Anichtchik et al.2008)andlrrk2 (Shenget al.2010; Reret al.2011) Although MO
mediated gene knockdown has beeavilyemployedn zebrafish research and believed
to efficiently lead to gene KIPNasevicius and Ekker 20Q0jnore recent research
suggests a poor correlatibetween the phenotypes obtained from MOs when compared
to anothereverse genetic approgduch as CRISPRshowingan estimated discrepancy
in 80 percent of mgphant phenotypedok et al. 2015) With this in mind, it will be
interesing to study the phenotypes of knockout (KO) PD genes in the zebrafish, or even,
the knockin (KI) of human diseaséike mutated forms of the various PD genetic
mutations.

Alternatively, researchers have used toxins to model PD in the zebfdfede
include the use gesticides/herbicides suchgaraquat and rotenoiiBortolottoet al.
2014; Bretauckt al.2004; Fenget al.2014) as well as the neurotoxitike 6-
hydroxydopamine (@HDA) and1-methyt4-phenytl,2,3,6tetrahydropyridine (MPTP)
(Anichtchik et al.2004; Sallineret al.2009) Thesewill be discusseth more detaiin

thenextsection
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1.3.3 Models of dopamine neuron ablation in the zebrafish

The ideal PLanimalmodel would include the pathological characteristics of PD
such as Lewapody formation and DA neurodegeneratamtompaniethy amotor
phenotype as well as nanotor symptonpreviously discussed (see section 1.3 &re
for the purposes of modeling DA neuron losgh theintentof investigatingts
regenerativability, we will discusscommonly usednodels of DA neuron ablatiomith
locomotor phenotypes thezebrafish, which are summarizedTablel.1

MPTPwas first identified in the 8006s when
found contaminated with MPTP as a drug synthesis byproduct which following
consumptioras a recreatial drug hadesulted inPD-like symptoms in several drug
usergBové and Perier 2012[ver since, MPTP has been used aswotoxin to model
PD inresearclanimak such as sheep, dqggiinea pigs, cats, mice, rats arafthuman
primates(Tieu 2011) MPTP is a lipophilic compound that aftenossng the bloodbrain
barrier istaken up byastrocytes and converted into MRRat is consequently released
from astrocytesindtaken up bydopaminergic neurons via the dopamine transporter
Once in DA neuronsMPP+inhibits the complex | of the electron transport ch@ilesa
et al.2012) While rats have been shown to be less sensitiP6P than mice, MPTP
has been shown to result in nigrostriatal DA damage in both monkeys and mouse, and
lead to thdormation of inclusion bodies imonke/s and chronically MPTP treatedas,

as previouslyeviewed(Tieu 2011)
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The results from MPTP treatment in the zebrafish can, @agresult in
differences irthedegres of neuronal damage and locomotoepbtyps amongthe
work of different authorgsummarized iMTablel.1). Many of these differencedbserved
could be attributetb the lack of a standardized drug treatmentdifidrences in the way
scientists coduct and address locomotor changdtough not formally addressed, the
sensitivity of different strains ddaniorerio to MPTP couldalsovary, as has been shown
to be the casbetweermouse strain@Blesaet al.2012)

Both adult and larval zebrafish have been treated with MPTP. Larval treatment
consists of water exposuatconcentrations thatsuallyvary from 0.1 to 1008M. The
starting time for treatmentaries froml to 3dpf and ends usually when fish are 5 days
old. These time preferences are usually representative of wheebitadigh are optically
clear, makingt amenabléo visualizeneuronal changes with eithi@rvivoimaging or
whole mounin situ hybridization or immunohistochemistry.

Overall, MPTP treatment has been linked to a decreabeaimddattranscript
levels as addressed loysitu hybridization studies, as well as a decrease in TH
immunoreactiviy (Table 1.1) These changes are usually found in cells of the larval
ventral diencephalon, but have also been detected in the pretectal, preoptic,
hypothalamic, locus coerulius, olfactory balieasandin someof theserotonergic
neurons of the paraveitular organ, across differestudies Tablel.1). MPTP has also
shown to result in a decreased level in DA, NA astdTbneurotransmitter levelnd to
affect the deglopment of GABAergic neuror(Souzaet al.2011; Sallineret al.2009)
These phenotypes have been resdnedany casewith the administration of deprenyl

or with the knockdown of the dopamine transporiai(el.1).
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Despite reported efforteo study has shown that MPTiRluced cell deatn the
zebrafishvia caspase cecolization or with markers of DNA fragmentation suchwai
theTUNEL assaySallinenet al.2009) Furthermore, it has been shown tbaspitea
detectable neuronahd locomotodefectat 5 dpf, fish allowed to recover for 48 hours
free of MPTP nolongershowan affected phenotype at 7 dpf, further suggesting a
transient effect on the neuronal populat{8allinenet al.2009)

The locomotor phenotypesldresseth larvae treated with MPTP range from
larval speed, total distance moveesponse to toucsnd initiation of movemer(able
1.1) and are addressed using an array of different sadtawach as the Noldus EthoVision
andLSRtrack/analyssoftwareas well asvith manual data tracking and analysis.

The larval acclimatization periods prior to video recording vary anywhere from
no acclimatization t@0 minutes, and video recordings last from 5 to 70 minutes which
can be obtained under bright lightinrdark with the use of an infrared camera, or with a
combination of both light/dark cycleBish can be housed singly or in groups, and
imaged inawatclglass, petri dishes, or multiwall plates of different sizes and shapes.

In summary, MPTP treated lare show a hypokinetic phenotype, with a decrease
in swimming speed, overall swimming distance, response to touch and inig&tion
movement episode3 éblel.1), and ®me of these phenotypes have been rescued by the
use of deprenyl and DA eadministratio (Lam et al. 2005; McKinleyet al.2005; Souza
et al.2011)

Adult zebrafish have received MPTP either intraperitoneally (i.p.) or
intramuscularly (i.m.YAnichtchik et al. 2004; Bretauckt al.2004) This administration

regimentwas sufficient to induce locomotor changes such as a decitessevimming
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distance and meawimmingvelocity, in addition to a decrease in the neurotransmitters
DA and NA. Despite such an effect, adult zebrafish showed no chantpesnamber or
thearrangement of braifiH neuron populans orneuronal fibersdllowing MPTP
treatment, as has been shown by TH immunohistochemistry and western blotting.
Combined with the lack of evidence for cell death, such as ca8pasEUNEL labeling,
these evidencdsirther suggeghat MPTP is unable to induce DA neuron losadult
zebrafishdespiteits ability to induce a locomotor phenotypEablel.1) and changes in
neurotransmitter levels

MPP" is theby-productof MPTPoxidation via the MAGB. Unlike MPTP,
MPP" does not cross the blood brain bar(BBB) (Schmidtet al. 1997)and because of
its polar chareteristics, it depends on DAT to enter BijicneurongDauer and
Przedborski 2003)arval administration of MPPhas been repordevia water exposure
of concentrations varying from 100 to 108 starting when larvae were either 1 or 2
dpf and lasting until they were 4 days ¢Téble 11). Although MPP does not cross the
BBB, the zebrafish BBB is first detected when larvae arpf3kleminget al.2013)
Overall, MPP has been shown to decrease tet@immingdistanceof larvae(Sallinenet
al. 2009) mean velocity and percent of time spent moving with no effect on larval active
velocity, which further suggests an effect on the initiation of movement but not on
movement executio(Farrellet al.2011) Similarly to MPTP, MPPhas been linked to a
transient decrease in DA and NA neurotransmitter levels as wetlegeased TH
immunohistochemistry of diencephalic DA neurons at 5 days but no longer at 7 dpf

(Sallinenet al.2009)
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Adult zebrafish have received i.p. doses of MRRitthis resuledin no effecton
fish locomotionwith no recordd effects on brain dopaminergic neurghable 1.1) This
could possibly be explained by the inability of MR® access the aduebrafishbrain,
as these studies failed Itk for the presence of this compound in the brain of tested
animals such as hyeasuring levels of MPRia high performance liquid
chromatography (HPLOBretaudet al.2004)

6-OHDA closely resemblethe structure of catecholamines and thus hdese
affinity with catecholaminegic transportersuch as DAT and NE(Dauer and
Przedborski 2003Because €©HDA does not readily cross the BBB it is in mostasas
injected stereotaxadly into the nigrestriatal region of rats, mice, cats, dogs and monkeys
(Blesaet al.2012) In some instances; BHDA is ccadministered with a $ective
noradrenaline reuptake inhibitor to restrieturotoxicity to dopaminergic neuro(oveé
and Perier 2012 Although work has beerode on the effects of®@HDA in larval
zebrafish(Fenget al.2014) further evideneis neededn order to properly understand
the effects of ©HDA on DA neurons ofarval zebrafish (Tablé.1).

The use of 8OHDA in adult zebrafish has beémited toi.m. injections
(Anichtchik et al.2004) Although 610HDA is able to induce a locomotor phenotype
described by a decreased taaimmingdistance andecreasedean velocity up to 6
days post treatment, this phenotype was no longer observable by day 9 (summarized on
Table 1.1). Furthermorelespite a lack of staining for markenskied to cell deaths{uch
asTUNEL and caspasg), immunohistochemistry and westdstotting showed no
differences in levels of Tdespite a decrease in the levels of DA and NA from 1 to 9

days post treatmefnichtchik et al.2004)
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It is still to be determine@hetherthe lack of neuronal cell loss coulé
attributed to a weak bioavailability of@HDA in the brain of adult zebrafish, as studies
failed to look for BOHDA brain homogenatefor exampleyia HPLC analysis

In our laboratory, we have attempted thiect injection of BOHDA into the
adultzebrafish braiusing either @erebroventricular microinjection technig{¥azil and
Brand2011lpr vi a stereotaxi c postgrie wbercdum (TPp).t o t he :
Although we were able to induce an observable locomotor phenotype (data not shown),
both techniques are extremely invasive to thewih high chances fanon-specific
tissue damage. During the procedure there is the need to geaerat@al incisiorwhich
can lead t@n open woundThis procedure isime-consumminganddemandskill which
makes iless amenabl®r neuronaBblation in multiple fish simultaneousiyhen
compare to other techniquewhich will be discussethter. Furthermore, due to thadk
of a specialized zebrafish stereotaxic apparatugdbearacy in reaching the desirgte
of injection can be highly variable from fish to fish.

The herbicidgparaquat andthe pesticideotenonehave also been used as
environmentatoxin models ofPD. Because rotenone is a highly lipophilic compound it
can cross the BB and enter cells without the needao$pecific transportdifieu 2011)
while paraquat, whose structure resembles that of MBEs not radily cross the BBB
(Dauer and Pedborski 2003)Although rotenone and paraqatccessfullynduce PD
like pathology in rodent models such as the accumulatisynucleininclusions, as
previously reviewe@Dauer and Przedborski 200&xposuref larval zebrafishio these
compoundsesuted in neither a locomotor phenotype, moalterations in larvath cell

populationgsummarizedn Table 1.1)Similar results were dhined with adult zebrafish

25



exposed teeither chemical in their swimming water for up to 4 we@k®taudet al.
2004) Inadditona 10 eg/ L dose of rotenone has been
zebrafishthusfurther reinforcing the role that rotenone has as a piscicide agdnt
highlightingits high toxicity to fish(Bretaudet al.2004)

More recently, researchers have shown that chronic paraquat administration to
adult zebrafish via i.p. injections is able to induce a locomotor phenotype such as a
decrease in thtotal distance moved and mean velocity, despite showing no changes in
Th protein levelgBortolottoet al.2014)

In addition to using neurotoxic modeggenetic modelf PD can also result in
loss of dopaminergic neuroasd locomotor phenotypeshese models include the
knockdown ofparkin, PINK1, LRRK2 FBXO7andb- a n d-synutleingTable 1.1).
Thesemodels rely on the use of morpholino mediated gene knockdehinoh are
usually injected at #nonecell stage embryo. Unfortunately the effect of MOs is
restricted to the early larval stages and last ambstupto 5 dpf, after whichMO levels
become to dilute and gene K@fficiencystarsto decline.Thus this approach shows
little promise to be used in our study to address the regenerative ability of DA cells, as it
is transiently effective.

Laser ablationis a useful approach to ablate specific cell types. Combined with
the use of transgenic zebrafish lines, which label differelhpopulaionswith
fluorescent markersaser ablation can be employed to address the effects of saligle ¢
ablation and coultbe a means to study neuron regeneratimmeed,in a recent article
dopaminergic neurons of diencephaliasters 2, 4 and 5 have bdaserablatedto study

the role of these cellgpulations on larval locomotor behavigummarized in Table 1.1)
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(Jayet al.2015) Current technologiimits the use of this approach to larval zebtaas
stages when they are stiptically clear (around 5 dpf).ufthermoreif a pigment free
zebrafish line such as the casper {idhite et al.2008)are notused, there may be a
need to treat larvae with compounds to inhibit pigment formation suciplasriyl 2
thiourea (PTU)Karlssonet al.2001)which have been reported to cause side effects such
as eye size reductighi et al.2012b) suppression of thyroid hmone(Elsalini and Rohr
2003) alterations in retinoic acid and IGF levéBohnsacket al.2011)andenhanced
DA induced cell deatfHigashiet al.2000) Additionally, this procedure requires the
immobilizationandproper positioningf larvae for examplebpy placing larvae into a
drop of agarose and using an anesthetic such a82@8viatthews and Varga 201,2)
which make this approach less amenable to mass processing.

An alternative approach that codillithe gapsin existing models for the ablation
of DA neurons in both larval and adult zebrafish would be the use of a genetic
conditional and specific cell ablation approach. These approaches could include the use
of diphtheria toxin A (DTA), tamoxifen induced\Myc® overexpression, caspase
overexpression, HSV thymidine kinase/ganciclovir expression(H8Z A) toxic ion
channel expression or via the nitroreductase enzyme expréSsicatoet al. 2008;

White and Mumm 2013)

Here, we opted to use thé@roreductase cell ablationapproach, which has been
shown to successfully ablate DA neurons of larval zebrafish diencephalic clusters 2 and 4
for the stuly of the role of these neurons on larval locomotor behavior (Table 1.1)
(Lambertet al.2012) This approach which laws for the permanent ablation of cells via

an apoptotic processonfirmed in different studies by TUNEL staining and caspase
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activation(Curadoet al.2007) is an ideal approach to addredsethemewly formed
dopaminergic cell can hgererated following neuronal lossd avoidgossible

misinterpretationsaused by invasiveell damagemethods.
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Table 1.1 Summary of motor phenotypes following DA neuron damage in various zebrafish ablation models.

daily

24 well plate

Model Treatment Type and Time of Motor Test Results Comments References
Regiment
Neurotoxins:
MPTP 1 Larvae 1 Larval speed 1 Decreased speed with both thin situhybridization showed a decrease in (Bretaudet al.
1 Exposedto9or 9 5 minrecording following a doses diencephalic DA neurons with 45 mg/L but not 2004)
45 mg/L 5 min acclimatization with 9 mg/L dose analyzed at 5 dpf
T Fromlto5dpf 9§ Analysis conducted with No changes ith" neurons in telencephalon or
1 Solutions DIAS 3.1 software locus coeruleus
changed daily 1 Analysison 7 dpf larvae
1 Larvae 1 Larval total distance swam § Decreased total distance TH immunohistochemistry showed a decrease i (Sallinenet al.
1 Exposedto 100 T 10 min recording moved only wi pretectal, diencephalic, preoptic and hypothalan 2009)
or 1000 9 Analysisconducted using dose at 5 and 6 dpf but no cell populations at 5 dpf but no longer at 7 dpf
1 From1to 4 dpf EthoVision 3.1 longer at 78 dpf There was a decrease it neurons in the
1 Solutions 1 Analysison 5, 6 and 7 dpf paraventricular organ and DA, NA aneH
changed daily larvae in48 well plate neurotransmeter levels were decreased followin
1000 €M dose at 5 dpf
Phenotype at 5 dpf wa:
deprenyl administration but not at 6 dpf
 Larvae 1 Larval response to tactiie 9 Weaker and shorter lasting datandth in situ hybridization showed a decreas: (Lamet al.
1 Exposed to 800 stimulation trunk movement following in diencephalicyeurons at 2 and 3 dpf. 2005)
eM 1 30 min acclimatization touch stimulus Neuronal population wi
T Fromlto3dpf 9§ Testconducted at3 dpf deprenyl administration
1 Larvae 1 Larvalresponsetotactle § At 5 eg/ mL | a datandth in situ hybridization shwed a reduction (McKinley et
1 Exposedto 5 anc stimulation (data not slowly in response to touch in dopaminergic neurons in the pretectum and al. 2005)
10 eg/ mL shown) while at 10 ¢ ventral diencephalon at 4 dpf. Olfactory bulb wa
1 From 1 to 4 dpf. were immobile and nen also reduced and locus coeruleus neurons were
responsive to touch. marginally affected.
100 €M deprenyl admi ni
from MPTP
DAT morpholino knevckdown prevented MPTP
damage and allowed larvae to move in responsi
touch although still unable to swim away
 Larvae M Larval initiation of  Both doses decreased the TH immunohistochemistry showed an affect at  (Souzaet al.
1 Exposedto 0.1 movement regardless of numberof movements pretectal DA cluster at 5 dpf whereas changes il 2011)
and 1 egN distance and duration of initiated by larvae diencephalon were not detectable
1 From3dpfto5 movement MPTP treatment resulted in a defective
dpf 1 30 min recording GABAergic neuron development
1 Solution changed 1 Test conducted at 5 dpf in DA co-administration with MPP rescued the

number of movement episodes
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Model Treatment Type and Time of Motor Test Results Comments References
Regiment
1 Adult 1 Number of lines crossed in § Decreased line crossing at 2: 1 TH immunohistochemistry showed no difference (Bretaudet al.
1 One dose of 150 a 2L tank filled with 1L mg/kg dose at days 2, 3, 5 ar in dopaminergic neuron populations. 2004)
or 225 or three system water 6. No locomotor changes witt § The 225 and 75 mg/kg drug treants also
doses of 75 1 Videos were recorded for £ other concentrations. resulted in increased opercular ventilation and
mg/kg min fromO to 6 days post darkened skin pigmentation
intraperitoneal (5 injection
elL/ g bod
weight) over one
day
1 Dissolved in
0.9% NaCl
1 Adult 9 Distance moved, mean 1 Decreased in both total 1 TH immunohistochemistry showed no difference (Anichtchiket
1 One 20 mg/kg velocity and turning angle distances moved and mean in distribution, shape or number of Tkells and al. 2004)
dose injected and zone preference velocity at days 1, 3 and 6 bu axonal fibers
intramuscularly 10 min video recording no longer a statistically 1 No differences were detected in TH levels using
47 ¢ L -0.7( following a 1 min significant effect at 9 days western blotig
g body weight) acclimatization post injection 1 There was no evidence of TUNEL nor caspase
1 Dissolved in 71 Data was analyzed using 9§ Turning angle had a labeling upon treatment
0.9% NacCl EthoVision Pro 2.1 statistically significant 1 DA and NA levels were decreased from 1 throug
software at 1, 3, 6, and 9 increase only at 1 day post 12 days post injection
days post injection treatment | Histamine levels were increased at 1 day post
1 No statistically significant treatment
zone preference
MPP* 1 Larvae 1 Larval total distance swam 9§ Decrease in total distance 1 TH immunohistochemistry showed a decrease (Sallinenet al.
1 Exposedto 100, Y 10 min video acquisition movedwith® 0 & M at only in DA neurons of diencephalic clustérat 5 2009)
500 and 1000 1 Analysis conducted using 6 dpf but no longer at 7 dpf. dpf with no longer an effect at 7 dpf
eM EthoVision3.1at5,6and" 1 1000 &M only T 1000 &M decreased D&
1 From1to 4 dpf dpfin a 48 well plate 6 dpf. HT
1 Solution changed 1 No effect on BHT immunohistochemistry

daily
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Model Treatment Type and Time of Motor Test Results Comments References
Regiment
1 Larvae 1 Larval mean velocity, 1 Decrease in both mean 1 Suggests that MPmas an effect on the initiation (Farrellet al.
1 Exposedto 1mM active velocity and percent velocity and percent time of movement but not in their execution 2011)
1 From 2 to 4 dpf. time moving moving but no effect on activi
1 10 min video recording velocity at 7 dpf
1 Analyzed using LSRtrack
and LSRanlyse softwares.
1 7 dpflarvae were imaged il
96 well plates.
1 Adult 1 Number of lines crossed in § No effect on locomotion 1 Drug treatment resulted in increased opercular ~ (Bretaudet al.
1 One dose of 75 a 2L tank filled with 1-L ventilation and darkened skin pigmentation 2004)
mg/kg system water
intraperitoneal (5  Videos were recorded for £
eL/ g bod min from O to 6 days post
weight) over one injection
day
1 Dissolved in
0.9% NaCl
6-OHDA 1 Larvae 1 Swimming pattern, 1 Decreased swimming distanc  TH immunohistochemistry was suggested by (Fenget al.
1 Exposedto 0, 10 swimming distance and at b5, 6 and 7 author to show a decrease in labeling following 2014)
50, 100 and 250 time spent at bottom of dose. The 100 250 €M dose, yet such
e M cuvette an effect only at 7 dpf previously publisbd data on zebrafish TH labelir
1 From2to4dpf T 10 min video recording 1 Increased time spent at pattern
following a 2 min bottom of cuvette at5,6and § 100 €M vitamin E was
acclimatization dpf with 250 neuronal damage by immunohistochemistry anc
1 5,6 and 7 dpf larvae were western blot at 5 dpf and shown to reverse total

imaged in 4.5x1x1 cm
quartz cuvette

di stance swam and ti mi
treated larvae to control leveds 5, 6 and 7 dpf
(further analysis is needed to confirm findings)
10 ¢M minocycline (mi:u
shown to rescue-®@HDA effect on swimming
pattern, distance and time spent at bottom.
Minocycline was also suggested to decrease
expressionof nf | ammat ory gen
cd11h when ceadministered with €OHDA

2.5 and 25 e€g/ mL Sanel
total distance moved at 5 and 6 dpf larvae but n
at 7 dpf, and rescued the time larvae spent at
bottom of cuvette at 5 dpf but not at 6 ahdpf
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Model Treatment Type and Time of Motor Test Results Comments References
Regiment
1 Adult 1 Distance moved, mean 7 Decreased velocity and total § TH immunohistochemistry and western blotting (Anichtchik et
M One dose of 25 velocity, turning angle and distance moved and increase did not show any differences in protein levels al. 2004)
mg/kg injected zone preference turning angle at days 1, 3 anc § No TUNEL nor caspas® evidence upon
intramuscularly 10 min video recording 6 post injection but no longer treatment
4-7 ¢ L -0.7( following a 1 min observable locomotor effects  Decreased levels of DA and NA were maintaine
g body weight) acclimatization at 9 days post treatment from 1 through 9 days postjection
1 Dissolved in f Data was amlyzed using 1 Nostatistically significant
0.9% NacCl EthoVision Pro 2.1 zone preference
software at 1, 3, 6, and 9
days post injection
Paraquat 1 Larvae 1 Larval speed 1 No effect on larval speed 1 thin situhybridization showed no difference in  (Bretaudet al.
1 Exposedto5or 9§ 5 minrecording following a DA neuron population analyzed at 5 dpf but 2004)
10 mg/L 5 min acclimatization showed a nosstatistically significant reduction in
1 Fromlto5dpf 9 Analysisconducted with diencephalic DA neurons
1 Solutions DIAS 3.1 software
changed daily 1 Analysis on 7 dpf larvae
1 Adult 1 Number of line crossing, T At 20 mg/kg there was a 1 Western blotting showed no change in levels of (Bortolottoet
1 Six distance travelled, mean decrease in the number of TH protein al. 2014)
intraperitoneal speed and time spent at lines crossed, total distance 9§  Both treatments resulted in an increase in DA
injections of different areas of tank were travded and mean velocity of levels and a decrease in DOPAC
either 10 or 20 analyzed using ANYmaze fish at all time points, while a § gRT-PCR showed a decreaseDAT gene
mg/kg software on 10 min videos 10 mg//kg a decrease was expression at 10 mg/kg but not at 20 mg/kg
administered one recorded following a 30 s only observed at days 10, 13 ¢  Y-maze test showed impaired acquisition and
injection every 3 acclimatization period and 16 consolidation of spatial memory
days f Absolute turning angle was 1  No difference in time spent ol §  No effect on social interaction
T 10 eL in calculated based on 10 mir the upper portion of tank
volume videos from single fish 1 20 mg/kg paraquat resulted il
swimming in a 20 cm rounc a decrease in turning angle a
tank all days except foday 10 and
1 Locomotor data were 16. While at 10 mg/kg larvae

obtained 24 after each i.p.
injection at days 1, 4, 7, 10
13 and 16

showed an increase in turnin
angle only at day 10
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Model Treatment Type and Time of Motor Test Results Comments References

Regiment
1 Adult 1 Number of lines crossed in § No effect on locomotion 1 TH immunohistochemistry showed no difference (Bretaudet al.
1 Exposureto5 a 2L tank filled with 1-L in DA neurons 2004)
mg/L system water 1 No effects on respiration nor skin pigmentation
1 For 4 weeks 1 Videos vere recorded for 5
min from O to 6 days post
injection
Rotenone { Larvae 1 Larval speed 1 No effect on larval speed 1 thin situhybridization showed no difference in  (Bretaudet al.
1 Exposedto5or 9§ 5 minrecording following a DA neuron population analyzed at 5 dpf but 2004)
10 g/ L 5 min acclimatization showed a nostatistically significant reduction in
f Fromlto5dpf 9§ Analysis conducted with diencephalic DA neurons
1 Solutions DIAS 3.1 software
changed daily 1 Analysis on 7 dpf larvae
1 Adult T Number of lines crossed in 1 No effect on locomotion 1 TH immunohistochemistry showed no difference (Bretaudet al.
1 Exposure to 2 a 2L tank filled with 1-L in DA neurons 2004)
e 0 system water 1 No effects on respirationor skin pigmentation
1 For 4 week 9 Videos were recorded for £ T 10 eg/L dose was | et hi
min from O to 6 days post
injection
Genetic: 1 Larvae 7 Total distance moved by § No effect of total distance 9 thin situhybridization on 3 dpf larvae showed ar (Flinnet al.
PARK2 1  MO®mediated spontaneously swimming moved approximate 20% decrease iiercephalic 2009)
(parkin) KDf larvae dopaminergic neurons
1 5 min recording following a 1 Decreased mitochondrial complex | activity
5 min acclimatization 9 aadcin situhybridization suggests no effect on
I Videos were analyzed usin serotonergic neurons of the Raphe nuclei
EthoVision Pro software  HuC and Isletl immunostatining suggest no effe
1 5 dpflarvae were placed on other brain neuronal types nor spimeltor
one per well in a 12 well neurons
plate for analysis
1 Larvae 1 Touch response and 1 No effect on motor 9 thin situhybridization and immunohistochemistr ~ (Fettet al.
1 MO mediated swimming behavior (data parameters as well as quantitative PCR showed no differenc 2010)
KD not shown) in th levels at 3 dpf
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Model Treatment Type and Time of Motor Test Results Comments References
Regiment
PARKG6 1 Larvae 1 Touchresponse at 3dpf  § Larvae did notswimaway § General developmental delay svabserved (Anichtchik et
(PINK1) 1 MO mediated (data not shown) following tail touch ! TH immunohistochemistry showed a reductioni  al. 2008)
KD diencephalic neurons at 2 dpf
1 5-HT immunohistochemistry showed not effect ¢
this neuronal subgroup
1 Decreased immunostaining for Isletl and
acetylated tubulin suggest an effect on peripher.
neurons
1 Larvae 1 Average speed and 1 No effect on locomotor 1 thin situhybridization and immunohistochemistr (Sallinenet al.
1 MO mediated swimming pattern parameters showed a decrease in diencephalic neuronal 2010)
KD 1 10 min recording populations at 5 dpf
1 Analysis conducted using 1 datin situhybridization showed no difference in
EthoVision 3.1 software datexpressing cells
1 Analysis on 5 dpf larvae in 1 Immunohistochemistry showed no effect on
48 well plate serotonergic nor cholinergic systems
1 gPR showed a decreasethil andth2 levels but
not indat norhdc
1 Larvae 1 Larval response to tactile 9§ Reducedresponsetotactie § 10 & M38RB3 administra (Xi etal.
1 MO mediated stimulus at 3 dpf analyzed stimuli at 3 dpf response to touch 2010)
KD with ImageJ software 1 Reduced swimming distance { thin situhybridization showed no difference in tt
1 Larval swimming distnce at 5 dpf number of DA neurons in the ventral diencephal
at 5 dpf analyzed with at 3 and 5 dpf but a reduction in DA neurons in
manual tracking of 90 diencephalic group 1
second videos obtained 1 Ventral diencephatineurons were disorganized
following a 10 min and asymmetrical
acclimatization period
PARKS 1 Larvae i Larval distance moved 91 Decreased distance moved § 1mM L-DOPA administation rescued locomotor  (Shenget al.
(LRRK2 ¢ MO mediated f 30 second videos of 6 dpf defect 2010)
KD larvae were analyzed using 1 thanddatin situhybridization showed a decreas
ImagJ software in diencephalic DA neurons at 3 dpf
I Western blot and gPCR analysis showed decre:

TH expression
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Model Treatment Type and Time of Motor Test Results Comments References
Regiment
1 Larvae 1 Response to tactile stimulu No locomotor phenotype was § th anddatin situ hybridization showedo (Renet al.
1 MO mediated at 3 dpf analyzed with observed difference in neuronal cells 2011)
KD ImageJ software
1 Number of line crossings o
6 dpf larvae based on 5 mi
video recordings taken 10
min following
aclimatization
PARK15 1 Larvae 1 Larval swimming velocity Severely effected larvae rare § Apomorphine ceadministered with domperidone  (Zhaoet al.
(FBXO7) 1 MO mediated at 4 dpf showed motor activity (3eM each) allowed f ol 2012)
KD 1 Larvae were placed one pe Moderately effected larvae swimming speed of morphant larvae
well in a 96 well plate and showed decreased swimmin¢ § th anddatin situhybridization showed a decreas:
allowed to acclimatize for velocity at 4 dpf in dopaminergic neurons in the diencephalic are
15 min
1 Ethovison XT software
was used to analyze data ¢
videos taken of larvae
during 3 alternating cycles
of 10 min under white light
and 10 min under darknes:
b-and- 29§ Larvae 1 Displacement of b KD, 921 KD datinsituthy bri di zati on sho (Milaneseet
synucleins MO mediated spontaneously moving comhned KD resulted in a combined KD resulted in a significant decrease al. 2012)
KD larvae decrease in swimming activit dopaminergic neurons at 2 dpf but no longer at
1 15 larvae were place per at 2 and 4 dpf but not at 3 dp dpf
well of a 12 well plate and A statistically significant DA levels were reduced on larvae with the
analyzed for 8 hours daily reduction in swimming combined b and 291 KD
from 2 to 7 dpf activity was only observed 5-HT levels
1 Data was analyzed using when both b

Zebralab software

at 5 and 6 dpf
Swimming activity was no
longer effected at 7dpf
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Model Treatment Type and Time of Motor Test Results Comments References
Regiment
Chemogeneti § Larvae 1 Total distance travelled anc § Ablation of DC 4 and 6 Immunohistochemistry for TH and GFP (Lambertet al.
¢ ablation: 1 Conditional cell episode duration of free significantly reduced the total (endogenously expressed in DC clusters 4 and 2012)
Nitroreducta ablation by swimming 5 day old larvae distance moved by larvae ani transgenic animals used Bgéb.A:nfsbEGFP))
se Metronidazole 10 larvae were placed in a increased the time of episode showed a decrease in battarkers at 5dpf

administration 50 mm glass watch and duration datin situ hybridization showed absence of

starting with allowed to rest for 5 min staining at 3dpf

5mM at 24 hpf prior to a 10 min video Increased TUNEL labeling and 4ocolization

and 10mM from acquisition with GFP expression

2 to 3 dpf 1 Data was analyzed using

1 Ablation of Ctrax software

orthopedia b

DAnergic

neurons located

in DC clusters 4

and 6
Physical i Larvae 1 Total distance swa, DC2 ablation resulted in Endogenous GFP expression and TH (Jayet al.
ablation: 1 20 to 30 seconds percent of time spent decreased total distance immunohistochemistry showed reduction in 2015)
Laser irradiation with swimming, duration and swam, with a decreased time labeling of DC2, 4 and 5 cells

405nm laser at mean velocity of bouts of spent swimming

50mwW beatglide episodes at 4 dp' § DC2 ablation had no effect ol

1 Ablationof DC2 { Recordings were conducte mean peak velocity nor

at 20624 hpf and in a dark chamber with movement duration during

of DC 2,4 and 5 infrared illumination beat and glide episodes

at 3632 hpfon § Fish were recorded Similar results were obtained

ETvmat2: GFP individually for 10 min with DC 2, 4 and 5 ablation

transgenic following a 15 min

zebrafish acclimatization pedd

1 Data analysis was done

using Ctrax and JAABA

software
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1.4 Nitroreductase mediated cell ablation

The use of nitroreductagBf TR) mediated cell ablation dateackto the mid
19906s when sci aisdaproach te killsntaramatiae tdmaells us e t
(Bridgewateret al. 1995)for cancer gene #rapy(Searleet al.2004) The nitroreductase
enzyme is encoded by thésBgene found ifEscherichia coliandis a dimeric
flavoenzyme that is reduced by either NADH or NADgHhristofferson and Wilkie
2009) When in its reduced state, NTR can reduit®@aromatic or quinone substances
and is thus capable of converting Aioic compounds such as CB1954 and
metronidazol€Mtz) into a DNA aosslinking compoundesulting incell deaththrough
an apoptotic pathwafyNVong and Zohar 2015; Seadeal.2004; Pisharath and Parsons
2009)

In 2007 two laboratories pioneered thseof this ablation approach as a tool for
cell specific ablation and regeaéive studies in the zebrafi§Guradoet al. 2007;
Pisharattet al.2007) Since thenthisNTR basedippro&h has beemmployedfor the
ablation ofzebrafish cells such gsa n ¢ r e a t(Hisbarafbet at. 2007| Mos<t al.

2013) podocytegHuanget al.2013; Zha and Hildebrandt 2012%kin cells(Chenet al.
2011) oocytegWhite et al.2011) germ cell§Dranowet al.2013) cardiac cells
(Curadoet al.2007; Zhanget al.2013) osteoblastéSinghet al.2012b)and
oligodendrocyte¢Chunget al.2013)in both larval and adult zebrafish.

The nitroreductase ablation method offers many advantages that makefirideal
regenerative studie¥he fact that NTR cabheexpressed ispecificcell populations by

using cell speific gene regulatory elements makes this a tissue specific ablation method
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whose ablation can be temporally controlled by the addition of-dnogpsuch as
metronidazoléMtz) (Fig 1.3. Although the previously used parugCB1954 has been
shown to damage neighboring cells to intended targeted NTR expressing cells, the
toxicity of Mtz is restricted to NTR expressing cells and thus shows no bystsiifele
(Curadoet al.2008)

The ability to creat®& TR-fluorescent protein fusianis also aradvantage that
allows for thein vivotrackingof cell ablation and regenerative proces3éss, combined
with the easy administration of the pidoug Mtz which can be done via water exposure,
allows for the ablation afebrafih cells in large numbers of fish, which is a useful tool in
studies such as large library drug screens which requiretimighghput processing

Unlike other methods such #s/midine kinasejanciclovir, which require cellular
division in order o kill cells, the NTR method is cell cycle independditiis is an ideal
approach to kill nosdividing cells such as neurons. The use of NTR in the ablation of
neurons has been reviewed to kill rods, cones and bipola{Gelsberlinget al.2013)
Due to the ability of Mtz to cross the blood brain barfidawu et al.2010)and accesthe
brain a number of brain cells have been successfully ablated by NTR/Mtz in the
zebrafishincluding cells of the habenylpineal gland, serotonergic and dopaminergic
neuronsasis summarizedn Table 1.2

Here we opted to use the nitroreductassronidazole mediated cell ablation
method to kill dopaminergic neurons in both larval and adult zebrafish in order to
characterize the phenotype of fish lacking these cells and to address theatagener

potential for DA neurons at both larval and adult stages.
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Figure 1.3. Nitroreductase mediate cell specific ablatiorNitroreductase
expression can be targeted to specific cell populations using tissue specific gene
regulatory elements. Here, the ze f id& tisvegulatory elements, which
endogenously lead to the production of DAT in DA neurons (purple), are used to drive
the CFP (cyan) and NTR (orange) fusion proteipon administration of Mtz (pink),
which is readily available to all cells, NTieduces Mtz into a cytotoxic DNA
crosslinkingcompound leading to DA neuron loss. Although Mtz is available to all cells,
cells that do not use tliat cis-regulatory elements and consequently do not produce the

CFRNTR fusionwill remain unaffectedcell depicted on the right)
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Table 1.2. Larval and adult zebrafish brain cell ablation using the nitroreductase enzyme.

Targeted Cells TransgenicFish Used Treatment Comments References
Habenular cells Tg(narp:GAL4VP16U A S : imECreeifoy Larvae: 5 day old larvae were exposed ti  Cell death confirmed througt (Agatsumaet al,, 2010)
10mM Mtz for 24 hours TUNEL assay

Adult; fish were exposed to 10mM Mtz in
0.2% DMSO for 24 hours

Hypocretin neurons Tglh ct r-EGFP)s b Larvae: at 1 dpf larvae were exposed to Loss of EGFP signal and hct (Elbazet al, 2012)
15mM Mtz for 48 hours staining via in situ
hybridization
Serotonergic Tgt p h 2-mGHersyHp226 Larvae: at 3 dpf larvae were exposed to  Cell death was confirmed  (Yokogawaet al, 2012)
neurons of the 10mM Mtz for 48 hours through TUNEL assay and
Dorsal Raphe live marker for caspase like
activity

Brain neuronal  Double transgenic animals for Neuro@¥Cherry Larvae: 5 dpf treated with 2mM Mtz (in  Cell death confirmed througt  (van Hamet al, 2014)

cells (a Gal4 enhancer trap line MU4465 labeling DMSO) for 16 hours TUNEL assay
central nervous system and UAS R-mCherry
line)
Pineal and DA Pineal ablation was done using Tg¢ h 2- n Larvae: for pineal ablation, 1 day old larve Changes in endogenous  (Fernandest al, 2012)
neurons mCherryy227; were exposed to 10mM Mtz for 48 hours fluorescent protein expressio

Ablation of preoptic, posterior tuberculum anc All other abldions were conducted by and immunohistochemistry
hypothalamic Otpneurons were ablated using exposing 3 day old larvae to 7.5mM Mtz fc  were used to show cell loss
Tg(otpb.A:Galgzc67; DA cell ablation of DC 2 24-36 hours
and 4as well as DA groups 3,5,6,7 and a subs

of LC neurons were ablated using double
transgenics between TRAC
th:GaldvP1§m1233 and TAJASE 1 b : -n f
mCherry

DA neurons of DC Tgot pb.-Agfpnf s b Larvae: at 24 hpf larvae were incubated i Cell death was confirmed witl  (Lambertet al, 2012)
2and 4 5mM Mtz for 24 hours followed by an TUNEL staining
incubation in 10mM Mtz from 48 to 96 hpi
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1.5Expression of NTR in DA neurons of the zebrafish brain

Different regulatoy elements have been used tivel the expression of reporter
genesn DA neurons of the zebrafidirain. An enhancer trap transgenic line
ETvmaR:EGFP where EGFP has been inserted into the second intron wésiular
monoamine transporter@mat?d gene(Wenet al.2008) fluorescerly labelsarch
associated neuronsympathetic neurons, and cells of the locus coeruleus, ventral
midbrain, posterior tuberculum, telecephalon, paraventricular organ of the posterior
tuberculum, hypothalamustgiectum, retina and epiphysis.addition to the fact that
not all of thelabeledcells of theETvmaR:EGFP line are DAergic, this is an enheer
trap line whichmakes it difficult to generateew lines with the noncharacterized
regulatory elements of thenat2gene.

A screen to identifyenhancers which could be used to label dopaminergic neurons
of the zebrafish hdsoked at21 genes witlputative roles ireitherthe specification of
DA neurongsuch as the transcription factdmsxla.2 neurogeninnr4a2a(also known
asnurrl in mammals)ptpa,otpbandpitx3) or with genes involved in the regulation and
function of DA neurongsuch aglat, aadg th, andvmat?(Fujimotoet al.2011)

Although many of these putative regions failed to lamel did noexpress a fluorescent
reporter withn the majority ofzebrafishth expressing DA neurons in the brain
simultaneouslythis analysis led to the characterinatof theotpb.Aenhancer as a way

to label Th positive neurons of the diencephaléujimotoet al.2011) andlines using

these regulatory elements hadeen used in studies looking at DA neurons of DC 2 and 4

(Fernandegt al.2012; Lamberet al.2012)
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Anothertransgenic line introducing a Ras membranehored EGFP has been
generated by placing the fluorescent régranto a BAC containing 134 including the
upstreanregion and most of the sequence for the zebrafighene Thishas been shown
to label allpositivecellsfor Th immunaeactivecatecholaminergic clusts in the larval
zebrafisn(Tay et al.2011) Neither theth:rasGFPnor the TgBAC th:Gal4VP16)m1233
fish (Tayet al.2011; Fernandest al.2012)which use these regulatory elements exist
at the time when our experiments wérst designed and were therefore not used here.

Previous wok done using differerglc6a3genomicfragments failed tinducethe
expression of a reporter gene in all of the DA clusters of the zebrafish brain
simultaneously in either the Tgi¢6a3[7kb]:egfp or Tglc6a3[11kb]:egfp, where the
11kb fragment led toxpression of GFP in the pretectum and the 7kb led to GFP
expression mainly in the habenula, hypothalamus and medulla of adBdisand
Burton 2009) We have generated in our laboratory thedad(EGFP) line which uses
13kb upstream genomic region and most of the zebrdéisbequencéo drive the
expres®n of GFP in most of the DA neuron clusters of the zebrddrsim (Xi et al.
2011b)(Fig. 1.4. Thesedat cisregulatoy elements, which have also beesed to drive
the expression ahitochordrial-targeted mCherry in DA neurons of the zebraiisthe
Tg(dat:tom20 MLSMCherry (unpublished dataFig. 1.4 were our choice to drive the

expression of NTR in both larval aadult zebrafistbrain DA neurons
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Figure 1.4. Transgenidish using dat cisregulatory elements.We have
generated 3 lines using the dopamine transpoideegulatory elementsf zebrafishto
drive expression of different reporters in DA neuronsefzebrafish, including the
expression of GFP (left), CHRTR fusion (middle) and mCherry targeted to the

mitochondria (right).
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1.6 Animal models of brain DA neuron regeneration

The regeneration of DA neurons has been addresséifieiredt animal models
including the planaria, salamander and mosse (Table 1.3)

DA neuron regeneration in the planaria has been addressed following neuronal
damage using the neurotoxifBHDA andwasdependent on neoldarecruitment shown
migratefrom the trunkand repopulate DA cells in the dorsal region of the brain near the
location where cells were lost, starting at 4 dagstlesion (dpl) andfully recoveing by
14 dpl(Nishimuraet al.2011) This recovery process whigvas also observedith DA
levels and locomotor phenotype, was int@tiby Xray irradiation(Nishimuraet al.

2011) aprocesknownto disturb neurgenesis and cell proliferatiqiMonje et al. 2002;
Isonoet al.2012) In addition, a 8U study conducted by the same group suggests that
proliferating stem cells pass through theiplgase 5 to 10 days prior to differentiating
into DA neurons in the planarian braindeed, Nshimura and colleagues suggest that
some cells which enter@hase irthetrunk migrate tadhehead inthe G2-phase where

they respond to environmental clues to acquire a dopaminergid\iatéemura and

Agata 2012)

Similar to the planaria, regeneration studiesductedn the dopaminergic
system of the salamander rellydata obtained frortheablation of DA neurons using 6
OHDA (Parishet al.2007) Parish and colleagues demonstratettitsalamander is able
to fully regenerate mesencephalic and diencephalic @&answhich areneurons
proposed to be homologotesthose in theentral tegmentum and substantia nigra areas

of mammalsby 30 days post lesiand to also recover thdacomotor phenotypérable
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1.3). This regenerative ability is dependent on GHSBxZ quiescenependymeglial
cells that migrate from the third ventricle into the area of neuron loss and give rise to DA
neuronsa process that is inhibited by the administraof the antmi t ot 1 -BD- dr ug
arabinofurosidé€Parishet al.2007) Furthermore, the involvement of Nurrl, engrailedl,
Thand Msx1/2 in the process$ the newt DA neuron regeneration is simitasbserved
in DA neuron development and neurogenesis in mamfRalsshet al.2007)

More evidence fromlhe laboratory of Dr. Andras Simon furtrerggestshat the
neurotransmitter dopamimegativelyregulateghe proliferative ability of ependymglia
lining the newd sentricle by acting otthe D2 receptoexpressed on ependyrgtia
cells, thusinhibiting DA neuron regeneratiofBerget al.2011) Thisleads toa model
wherequiescence of ependymal cedisekept under the control of DA, and when DA
neurons are lost and DA is decreased there is a stimulus to induce proliferation and
form newDA neurons, which in turn form a loop that termirsdtee regenerative process
and again, regulas¢he quiescence of ependymal céBerget al.2011; Berget al.
2013)

DA neuron regeneration has also been proposed to take place in the substantia nigra

of MPTP treated mice, 3 weeks following DA neuron dan{@jeaoet al.2003)(Table
1.3). Currently, thee findings remain controversial as another group was unable to
observe newly formed DA neurons in the adult mammalian SN followir@EBA
neuron ablatioprotocol(Frielingsdorfet al.2004) Additional research shovike
incorporation of BrdU in the SN of rodents as reviewed by Mochizuki (2@ithpugh
none of these cellsave been shown to acquire a dopaminergic fate and the majority

becamenmicroglia(Mochizuki 2011) Overall,more rese&h is needed tdetermingf
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mammas posses the endogenous ability to regenerate their DA population following
damage to the SN.

More recerly, scientists haveemonstratethe regeneration of DA cells in the
rodent olfactory bulb (Table 1.8)azariniet al.2014) Lazarini and colleagues show that
following stereotaxic injection of-©HDA into the dorsal area of the OB, mice are able
to recover their i postive neuronal population within 56 dpl and are able to recover
olfactory related behavior phenotyeithin 2 monthsThis process is shown increase
microglial activation and proliferation, and in addition regeneration is said to be
dependent on the negtment of immature neurons to the glomerular layer with a
significant number of new OB neurons originating from the $M&zariniet al.2014)

Althought the zebrafish has been used to study the recovery process following
brain injury (summarized in section 1.7), to our knowledge, there is no information
regarding the regenerative ability of DA neurons following the specific los&\afdls
in the zebrafislorain. Understanding the regenerative ability of DA cells in the zebrafish
brain will complement the knowledge obtained based on other models such as the
salamander and the planaria and potentially lead to the identification of novel processes
which have ot been yet addressed. Here we opt to study DA neuron regeneration in the
zebrafish due to the strength of the zebrafish as a model for regeneration and the
molecular toolbox available to the zebrafish community which counts with the
availability of transgneic zebrfish lines such as the dag{EGFP) which allows for the
labeling of DA neurons and the Tggstin:GFB which allows for the labeling of neuron
progenitor/stem cells. Using these tools scientists can track the regenerative process in

the zebrafishbrainin vivo.
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Table 1.3. Different models of brain DA neuron regeneration.

Organism DA neuron ablation Regeneration Comments References
approach
Planaria 6-OHDA New TH cells were seen <«  Regeneration dependent on neoblasts (pluripotent stem cells) (Nishimura et al. 2011)

days following ablationin q  X-ray irradiation inhibited regenerative ability
the dorsal region of the ¢ Majority of newly formed DA neurons were BrdU negative

brain aml cell numbers ¢ pa levels and locomotgphenotype recovered by 5 dpl
were completely back to

wild-type levels by 14 dpl

Salamander Stereotaxic injection intc  TH cell population was § Locomotor phenotype recovery at 30 dpl (Parish et al. 2097
3" ventricle of fully recovered in f  BrdU shovs an increased proliferative response 7 and 10 dpl
6-OHDA diencephalonand ¢ Regeneration is dependent of GFABoxZ ependymoglial cells which
mesencephalon by 30 dp migrate from &' ventricle, by 13 dpl are found in deep layers and furth

mature into DA neurons

T Nurrl, engrailedl, TH and Msx1/2 expsem profile follow mammalian
DA neuron development and DA neurogenesis pattern

1 Regeneration inhibited by the use fmD-arabinofuroside

Mouse Subcutaneous injection Increase in BrdUand TH  §  Two fold increase in BrdU labeling in THells (Zhao et al. 2003)
of cells in the substantia n@r § New neurons formed 3 weeks following lesion
MPTP 3 weeks following MPTP ¢ No changes in BrdU labeling in the subgranular zone of the DG
administration
Mouse Injections into the dorsa  TH" cells in the OB were §  Olfactory behavioral response recovered within 2 months (Lazarini & al. 2014)
glomerular layer (inthe  fully recovered 56 days § Microglia activated neurinflammatory response at the site of injury 7
OB) after GOHDA treatment dpl. Microglia prdiferation was increased at 7 dpl with no changes in
6-OHDA neuronal precursors nor oligodendrocyte progenitor proliferation
1 Regeneration dependent on recruitment of immature neurons to the |
1 Significant number of new OB neurons originate from SVZ
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1.7 Zebrafish as a model for the study of neurogenesis and brain regeneration

The adult zebrafishrain has a tremendouapacity for neurogenesasd its brain
is filled with areas of resident mitotic cells, known as proliferation zortese
proliferation zones span the rostcaludal axis of the zebrafish bramareas of the
olfactory bulbtelencephalon, preoptic area, hypothalamus, optic tectum, medulla
oblongata anderebdum (Zupancet al.2005)

When compared to the mammalian brain, which has two major proliferation
zones, the subventricular and the subgranular @dimey and Song 2011}he 16
different proliferation zones of theebrafish bain (Grandelet al.2006)contribute to the
highly prolific nature of the zebrafish brain with approximately 6000 new cells being
born within 30 minutesorresponding ton average about 0.06% of the total cells in the
teleostbrain (Hinsch and Zupanc 20Q#ates which arabout two fold higherthanthose
calculatedn the rodent brainas previously reviewe@upanc 2008)

The cells in these proliferation zones hold stemtldedl propertiesandare highly
heterogeneous inatureespecially across different brain regiobslike mammals, the
proliferation zone of the zebrafisttack a continuous ependymal lay@s reviewed by
(Schmidtet al.2013; Ferretti and Prasongchean 2Q15hecellsresiding in these zones
can be quiescent or slowly dividing, they can have cilia or be aciliated, some of these
cells may be oligodendrocyte precuis@PCs)others may omaynot express glial cell
markers such a&SFAP;whereas these GFApbsitiveradial glial cellfRGCs)are said to
be major players adult brain neurogenesis with tability of selfreneval and to form

new neurons (for more in dth reviewand original articlepleaseaefer to(Grandelet al.
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2006; Adolfet al.2006; Chapoutort al.2007; Kasliret al.2008; Lindseyet al.2012;
Schmidtet al.2013; Kizil et al.2012c; Ferretti and Prasongchean 2015; Pellegtial.
2007; Marzet al.2010; Lamet al.2009; Ib et al.2010; Kaslinet al.2013; Kasliret al.
2009; Rothenaignest al.2011; Grandel and Brand 20)2)

Theregenerative abilityf animalswas described bthe presence dfvo main
types of regeneratn: epimorphic and miphallaxis, which are defindaly the presence or
absence of a blasterf@gataet al.2007) Epimorphic regeneration relies on cell
proliferation andbn theformation of a blastemi@ give rise to aew tisueanddiffers
from morphallaxis regeneration which relies minimally on cell proliferation and gives
rise to new tissue based on the remodeling of already existing tisiyeand Nyberg
2010) Currently, due to the advances in the understanding of CNS regenesatmm,
type of regeneration has been proposed and named interstitial regeneration where new
neurons arising from stem and progenitor cells replace lost neurons in an already existing
tissue(Becker and Becker 2015)

In the zebrash, regeneration of brain tissue rel@sthe activation and migration
of stem/progenor cells to the site of injurgind reintegration of newly formed neurons
into an already existing tissuBrain lesion studies in the adult zebrafish using techsique
such as stab wour{&roehneet al.2011)or the injection of excitotoxic compounds such
as quinolinic acidSkaggset al. 2014)havesuggestedhat radial glial progenitorare the
major contributorso the formation of new neurons following injurifhese stab lesion
studies contribute vastly to ttlkeowledge of brain regeneratias we know itoday.
Findings based on this approach suggest that following injury there is a transient

activation ofmicroglia and OPCs locally as a meafisemoval of cellular debris
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(Schmidtet al.2013) In addition reactive gliosis and inflammation are transient effects
without the formation of scar tissues unlike in mamniigdsretti and Prasongchean
2015; Baumgaréet al.2011; Marzet al.2011; Kroehnest al.2011)an attribute that

grants the zebrafish its great regenerative al{itydwinet al. 2014; Kizil et al.2012b)

The inflammatory respongellowing the stab lesiors suggested tbe required
and sufficienfor inducingproliferation and neurogenesis in the injured zebrafish brain,
which iscontrary to the negative impact that inflammation has on neurogenesis in the
mammalian brairfKyritsis et al.2012)

Further studiesrying to uncoverthe molecular mechanisms of brain regeneration
havealsoreliedon data obtained frostab wound studie3his has allowedcientiststo
identify the activationof genesand elementsuch aghe transcription factagata3which
is essential but not sufficient to drive neurogen@sizil et al.2012c) gata3expressn
starts atl dpl in nonproliferating radial glial cells, peaking & dpl and lasting until 7 dpl
and B implied to play a role in the proliferation of RG@Sszil et al.2012c) Another
gene identifiedcxcr5, which encodea chemokine receptdnas beeoundin RGCsand
is shown toalsoplay a role in the proliferation of these cellsd to be required for the
differentiation of RGCs into neuroifKizil et al.2012a) Expression ofd1 (inhibitor of
DNA binding 1)geneis involved in the maintenance of the stem cell pool innheed
zebrafish brain independent of an inflammatory resp{visdeset al.2015) while the
cysltrl (cysteinyl leukotriene receptordgneis induced following brain lesion as part of
an inflammatory response anavay through which leukotriene can increase the

proliferation of RGCgKyritsis et al.2012)
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In addition to these regeneration specific chantiese aresignak known to play
a role during development, such as fibroblast growth factor (Fgf) and Ndtadh dso
modukte regerative neurogenesis (as reviewe(Beygker and Becker 2015)Thus
recent findings suggest that in addition to regeneration specific genes and responses,
elements that recapitulate aspects of developoambereactivded during the process of
regeneration.

Overall, thesdrain injuryexperiments suggest that in the zebratwhin injury
leadsto an initial increase in necrotic and apoptotic markers within the first day post
lesion, followed by a microglial and oligendrocyte activation from 1 to 3 dph
increase in cell proliferation (mainly RGCs) within dayS Bost lesionresulting in the
integration of new neurons at the site of injunghin 21-35 dpl(Kishimotoet al.2012;
Méarzet al.2011; Kroehnest al.2011; Skagg®t al.2014; Baumgaret al.2011)

Although much can be learned about the regenerative process from these lesion
experiments, it is important to consider the possibility that secondary effects following
thisinvasive procedure couidfluencethe regeneration of brain neurons in the zebrafish
(Goessling and North 2014tab lesions ar@vasive procedure that napecifically
affects neurons, glia, stem and progenitor cells, blood vessels and overall the global
arrangement of the zebrafish braimid process couldiffer greatlyfrom the
regenerative process observed basetéss invasiveand more cell specifi,echniques
such as chengeneticablationmethods whiclwould moreclosely modethe
environment observed in the brain of patients suffering from neurodegenerative
conditionssuch a® a r k i n s o nrbus wedaimgoestudy ¢he regenerative ability of

the zebrafish from the perspective of a neuron specific ablation approach.
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1.8 Objectives and hypothesis

Given the achieved and ongoing advancements made in the flaldimiheuron
regeneratiorgatheredrom zebrafish brain lesion experimenddong withthe advantages
of using zebrafish in neurogeneaisdregeneration studies as a model for human disease
(discussed previously on sections 1.3 and 1th@é)aims of this thesis are tQ:denerate a
conditional and specific ablation method to kill dopamirengurons in both the larval
and adult fish brain and 2) to address the endogenous regenerative ability of the zebrafish
to recover lost DA neurons. Here, | hypothesize that followAgheuron loss therwill
be an increase in cell proliferation and recruitment of precursor cells that will acquire a
dopaminergic characteristic to replace lost cells in the brains of both adult and larval
zebrafish.

The primarygoalof my work is to gaerate a transgenic zebrafish line expressing
the cyan fluorescent protéinitroreductase fusion protein in dopaminergic neurons by
using the zebrafish dopamine transpocieiregulatory elements. Using this transgenic
line, I will optimize an ablation tocol with the predrug metronidazole, which will be
used to address the locomotor/behavior phenotype of both larval and adult zebrafish
following DA neuron loss.

Once a successful ablation protocol is achieved and cells are confirmed to be
ablated, bylsowing changes in CFP as well as in other markers of DA neurons such as
datand Th, in combination with markers for apoptogstive caspas®), | will
determindf these neurons can regenerate by tracking changes in CFP cell population as

well as by labkng proliferating cells with BrdU for pulsehase experiments.
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To our knowledge, there is mtudy addressing the regenerative ability of DA
neurons in the zebrafish following a tissue specific ablation protocolsitdy will
allow for the elucidatiomf the cellular and molecular mechanisms driving DA neuron
regenerationincludingchanges in cell proliferation and gene regulation.

Furthermore, this model will allow for the understanding of the potential
differences in regenerative processes govgrregeneration in a cell specific manner
versus in the context of more invasive and global tissue damage approaches such as stab
wound.

This zebrafish modetill be useful in the screening of genes, pharmaceuticals or
elements that may regulate DA neuregenerationlt is hoped that in the futurthese
moleculesdentified in thezebrafish may lead to potentihlerapeuti@pproaches for
human conditionsequiringDA neuron repair, asthecasenPar ki nsonds di seas:¢

patients.
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CHAPTER 2

CHEMOGENETIC ABLATION OF DOPAMINERGIC

NEURONS LEADS TO TRANSIENT LOCOMOTOR

IMPAIRMENTS IN LARVAL ZEBRAFISH
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2.1 Abstract

To determine the impact of a controlled loss of dopaminergic neurons on
locomotor function, we generated transgenic zebrafigfldaE CFP-NTR), expressing a
cyan fluorescent proteinitroreductase fusion protein (CFPIR) under the control of
dopamine transporteidat) cis-regulatory elements. Embryonic and larval zebrafish
express the transgene in several groups of dopaminergionse notably in the olfactory
bulb, telencephalon, diencephalon and caudal hypothalamus. Administration of-the pro
drug metronidazole (Mtz) resulted in activation of caspase 3 ingdBRve neurons and
in a reduction oflat-positive cells by 5 days pbtertilization (dpf). Loss of neurons
coincided with impairments in global locomotor parameters such as swimming distance,
percent time spent moving, as well as changes in tail bend parameters such as time to
maximal bend and angular velocity. Dopamineele were transiently decreased
following Mtz administration. Recovery of some of the locomotor parameters was
observed by 7 dpf. However, the total numberdatfexpressing neurons were still
decreased at 7, 12 or 14 dpf, even though there was eviadermeduction of nevdat
expressing cells. TJatCFP-NTR) zebrafish provide a model to correlate altered
dopaminergic neuron numbers with locomotor function and to investigate factors

influencing regeneration of dopaminergic neurons.
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2.2 Introduction

Dopaminergic neurons play essential regulatory functions in the central nervous
system (CNS). In zebrafish, dopamine (DA) is thought to be involved in the regulation of
social interactior{Scerbinaet al.2012) visual sensitivityLi and Dowling 2000)
learning(Eddinset al.2008) addiction(Chatterjee and Gerlai 2008)d mobr activity
(Ironset al.2013; Souzat al.2011; Thirumalai and Cline 2008; Trahal.2015)

Behavioural changes and neurochemical deficiencies have been previously
described in theebrafish following administration of neurotoxins such as 6
hydroxydopamine (@HDA) and tmethyt4-phenytl,2,3,6tetrahydropyridine (MPTP)
which target the catecholaminergic neuron populations. Although dopaminergic neurons
have been shown to regeneratdoth the planaria(Nishimuraet al.2011)and
salamandefParishet al. 2007)neurotoxin based models, this has not been demonstrated
in the zebrafish brain. This lack of information may be attributed, in part, to the fact that
although 60HDA and MPTP induce both neurochemical and behavioural changes, no
dopaminergic neuroloss and cell death are detected in zebrdfstichtchik et al.

2004) Indeed, in larval zebrafish, MPTP treatments results in a-Bhedtreduction in
tyrosine hydroxylase (TH) immunoreactivity at 5 and 6 dpf whiclkésvered by 7 dpf
and does not lead to signs of apoptosis or cell death.

To address the events that take place following dopamine neuron loss and to
determine whether the ablated neuronal population cand&ablished in the brain of
larval zebrafishwe have used a nitroreductasediated genetic ablation approach. This
method has been successfully implemented to ablate different cell types in the zebrafish

brain such as hypocretin neurons, tryptophan hydroxydgsesitive cells in the pineal
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glandand in the raphe nuclei, orthopedgliasitive dopamine neurons in diencephalic
clusters 2 and 4, and cells of the habefilbazet al.2012; Liet al.2012a; Fernandes
et al.2012; Yokogawaet al.2012; Lamberet al.2012; Agetsumat al.2010)

Here, we have used thepamine transportefdat) cis-regulatory elements,
previouslyreported to label dopaminergic cells of the zebrafish it al.2011b) to
drive the expression of the nitroreductase enzyme idalgiFP-NTR) zebrafish.
Metronidazole treatments of Tagt: CFP-NTR) zebrafish resulted in ablation of cells
positive for both CFRnddatwith no observala bystander effects. The initial ablation of
CFPR-positiveneurons coincided with locomotor and 4aénd phenotypes. The CFP cell
population remained lower after a recovery period even though zebrafish had recovered
some of their locomotion parameters. Bustained decrease in GpBsitive neurons

occurred despite generation of new Gpd3itive cells.
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2.3 Materials & M ethods

2.3.1 Animal Care

All experiments were conducted using protocols approved by the University of
Ottawa Animal Care Committee follong guidelines of the Canadian Council on Animal
Care. Wildtype (WT) adult zebrafish and larvae were maintained as previously described
(Westerfield 200Q)Embrya used in different drug exposures were obtained from

multiple clutches, pooled and separated into their respective treatment groups.

2.3.2 Transgenesis

The CFPNTR cassette (Curado et al., 2007) was placed in an intermediate vector
containing two homologousequences targeting the flanking regions of the EGFP
sequence in the construct used to generate tfdatBGFP)zebrafish line (Xi et al.,

2011). The linearized targeting vector was electroporated int8&0Ycompetent cells
following heat activation of BtE/T genes for homologous recombination as previously
describedLiu et al.2003) Colonies were screened using Neomycin selection and DNA
prepared from selected clones was sequenced. A successful recombinatetheiséart
codon of CFENTR had been properly inserted in frame with the ATG of exondhbf

was used to generate the dg{ CFP-NTR)construct. The transgene was injected at 54
ng/nL along withtol2 transposase mMRNA (35 md/) into onecell stage WT zatafish

embryos for Tol2 mediated transgendsisheret al. 2006)
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Injected embryos were raised to adulthood and screened for transmission of the
transgene by mating primary injected individuals with WT fish and using a combination
of PCR and fluorescent microscopy foogeny screening. Transgenic offspring were
raised and the line was maintained successfully for several generations. Hemizygous
transgenic individuals were mated with each other to generate homozygous animals. Only
homozygous larvae were used throughouetgeriments in this manuscript unless

otherwise mentioned.

2.3.3 Quantitative real time PCR

Absolute quantification of the number cfp-ntr transcripts was performed on a
BioRad CFX96 instrument using SsoFast EvaGreen (BioRad) fluorescent dye supermix
and tre following cfp specific primers: ForwarAACCGCATCGAGCTGAA and
ReverseTGCTTGTCGGCCATGATATAG. RNA was extracted from pools of 30
embryos either homozygous or hemizygous for the transgene using the RNeasy Midi kit
(Qiagen) and reverse transcribed usirg@uantitect reverse transcription kit (Qiagen).
Quantification was done at least 3 independent times. No signal corresponding to the

transgene was detected in wild type embryos (data not shown).

2.3.4 Ablation of DA neurons

Homozygous Tgi{at:CFP-NTR embrys were dechorinated manually. Embryos

were treated with 5mM metronidazole (Mtz) (Sigildrich) dissolved in 0.1% DMSO
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in E3 embryo mediuniWesterfield 2000jrom 1 day post fertilization (dpf) to 2 dpf, and
at 2 dpf the concentration of Mtz was increased to 7.5 mM. The larvae were left in this
solution until 4 dpf with a fresh solution change every 24 hours. Embryos were kept in
10-cm dishes with 1 fish per mL of lsion and at 28.5C in complete darkness. At 4

dpf, fish were rinsed in E3 media at least 3 times and transferred to a clean dish with
fresh embryo media for an additional day after which they were transferredtemnks

with system water and were keptder a standard #our light cycle and fed dalily.

Vehicletreated larvae received 0.1% DMSO with the same schedule.

2.3.5 BrdU pulse-chase

A 10 mM 5Bromo-2 @leoxyuridine (BrdU) (Sigm&ldrich) solution was
prepared in E3 embryo media and adjusted to pHLa&vae were exposed to BrdU in 10

mm glass petri dishes (Pyrex) and protected from light for 48 hours starting at 4 dpf.

2.3.6 Tracking and analysis of locomotor phenotype

To address the effects of neuron ablation on the spontaneous motor activity of
larval zebrafish, 5, 6 or 7 dpf embryos were placedpmeravell into 24well plates with
clear bottoms and black sides as previously desc(fadellet al.2011) Larvae were
acclimatized for 280 min under an LED illumination source used to provide an even
distribution of light across the multiwell plate prior to video recording. A NiR8th0O

DSLR camera with a 50 mm lens (Nikon) was mounted on a tripod and used to record 10
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min videos of the | arvaeds spontaneous moven

conducted in a temperature controlled room separate from the main zebrafish fagility an
the presence of the experimenter in the recording room was limited to the initial minute
of recording in order to minimize extraneous stimuli. All videos were recorded between
the 10:00 am and 4:00 pm.

Videos were tracked using the opswurcel SRtracksoftware and the data was
analyzed using theSRanalyzéunction as previously describé@arioet al.2011) Each
well of the multiwellplate was selected for accurate tracking using both an automated
threshold and manual screening. A mean velocity threshold of 0.001 rifwaeset,
such that only motile fish were included in the analysis. Data was obtained from at least 3

independent video acquisitions.

2.3.7 Tail bend analysis

To address taibend changes in the initiation of larval swimming at 5 or 12 dpf,
larvae were placed into 50 mm watch glasses (Thermo Fisher Scientific) in system water.
Larvae were transferred togtaforementioned separate room, positioned over a LED
transillumination light source and allowed to rest for 10 min to acclimatize to their new
environment. Videos were recorded at 120 fps usiBgasshopper IEE394b (Point
Grey) digital camerattachedo a 40 mm lens (Nikon). Videos were acquiredhg the
Fly Capture software (Point Gregihd the data was analyzed manually as previously
describedBudick and O'Malley 2000)n brief, frames in which any of the 5 larvae

present within the field of view were at rest and sapabusly initiated movement such
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as a swimming or a turning episode were selected for analysis. The frame at which the
fish had the smallest head to tail angle, prior to the change in tail direction, was defined
as the time to maximal bend. The frames whih maximal bend for each event were

printed and the maximal bend angle was calculated manually. A total of 30 random
events obtained from 3 separate video acquisitions were used following either vehicle or

Mtz treatment.

2.3.8 High performance liquid chromatography (HPLC)

Following neuron ablation, twenty vehicle or Mteated larvae were collected in
1.5 mL Eppendorf tubeand stored in 50 L of homogenization solution (1mM
NaEDTA, 0.3M chloroacetic acid (CICHCOOH) and 10% methanol in HPLC grade
water) wth DHBA as an internal standard.

Tissue was homogenized by sonication using a Fisher Scientific Model 100 Sonic
Dismembrator and protein levels were measured using Pierce BCA Protein Assay Kit
(Thermo Scientific) in a FLUOstar Glalaxy (BMG LabTeslystem. Homogenized
samples were centrifuged for 20 minutes at 12000 g and transferred to HPLC vials. The
supernatant (261) was injected into a high performance liquid chromatography system
(Aligent) consisting of afso-pump (G 1310A), auto sampler ALS (G 1329A), coolant
system ALSTerm (G1329), a stainless steel Eclipse X{0B (53 m) 4.6 x 150 mm
column situated in a therostatic chamber (4TC) and an electrochemical detector
DECADE SDC (Antec Leyden) with an electrochemical flow cell®3¥ with a working

electrode maintained at the potential of 0.60V relative to the reference electrode.
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Determination of the area and heigt of the peaks was carried out with the aid of a
Hewlett-Packard integrator.

The mobile phase consisted of 90 mM sodium phosphate monobasic, 1.7 mM 1
octane sulfuric acid sodium salt, 50 mM EDTA, 10% acetonitrile, 50 mM citric acid
monohydrate and 5mMCI in 200 mL of acetonitrile and was passed through a GS (0.22
g m) filter.

Data were obtained from a minimum of seven independent runs for each

treatment and time point.

2.3.9 Immunohistochemistry andin situ hybridization

Zebrafish larvae at different stages were anaesthetized with tricaine (Sigma) and
fixed in 4%PFA overnight at 2. Larvae were washed in 1X PBS 3 times 10 minutes
and dehydrated in a MeOH series for storage in 100% MeG20& until further use.
In situ hybridization and immunohistochemistry were conducted as previously described
(Xi et al.2011b; Inoue and Wittbrodt 2011)arvae used for cryosectioning were
rehydrated in PBS and equilibrated in 30% sucpoie to being embedded in OCT
(Leica) for sectioning at dm. Sections were stored-20 C until further use. For BrdU
immunohistochemistry, samples were treated with 2N HCI for 30 min @t rinsed
in 0.1M sodium borate buffer pH 8.5 for 5 min.

The following primary antibodies were used: mouse-@riP (Clontech), rabbit

antrTH (Millipore), rat antiBrdU (AbCam) and rabbit anfictive Caspase3 (BD
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Pharmingen). Secondary fluorescent antibodies were: goananse Alexad88, goat

antirat Alexa594 and goat antiabbit Alexa647 (Molecular Probes).

2.3.10 Imaging and fluorescence quantification

For live imaging, fish were anaesthetized with tricaine and placed dorsal side up
in a drop of 1% low melting point agarose (Life Technologies). Eotwere
submerged in system water and imaged using a 25X dgtpeing objective of a Nikon
A1R MP multiphoton confocal microscope.

At 3 and 5 dpf, fluorescently stained samples were imaged using a 25X objective
of a Nikon Al confocal microscope o28X objective of an inverted Zeiss LSM 510
confocal microscope respectively.

Images used for fluorescent pixel quantification were taken under the same
exposure conditions and were analyzed using Fiji soft(@&rkindelinetal. 2012) In
brief, zstacks were combined to document the different catecholaminergic clusters along
the zebrafish dorsalentral axis and analyzed as maximum intensity projections. The
same size drawing selection tool was used to crop equivalenhsagidifferent
treatment groups. The average pixel intensity in each region was plotted.

Cell counts were done manually by researchers blinded to the experimental

design.
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2.3.11 Statistical analysis

Statistical comparison of multiple groups was condlictgng a multiple-test
analysis with HolmeSidak correction. Analysis of two groups with parametric distribution
was conducted using ampaired #est where an alphaalue of 0.05 was defined as
statistically signif i c asttwasusédteconirmfhgtthet i no an
spontaneous locomotor activity data followed a-parametric distribution, and
statistical analysis was conducted using the M&fimi t ney t est . For * p O
0.01, *** p O 0.001, * *ficantppr 0.05.Dror®aBs01 and n. s

represent standard error of mean (SEM).
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2.4Results

2.4.1 Tg(dat:CFP-NTR) expresses fluorescent protein specifically idat-positive

cells

We have previously used tbes-regulatory elements of the zebrafbpamine
transporte (dat) gene to drive the expression of enhanced green fluorescent protein
(EGFP) in most clusters of dopaminergic neurons in the zebrafish(Krash al. 2011b)
Here we used these samegulatoryelements to drive the expressiortlod cyan
fluorescent proteimitroreductase (CFRTR) fuson protein(Fig. 2.1A) for the
conditional and specific ablation datpositivecells in the zebrafish brain.

The absolute copy numbesscfp-ntr transcriptsvere compared indmizygous and
homozygous whole larvae tife sama g(datCFP-NTR) line. Hemizygous larvae
expresseapproximatelyhalf the number o€fp-ntr transcripts when compared to
homozygous larvae (p= 0.0242) (F&1H) and consistently showedeaker fluorescence
(Fig. 2.1B,E).

The temporal expression of the cyan fluorescent pretas similar to the EGFP
expression inhe Tg(datEGFP) fish (Xi et al.2011b) Thus,at 3dpf, expression was
detected in cell clusters of the olfactory bulb (OB), telencephalon (Tel), pretectum (Pr),
diencephalon (DC), caudal hypothalamus (Hc), locus coeruleus (LC), jaw and branchial
arches (B. Arches)(Fig. 2.1CF).

Double labeling with attCFP and an{iTH antibodies ¢ee Figure A.1.1 in
Appendix ) was carried out to further verify transgene expression in the different

clusters of dopaminergic neurons. Clusters were labeled acgaodihe nomenclature
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previously establishe@Rink and Wullimann 2002bjaschematic represenitan of which
is shown in Fig2.1D,G. Unlike theTg(datEGFP) zebrafish, we did not detect
fluorescent protein expression in DC clusters 4, 5 andlg@atCFP-NTR animals.
This lackof expression has also been observed when generating other transgenic
zebrafish with the same regulatory elements (S. Noble, R. Godoy and M. Ekker,
unpublished observations).

At 5 days post fertilization, clusters expressing CFP in the larval dsain a
expressedlatmRNA (Supp.Fig. 2.1). Independenz-projectionsobtainedirom a whole
mountimmunolocalization andh situ hybridizationshowed co-localization ofCFPand
datin the pretectum3upp.Fig. 2.1A-A 6 6o)factory bulb Supp.Fig.2.1B-B 6 &0 ,

CO 0 lécus coeruleusSupp.Fig. 2.1B-B 6 G-Co 6syubpallium Supp.Fig.2.1C-Co6 6 6 ) ,

anterior preoptic regiorSupp.Fig. 2.1D-D0 0 @reoptic region$upp.Fig.2.1E-E6 6 6 ) ,
diencephalic clusters 2 and Supp.Fig. 2.1D-D6 6 @ydal hypothalamusgpp.Fig.

2.1E-E6 6 0 )retirmlrambacrine cellsSupp.Fig.21C-Co6B-DOB-E G 6 ) . Further mor
CFP was detected in axonal tracks of the anterior commi&scy€Supp.Fig. 2.1C-

C6060) adehcephalont(Sugsig.21 D, DO606) .
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Figure 2.1 Transgenic zebrafish expressing nitroreductase ihat-positive
cells.(A) Transgene construct design. Tdigregulatory elements of tldatgene
flanked by Tol2 arms from a previously descrilf¥det al.2011b)datEGFP construct
(top panel), were used to generatedaeCFP-NTRconstruct. iedatgenomic
sequences include all exons except for the last one and are approximately 30 kb in length.
Two homologous arms (arm A and arm B, yellow and orange) were placed in a targeting
vector (middle panel) that allowed the substitution of EGFP wi@kR/nitroreductase
(NTR) fusion protein (bottom pane(B-G) Expression patterns of CHRTR in
Tg(datCFP-NTR zebrafish(B), CFP fluorescence signal intensity in live dorsal views
of wild-type (CFP-/-), hemizygous (CFP+/and homozygous (CFP+/+) fisth 3 dpf.(C,
E) CFP expression in the following DA neuron groups: OB (olfactory bulb), Tel
(telencephalon), Pr (pretectum), DC (diencephalon), Hc (caudal hypothalamus) and LC
(locus coeruleus) from &f dorsal andK) lateral view.(D,G) Line drawing depicting
the labeled DA neuron clusters as seen from)alprsal or G) lateral view.(H)
Homozygous (Homo) zebrafish show an approximatelyfta higher level of CFP
transcripts compared to hemizygous (Hemi) fish (n=30 fish, with 3 experimental

replicates). Scale bars represent 100 pm.
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Supp Fig.2.1. Co-localization of CFP-NTR transgene anddopamine
transporter(dat) expression.Co-localization of CFP immunostaining addpamine
transporter(dat) in situ hybridization at 5 dpf. CFRblue) am dat- (magenta) positive
cells are labeled in individual 6.4 um thick optical sections (A through E). Retinal
amacrine cells (RAC); anterior commissure (Ac); diencephalic clusters 2 and 3 (2 and 3);
subpallium (SP); anterior preoptic area (POa) and peapta (PO). Enlarged insets of
merged images are shown in the last column. Images are shown dorsal facing up and

anterior facing left. Scale bars represent 50 um.
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2.4.2 Metronidazole treatment specifically ablates CFENTR expressing neurons

The nitroreductasenetronidazole ablation system has been used to specifically
ablate different cell types in larval zebraf(€@uradoet al.2007)including cells in the
CNS, such as hypocretin neurdigbazet al.2012) tryptophan hydroxylase-Rositive
cells in the dorsal raph®& okogawaet al.2012)and dopaminergic cells of diencephalic
clusters 4 and B.ambertet al.2012)

To address the efficiency of DA neuron ablatiod g{datCFP-NTR) zebrafish, a
Mtz dose response &b mM) experiment was conducted at different stages of
embryonic/larval developmengde Table A.1 in Appendix)1Hemizygous larvae
required both a longer exposure time and higher concentrations of Mtz in order to elicit
cell ablation, compared to homozygous larvae. Since higher and prolonged Mtz doses led
to an abnormal motor phenotype in WT zebrafish (data not showmnyesed
homozygous larvae throughout this study. This allowed us to adopt a Mtz administration
regimen that had no observable effects on the motor phenotype of wild type zebrafish.
Thus, embryos were exposed to 5 mM Mtz starting dtd4 post fertiliation (hpf) and
to 7.5 mM Mtz from 48 hpf to 96 hpf (Fig.2A). At 3 dpf, a clear reduction in
fluorescent CFP protein expression was already observabigdat CFP-NTR) larvae
treated with Mtz, compared to controls (FiRR 6 6 ) . Me ttreatedfish dheowed & e
higher number of cells expressing the activated form of caspase 2.6 6 6) , al |
which calocalized with CFRpositive neurons. A representative image of this process in
a telencephalic clusteris shownin 22 B6 6 6 6 . S atioms Wesermade fostler v

other clusters of CFRibeled cells along the rostrehudal and dorsalentral axes of the
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zebrafish brain. These observations indicate specific apoptosis of cells expressing
Tg(datCFP-NTR following Mtz treatment.

At 5 dpf, nost of the dopaminergic neurons and axonal arrangements present in
adult zebrafish are well establish@thweitzeet al.2012) At this timepoint, we
observed a major decrease in CFP expression in cells of the OB, SP, Pr, DC2/3, Hc, LC,
RAC (Fig.2.2C, see arrow hea) and axonal tracks of the ventral diencephalon (vDC)
(Fig. 2.2C, see asterisk) of Mtz treatéd(dat CFP-NTR) fish. Contrary to the
Tg(datCFP-NTR animals, exposure of TaggtEGFP) larvae to the same Mtz treatment
resulted in no discernible changedluorescent protein expression, cell counts or cellular
arrangement (Fig2.2C). This further indicates that the Mtz administration only has an
effect ondat-positive cells that express NTR.

The observed decreases in CFP expression were accompanieddogasd in the
number ofdat expressing cells, but had no effectdatexpression in cells that did not
show CFP expression, such as cells of vDC 4,5,6 P22€.). Furtheiquantification of
fluorescence following Mtz administration, using differersttacks obtained from live-2
photon imaging (Fig2.2D), showed that decreases in fluorescence were statistically
significant in all major DA neuron clusters analyzed (R8E). When compared to
vehicletreated larvae, Mtz treatment led to a 67.2 + 7.1% ésence decrease in the Pr
(t-test, n= 3, p< 0.001), 66.3 + 9.9% in the OB (p= 0.0026), 45.7 = 11% in the SP (p=
0.0142), 56.2 + 12.3% in DC2 and 3 (p= 0.0103) and 53.8 + 17.9% in Hc (p= 0.0399)

(Fig. 22E).
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Figure 2.2 Ablation of datexpressing cellsn zebrafish larvae.(A) Time
course of metronidazole (Mtz) administratigB) The reductions in CFBositive DA
neuronsB6 6) i n the f or ebr amcreaseanrcaspasgdsitvenpani ed by
neuronsBo 0 0 )localiz@tmn between CFP and caspas@ai@unostaining is shown in
merged orthogonal views. DA®Maxwansintangtye d as a
projections of DA neuron clusters labeled with &P and a dat cRNA argense probe
at 5 dpf. Arrow heads (white) indicate areas of ahtaitiothe Tgdat: CFP-NTR) Mtz
treated fish with comparable intact regions depicted in the vehicle treaidat CKP-
NTR fish. Tg@at:EGFP) fish (right panels) were used as a control demonstrating that
Mtz administration does not result in cell ablatiotha absence of NTR expressi¢D)
Live two-photon confocal imaging of the main DA neuron clusters in vehicle and Mtz
treated fish at 5 dp{E) Quantification of the relative CFP fluorescence intensity in live
fish at 5 dpf (n=3). Larvae are shown wikietdorsal side facing up in parB) and with
dorsal facing up and anterior facing left in par{€gand(D). Scale bars represent 25

pm.
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2.4.3 Neuronal loss in Tgflat:CFP-NTR) is accompanied by altered larval

locomotion and tail bend mrameters

Dopamine is a weltlescribed neurotransmitter known for its role in mediating
motor activity in the central nervous system of vertebr@gtasmamotoet al.2013)

Previous studies in zebrafish have shown that alterations hogpaminergic network via
neuron ablation, neurotoxicity or genetic manipulation can result in an observable motor
phenotype in larvaf_ambertet al.2012; Xiet al.2010; Bretauckt al.2004)

To address the effects of neuron ablatiomgdat CFP-NTR) zebrafish on motor
activity, we looked at five different swimming parameters of spontaneously moving 5, 6
and 7 dayold larvae including: total displacement, active velocity, percent time moving,
active time duration and rest time duration (R28).

Metronidazole administration resulted in a 49% reduction in total larval
displacement when compared to vehicle at 5dpf (np3@,0001) and in a 63.5%
decrease at @pf (n=17, p=0.0342) (Fi®.3A). On average, 5 and 6 dpf larvae
respectively spent 40.4% (p=0.0017) and 38% (p=0.0211) less time moving in the arena
(Fig. 2.3B) and 7.2 (p=0.0123) and 2.5 (p=0.0408) times longessauring their
immotile intervals (Fig2.3E). The loss of CHpositive cells was also associated with a
22.5% decrease in the length of active time (p=0.0003) 28¢.) and a 15.6% reduction
in the velocity of 5day old larvae during activity (p=0.20) (Fig.2.3D). However, by 7
dpf, the above parameters were undistinguishable betweetrddted and control larvae

(Fig. 2.3A-E).
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Figure 2.3 Locomotor parameters following Mtz-medidated cell ablation.
Individual larvae were placed in a-2¢ll plate. (A) Total distance moved within 10 min;
(B) Percentage of time moving during a period of 10 ni@);Active time duration refers
to the mean length of each episode of movement during a total period of I@nin;
Active velocity refers to the mean speddanovement during a period of 10 m{i)
Resttime duration refers to the mean length of each inactive episode of movement during
a period of 10 min. Each data point represents one fish. n=34 for 5dpf and =17 for 6 and

7 dpf.
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We u®d a highspeed camera to capture the angle at which larvae would bend
during the initiation of swim behaviour and the time taken to reach such an angle in order
to determine if loss of CFpositive cells also resulted in additional motor differences. In
addition to the above locomotor parameters of spontaneously swimming larvae, Mtz
treatment also affected the tail bend parameters of 5 dpf fisri2(E)gduring the
initiation of movement in freewimming larvae. Mtz treatment increased the time it took
larvae to reach their maximal angular bend by 14.4% (n=30, p=0.03132 .48,
increased their head to tail angle by 50.8% (p=0.0007) 2HE§.) which resulted in a
decrease of 21.6% (p=0.0007) in bend amplitude @4dP) and an overall decrease of
28.5% in angular velocity (p=0.0012) (Fig4E). Unlike with the overall swimming
behaviour (Fig2.3), which had returned to normal by 7 dpf in Mitzated animals, 12
day-old larvae still displayed an 11.2% (n=30, p=0.0409) increase in the time to maximal

bend (Fig2.4B) and a 13.1% (n=30, p=0.0072) decrease in angular velocity2(¥k)j.
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Figure 2.4 Tail-bend measurements(A) Schematic representationtafl bend
measurement$B) Average time to maximum ben) Average heado-tail angle (D)

Average bend amplitude; afif) Average angular velocity. n=30 for each time point.
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2.4.4 Transient decrease in dopamine levels following neuronal ablation

We investigated the effects of Clp@sitive neuron loss on the kg of
dopamine, norepinephrine and serotonin in whole zebrafish larvae at 5, 6 and 7 days post
fertilization (Fig.2.5).

The levels of dopamine were reduced on average by 57% (n=8, p=0.0125) (Fig.
25A) in Mtz-treated larvae when compared to vehicletinesmt 24 hours following the
termination of drug administration, that is, when larvae were 5 days old. The decrease in
dopamine levels was transient and levels had returned to those of controls by 6 days (n=9,
p=0.4312) and 7 days (n=7, p=0.9286) (R$A). We observed no statistically
significant changes in global levels of norepinephrine (EEB) or serotonin (Fig2.5C)
in 5, 6 or 7 dpf larvae.

The strong locomotor phenotype observed in 5 dpf larvae but not in 7 dpf larvae
(Fig. 2.3) is consistentvith the transient reduction in DA levels. In order to address
whether the recovery of DA neurotransmitter levels and locomotion parameters were due
to a recovery in CHpositive neurons or by an ¥pgulation of dopamine synthesis by
the remaining neurongve examined the CHpositive neuronal populations at times of

locomotor recovery.
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Figure 2.5 Neurotransmitter levels following Mtz i mediated cell ablation in
Tg(dat CFP-NTR) fish. Twenty larvae belonging to each treatment group were collected
at 5 6 or 7 dpf and neurotransmitter levels were measured using HRL.Oopamine
(B) Norepinephrine(C) Serotonin. Data shown as percent change compared to vehicle

treated larvae. At 5 dpf, n= 8; at 6 dpf, n=9; at 7 dpf, n=7.
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2.4.5 Mtz-induced neuronal loss is sustained despite formation of new neurons

To understand what happens to DA neuronsggflat CFP-NTR) zebrafish at
time points past the recovery of some of their locomotor parameters, we assayed changes
in CFP cell clusters using Bvimaging (Fig2.6). At 7 dpf, despite a recovery of several
locomotor parameters, CFP fluorescence was still significantly decreased-ireded
larvae when compared to controls. In the three clusters most amenable to live imaging
due to their supeidial localization, the OB, SP and Pr (F&6A), we observed
reductions in fluorescence intensity in 43.8% (n=3, p=0.01638), 28.1% (n=3, p=0.0449)
and 47.2% (n=3, p=0.0168) of larvae, respectively (E&B). Similarly,in vivoanalysis
of 12-day-old larvae showed a persistent loss of CFP fluorescence2BiQ), despite a

recovery in most locomotor parameters.
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Figure 2.6 Cell ablation experiments during the recovery period in
Tg(dat CFP-NTR) larvae. (A) Live two-photon confocal imaging of ®neuron clusters
in the pretectum (Pr), olfactory bulb (OB) and subpallium (SP) of vehicle antrdatted
fish at 7 dpf(B) Quantification of the relative CFP fluorescence intensity in live 7 dpf
larvae A (n=3)(C) Live two-photon confocal imaging of ®neuron clusters in the
pretectum (Pr), olfactory bulb (OB) and subpallium (SP) (arrowheads) of ednicle
Mtz-treated fish at 12 dpf. A sustained loss of DA neurons is observed. Asterisks label
non-specific autefluorescence in the skin. Images arewghalorsal facing up and

anterior facing left. Scale bars represent 25 pm.
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To address whether new CipBsitive neurons could still be formed pastation,
we conducted a BrdU pulsdthase experiment immediately following the ablation
protocol (Fig.2.7A). Larvae received 10 mM BrdU starting at 4 dpf for a continuous 48
hours and then allowed to recover for 10 days in-fvite water (Fig2.7A). We focused
on the olfactory bulb area, as 1) it is a major zone for neurogenesis in the verbehirat
(Brann and Firestein 20149nd 2) it has been shown to recover from injury in the adult
zebrafish braifWhite et al.2015) Thus, it would be a likely area to observe any
recovery of cells pognjury.

Pulsechase experiments with BrdU revealed new CFP neurons formed in the
olfactory bulb (Fig2.7B) following neuronal injury. These cells may be a result ef on
going larval brain development and/or a response to the ablation. CFP
immunohistochemistry of Xday-old larvae showed a 45% lower count in @bd3itive
cells in the olfactory bulb (unpantg-test, n=3, p=0.0158) (Fi@.7C) of Mtz treated
animals compared to controls. Thiig(datCFP-NTR) zebrafish were unable to
repopulate the logtat-positive cells back to levels comparable to those observed in wild
type larvae. Moreover, there was statistical difference in the average number of cells
positive for both BrdU and CFP in the olfactory bulb of Nteated or control larvae-(t
test, n=3, p=0.2879) (Fig@.7D). This suggests that the formation of raatexpressing
cells occurs after nitreductaseanetronidazole mediated ablation albeit not to a greater

extent than in a normally developing larva.
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Figure 2.7 New dopaminergic neurons form after Mtz treatment.(A) Pulse
chase experiment using 10 mM BrdU from 4 dpf to 6 dpf, that is, 2rahddys after the
end of Mtz treatment, respective(§8) Confocal zstacks depicting ctocalization of
CFP and BrdU at 14 dpf (arrowheads). CH¥ue) and BrdU (purple) positive cells are
labeled in individual 14 um thick sectio{€) Quantificationof the number of CFP
positive cells in 14 dpf fish (n=3)D) Quantification of the number of cells positive for

both CFP and BrdU at 14 dpf (n=3).
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2.5Discussion

In this study, waised a genetic ablation approaclorder to investigat how the
brainof zebrafish larvae adapts to Dwuron loss. We have shown that despite
sustaining lower nundys of CFP cells and a lasting tail bgattenotype, our line was
able to recoveseveral of its locomotor parameters &oanednew DA neurons, kit
not at an increased rafe)lowing cell ablation. Neurotoxins such as MPTP and MPP
have been previously reported to lead to a decrease in TH immunoreactivity and a
locomotor phenotype in both &nd 6day-old larvae, but these drugs no longer hane
observable effect by 7 dpBallinenet al.2009) Furthermore, no evidence for death of
DA neurons was observed in those experiments. In contrast, we successfully observed
death ofdat-expressing cells following nitroreductas®tronidazole mediated ablation.

Larval zebrafish start to exhibit motor activity as early as 17 hooss
fertilization in the form of spontaneous tail contractions and within 48 hpf, they are able
to respond to a touch stimulus and elicit an escagporsgSaintAmant and Drapeau
1998; Naganawa and Hirata 201A)though the touch response test has been employed
to study behavioural changes following the knockdown ofaBBbciated genes such as
pink1(Xi et al.2010; Anichtchiket al.2008) Irrk2 (Renet al.2011)and MPTP
neurotoxin modelgMcKinley et al.2005; Lamet al.2005) here we opted to conduct
locomotor assays starting at 5 dpf on fss@mming larvae. At this time, larvae were still
optically clear and amenable to limeaging and most of the DA neuron clusters found
in the adult brain are alrepdisible (Schweitzeret al.2012)

Chemical ablation with MPFhas been shown to lead to a reduction in the

average movement velocity of 5 dpf larV&arrellet al.2011) MPTP treatments
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resulted in a decrease in the overall distance travi@liedaudet al.2004; Sallineret al.

2009) In our study, chemogenetic ablationdaft-positive neurons also resulted in a
decrease in overall movement and swimming distance (Fig. 3). Intgigstins

phenotype was transient as fish recovered by 7 dpf (Fig. 3). This was also observed in the
MPTP-treated larvae; however, in contrastM®TP experiments where TH

immunoreactivity was recovered by 7 dp&llinenet al.2009, Mtz treatedTg(dat CFP-

NTR) larvae showed persistentiecreasén CFRpositive cell numbergFig. 6).

In the Tg(datCFP-NTR) zebrafish, the patterns of CRPTR expression
essentially mimicked those previously reported in thelagEGFP) zebrafih exceptfor
diencephalic clusters 4 & for reasons that are, at present, uncleamgeting of the NTR
gene to several groups ddt-expressing neurons led to their efficient ablaaod to
locomotor abnormalities, somewhich weretransient The deection of @tive caspasa
in CFRpositive cells following MtZreatmenin larvae (Fig2.2B) suggests that cell
death occurred through the activation of éipeptotic pathwayThis process hasso
been documented in the NTiRediated ablation afardionyocytes(Curadoet al.2007)
and orthopediaofp)-positive neurongLambertet al.2012)where the cytaixic product
derived from the reduction of the pdoug Mtz has been shown to result in the activation
of caspas@, DNA fragmentation (as frequently demonstrated by TUNEL staining) and
consequent cell loss.

Ablation of DA cells in the subpallium (SRyhich has been previously identified
to house the structure analogous to the mammalian striatum in t¢Ro&tsind
Wullimann 2001)is of particular importance to the motor phenotypebgat CFP-

NTR zebrafii. Recent work on the catecholaminergic projectome of larval zebrafish

96



has suggested that most subpallial projections originate from within the SPTiggedt

al. 2011) Cells of the SP also seddscending projections to the ventral diencephalic
area which was previously suggested to display homologous functions to those of the
human substantia nig(&ink and Wullimann 2002bAdditionally, diencephalic cluster

2 which contributes only a few ascending DA neurons proigct the subpalliuniray

et al.2011)and which has been suggested to carry similar functions to the human meso
striatal dopaminergic neurofRink and Wullimann 2002b)s ablated immg(dat CFP-

NTR fish.

Neurodegenetn of nigrostriatal DA neurons in human is implicated in the
onset of motor phenotypes (Jakevic2008t ed with Pa
Furthermore, during the progression of the disease, cell loss is also observed in other
anatomical areas such as difactory bulb (OB) and the locus coerulgu€’) (Del
Trediciet al.2002; Meissneet al.2011) The locus coeruleus containgrepinephrine
producing neuronsaid to plg an essential role in the locomotor phenotype of a
knockout mouse model of PD lackidgpaminebi hydroxylas€unction(Rommelfanger
et al.2007) The ability of theTg(datCFP-NTR) line to maintain a lasting ablation of
dat-positive neurons in areas such as the OB, SP and LC provides an opportunity for the
in toto analysis of live changes to the CFP cell population in the larval brain following
ablaton and recovery.

The schedule of NTHRnediated neuron ablation used in this study enabled larvae
to recover from the injury at times whemvivotracking of CFP fluorescent cells by two
photon microscopy is still possible for a period of at leasty&.dDespite recovery of

several locomotor parameters by 7 dpf, larvae did not show complete recovery of the lost
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CFP cell populations, at neither 7 nor 12 dpf. This suggests that the recovery of global
locomotor changes in Mtz treated larvae may not reqgomplete recovery afat-

expressing cell populations. These observations are consistent with the recovery of
normal dopamine levels at 6 and 7 dpf, presumably through an increased production by
the remaining dopaminergic neurons (Fig. 5A).

The olfadory bulb of vertebrates is an area rich in newly formed cells in the adult
brain(Carletonet al.2003) For this reason, we chose to examine the olfactory bulb in
search of newly formed cells. Although we did g#eeappearance of new cells, this did
not seem to occur at an increased magnitude compared to vehicle treated larvae. We
cannot rule out that a more complete recoveryatexpressing cells could be observed
at time points later than 14 dpf. Howevernsgenic larvae treated with Mtz showed poor
survival past this time point.

Overall, we have developed a model for the ablatiashaépositive cells in the
larval zebrafish brain, which allows for the long lasting specific and conditional ablation
of these cells. These fish will be a valuable tool for the understanding of molecular and
cellular processes triggered by the loss of these cells. Combined with the amenability of
larval zebrafish to live imaging and highroughput studies, these fish will bevaluable
tool for exploring novel avenues of regenerative approaches that could have implications

in neurodegenerative conditions.
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CHAPTER 3

CELLULAR AND MOLECULAR CHANGES FOLLOWING

ABLATION OF DOPAMINERGIC NEURONS IN THE

LARVAL ZEBRAFISH BRAI N
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3.1lIntroduction

The zebrafish hathe ability to regenerate damaged tissue in their central nervous
system to a degree thathigher than thatlescribed in other animal models of research
such as mammals. Among this ability to regain structamelfunctional properties
following CNS injury, lays theapacityof the zebrafish to regenerate brain tissue.

Intracellular and extracellular changes orchestrate the brain environment post
injury to allow for tissue remodeling and regeneration to oddost of our knowledge
concerning the ability of the zebrafish to regenerate brain tissue relies on experiments
modeling a traumatic brain injury such as the stab lggitdmz et al.2011; Kishimotcet
al. 2012) These studies show that stem and progenitor cells in the zebrafish proliferation
zones increase proliferation and are recruited to sites of injury in a regenergtoesees
(Kizil et al.2012) In many cases ependynnadial glia cells, many of which express the
astrocyte marker (GFAP), are suggested to be the main contributors for CNS neuron
regeneration in the zebrafi§Becker and Becker 2015)

This remodeling is dependion the molecular reprograming of cells and many of
these processes are important for the initiation of cell proliferation, precursor cell
migration and fate determination, thus justifying the importance of gene expression
studies in the understandingmbcesses driving regeneration.

Although factors such as Notch, Fgf, Bmp, Wnt, Shh, and Retinoic acid have been
implicated in the regulation of steprogenitor cell population and in the regenerative
process, little is know about their regulation durzegprafish brain regeneratigKizil et

al. 2012) Here, we use a tissue specific chemogenetic ablation approach to ablate
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dopaminergic neurons in the larval zebrafish brain and to follow the cellular and
molecular changes that take place immediately post injury.

We used quantitativeeal time PCR to analyze the expression profile of a number
of genes known to be involved in tissue regeneration or neurogenesis. We included the
genesPCNA nestinandGFAP as markers of early cell proliferation and cell cycling; the
gata3gene which isnvolved in zebrafish brain regeneration; the galig® as a marker
for oligodendrocyte precursors; the gepés3 andneurogeninlas makers of fate
determination of precursors into neuronal and dopaminergic cells; the neurotrophic gene
BDNF (brain-derived neurotrophic factorland genesxin2andshhawhich are part of
the Wnt and hedgehog signaling pathways

Furthermore, we examined changes in the stem and progenitor cell population in
larval zebrafish by conductirig vivo analyses of changes mestindriven GFP
expression to address how and where cell proliferation was most affected in larvae
following neuronal ablation at 5, 6 and 7 dpf. We further confirmed an increase in cell
proliferation by showing that the numbers of PCNA positive cells werddigdigher in
Mtz treated animals.

The role of extracellular and bloatérived factors in the neurogenic process has
previously been suggested in a parabiosis mouse r(\itleta et al.2014; Villedaet al.
2011) Although the ability to generate two headed zebrafish parabionts has been
previously describe(Demyetal. 2013) we were unable to produce a theaded
zebrafish parabiont to study the possibility of blatetived changes in the zebrafish.
Instead, through a cerebral spinal fluid (CSF) transfusion protocol, we showed that

following NTR/Mtz-mediated neurmal ablation, the larval zebrafish CSF induced a
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decrease in fluorescent signal in recipient wylde larvae. Although in its preliminary
stages, we offer a model that, in the future, may allow for the identification of secreted
elements that regulate thellular environment following neuronal ablation.

Overall, we have found that the NTR/Mtzediated conditional and specific
ablation of DA neurons in the larval zebrafish brain results in similar cellular and
molecular mechanisms observed in the regéverprocess in the adult zebrafish brain
following stab lesion. These cellular and molecular mechanisms aid in remodeling and

reorganization of the brain, which initiate a regenerative process.

3.2 Materials & Methods

3.2.1 Animal husbandry and fish lines

All experiments were conducted in agreement with the guidelines of the Canadian
Council on Animal Care and approved by the University of Ottawa Animal Care
Committee Fish were maintained in a 14 hour light cyat8.5°C, as previously
describedWesterfield 2000Q)

Homozygous Tgiat:CFP-NTR fish previously characterizedgeChapter 2)
were bred with TgB.9nestin:GFR animals(Lam et al.2009)to generate double
transgenic animalél'g(dat:CFP-NTR:-3.9nestinGFP) expressing CFP in DA neurons
and GFP in proliferating cells.

Tg(dat:tom20 MLSMCherry zebrafishwere previously characterized in our lab

asexpressing mCherry which is targeted to the mitochondria of dopaminergic neurons of
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larval zebrafish (Noble S., Godoy R. and Ekker M., submitted), in the same populations

of the Tgflat: CFP-NTR.

3.2.2 Cell ablation

Double transgenic larvae were manuallyld®@nated at 24 hours post
fertilization and exposed to 5mM metronidazole (Sigma) dissolved in 0.1 % DMSO until
2 days post fertilization and switched to a 7.5 mM Mtz solution until 4 dpf wish fikétz
replaced daily. Exposed animalere protected frorfight. Control animals received

0.1% DMSO as vehicle treatment.

3.2.3 Histology and immunohistochemistry

Larvae were euthanizetth an overdose of Tricaine M&2 (Sigma) and fixed
in 4% PFA overnight a4°C. Fish were washed in 1X PBS and equilibrated i# 30
sucrose. Larvae embedded in OCT (Leica) were cryosectionstctdns thick with a
Leica CM1850 cryostat and sections were store@@tC until further processing.

Immunohistochemistry was performed as previously desc(iXieelt al.2011b)
Mouse aniPCNA (Dako) with a goat anthouse Aexa 488 (Life Technologies)

secondary were used.
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3.2.4 Imaging and cell counts

Live imaging was conducted using a Nikon A1R MP multiphoton microscope
equipped with a 25X wateatipping objective, as previously descikia Chapter 2.

Quantification of PCNA psitive cells was done on a Nikon A1R confocal
microscope with an Argon laser. Images were acquireeséacks of imicron thick
optical sections and cell counts were done usingB®é&mnents software. A scientist

blinded to experimental conditions perfagdall cell counts.

3.2.5 RNA extraction, cDNA synthesis and gRTPCR

Five-day-old larvae were killed with an overdose of Tricaine-RE2. Either
whole larvae or isolated heads were immediately processed for RNA extraction. Larval
heads were separated frowdies with N5 fine forceps. Heads were placed in a 1.5mL
Eppendorf tube with RLT buffer (Qiagen) containing 1% kbetcaptoethanol (Sigma)
and stored on ice until a total of 20 heads were collected.

RNA was extracted using an RNAeasy Mini Kit (Qiagaogording to
manufacturerdcl anmesd r RNA | wacsnuddasdreeewdteriamd 30 ¢ L
stored at80°C for further use. RNA concentrations were measured using a NanoDrop
2000 (Thermo Scientific) and a sample was run on a gel to verify Rtg4rity.

For c¢cDNA synthesi s, leg of RNA was revers
Reverse Transcription Kit (Qiagen) according

oligo(dT) and random primers. cDNA was storeeR& C until gRT-PCR was run.
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ThegRT-PCR reactions were prepared with SsoFast EveGreen Supermix (Bio
Rad) and run on a CF86 machine (BieRad). Primers used are described on Table 3.1.
A standard curve was prepared to determine the amplification efficiency of each primer
pair and data wasnalyzed as described by the Ptafiéthod(Pfaffl 2001)where fold
changes are relative to levels of vehicle treated asiarad normalized to the

housekeepacting gene b

3.2.6 Parabiosis

The parabiosis protocol adopted here was modified based on previous work done
by the Kissa laljDemyet al.2013) Briefly, parabiosis was performed on dec¢hated
embryos 2.5 to 4.3 hours post fertilization. Embryos were place in small pockets created
by inserting the tip of a p1000 pipette tip into the surface of a petri dish filled with 2%
UltraPure agarose (Invitrogen). Embryos were oriented using adsdrglass pipette
and a small layer of cells was removed from embryos using a glass micropipette with a 2
em di ameter. Foll owing removal of <cells fron
embryos were pushed into contact with one another at the site gdtlsrbad ken
removed Bl astula fusion took place for one hou

containing antibiotics (3mM KCI, 10mMCafJl 1 0mM HEPES, 100mM NacCl ,

met hyl ene blue, 50 U/mL ampicillin and 0.5 ¢
than washed in antibiotic contai nlony Ri nger s ¢
HEPES, 100mM NacCl , 150eg/ L methyl ene bl ue, 5
kanamycin).

105



Parabiosis was performed betweendeg(CFP-NTR) and Tg¢@lat:tom20 MLS

mCherry embryos

3.2.7 CSF transfusion

Cerebral spinal fluid was collected frorday-old larvae. Larvae were plate
into wells made in a petri dish filled with 1% UltraPure agarose (Invitrogen) and a glass
micropipette mounted to microinjector setup (Narishige) was intserte nt o t he embr y
brain ventricle as previously describ@utzman and Sive 2009\ 3 second suction was
applied to extract apwasomxnedmatelyigdctgdinbo. 5 €L of C
recipient larval zebrafistiPhenol rednjectiors wereusedas controlsn order to properly

identify ventrcal locationand to confirm proper injection proceddata not shown)

3.2.8 Statistical analysis

Multiple comparisonsvere performed with a-@ay ANOVA with Sidak poshoc
analysis. Pair wise comparisons were conducted using an unptestdvith statistical
significance being defined by an alpha value of FOB.r * p O 0. 05, ** p O
0.001, **¥andnps. =Mot BignificAr® p > 0.05. Error bars represent standard

error ofthemean (SEM).
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3.3Results

3.3.1 Neuronal ablation increases cell proliferation

To address the effects of dopamine neuron loss on the proliferating and stem cell
populations of laral zebrafish, we generated a double transgenic line by crossing the
Tg(dat:CFP-NTR) which expresses CHRTR in dopaminergic neurons of larval
zebrafish (Fig. 3.1A) resulting in the ability to ablate these cells (see Chapter 2), with the
Tg(-3.9nestin:GFR line which labels the proliferating and stem cell population of the
larval zebrafish in green (Fig. 3.1Bam et al.2009)

We adopted aell ablation approaclas described i€hapter2, where larvae were
exposed to either 0.1% DMSO as vehicle treatment or to 5mM Mtz dissolved in DMSO
for 24 hours starting at 1dpdllowed by an exposur® 7.5mM Mtz until 4dpf (Fig.
3.2A). Live imaging using-photon microscopy was conducted to follolaangesn vivo
at 5, 6 and 7 days post fertilization to monitor proliferation changes soon after DA neuron
ablation (Fig. 3.2B).

Dopaminergic neurons of thegbectum cluster (white arrows) are
morphologicallycharacterized by round shaped soma withrgoent labels in the
cytoplasm and axw with unlabeled nuclei. These celle clearly detected at 5, 6 and 7
days post fertilization in vehicle treated animals, whereas, most of these cells disappear
following Mtz treatment (Fig. 3.2B).

The fluorescensignals fronmestinlabeled cells were increased in Mtz treated

animals when compared to those ehicle treated animals, ancwletected in a more
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widespread pattern along the zebrafish ventricular area (pink arrows) (Fig. 3.2B) at 5, 6
and 7 dpf.

In addition to changes visualized followimg vivolive imaging, an increase in the
number of PCNA positive cells was also observed in sections of Mtz treated animals (Fig.
3.3) at 5 dpf. The numbers of PCNA positive cells counted in the area of the
telencephlic ventricle (yellow box) (Fig. 3.3A) werefdld higher following
metronidazole treatmentigst, n=3, p= 0.023) (Fig. 3.3B).

Taken together both live imaging, and immunohistochemical analyses of larvae
following neuronal ablation indicate that theukisg cell proliferation is most likely

elicited as a stimulus for cellular regeneration.
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Figure 3.1. Tg(dat:CFP-NTR;-3.9nestin:GFB ablates DA neurons and labels
stem-progenitor cells. A) Dorsal and lateral views of either a dissecting &pdoton
microscopy image showing major neuron clusters in the larval zebrafish brain expressing
the CFPNTR fusion protein under the control @ét cis-regulatory elements. B) Double
transgenic larvae were obtained by crossingl@agCFP-NTR and Tg¢3.9nestin:GFB
for the characterization of changes in precursor/stem cells following DA neuron ablation.
Scale bar = 200 microns. Olfactory bulb (OB), subpallium (SP), pretectum (Pr), preoptic
area (PO), anterior preoptic area (POa), locus coeruleus (LG)emzephalic clusters 2,

3and 7 (2,3, 7).
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Figure 3.2 Ablation of CFP-positive cells increasegestinexpression A)
Timeline of metronidazole administration. B) Mtz treatment induces loss of dopaminergic
neurons in the larval zebrdfigpretectum from 5 to 7 days post fertilization (white
arrows) and induces an increas@@stinexpression (pink arrows). Scale bar = 50

microns.
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Figure 3.3 Neuronal ablation increases cell proliferation A) PCNA
immunohistochemisgron 5day-old larvae indicates an increase in the number of
proliferating cells in the telencephalon of larval zebrafish following Mtz treatment. B)
Counts of PCNA positive cells within the yellow rectangle in pan@i#8). Scale bar =

50 microns.
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3.3.2 Gene expression changes following loss of dopaminergic neurons

We examined expression changes in genes with potential roles in cell
proliferation, neurogenesis and dopamine neuron regeneration (Table 3.1). Among these
genes, we lookedt proliferating cell nuclear antigen (PCNA), nestin and glial fibrillary
acidic protein (GFAP) as indicators of changes in cell proliferation, retaro and radial
glial cells. We further addressed changes in the transcription factor Olig2
(oligodendrogte lineage tf2), Pitx3 (pairelike homeodomain 3) and Neurogl
(neurogenin 1), that have been associated with the differentiation of precursor cells into
oligodendrocytes, neurons and dopaminergic cells, respectively. We also looked at
changes in expressi of the transcription factor Gata3 (GATA binding protein 3) that has
been implicated in the regenerative process of the zebrafish brain since it is required for
the proliferation of radial glial cell&izil et al.2012a) We examined neurotrophic
factor BDNF (brairderived neurabphic factor) with a known role in axonal
regeneratiorfWilhelm et al.2012) Finally, we addressed changes in Wnt signaling
pathway by looking at changes in Axin2 and in the hedgsigitaling pathway by

looking at changes in Shha (sonic hedgehog a).
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Table 3.1. List of primers used for quantitative real -time PCR.

Gene of interest Forward sequence Reverse sequence References
Actin TGAATCCCAAAGCCAACAGAG CCAGAGTCCATCACAATACCAG unpublished
AXIN2 CCAGCAGCAAAGCCTTCAGT GCGCGCACAAAGTAGACGTA (Stulberget al.2012)
BDNF ATAGTAACGAACAGGATGG GCTCAGTCATGGGAGTCC (Diekmannet al.2009)
GATA3 AAATGCCATCTTTCCTGTGG GAGGAGATGCGATCAAGAGG (Kizil etal.2012c)
GFAP GGATGCAGCCAATCGTAAT TTCCAGGTCACAGGTCAG (Fanet al.2010)
Nestin ATGCTGGAGAAACATGCCATGCAG AGGGTGTTTACTTGGGCCTGAAGA (Fanet al.2010)
Ngnl TGCACAACCTTAACGACGCATTGG TGCCCAGATGTAGTTGTGAGCGAA (Fanet al.2010)
OLIG2 GGAGGTCATGCCCTACGCT GCAGCAGAGTGGCTATTTTAG (Thummelet al.2008)
PCNA TACTCAGTGTCTGCTGTGGTTTCC CATTTAATAAGTGCGCCCGC unpublished
PITX3 GACAACAGTGACACAGAGAAGT TGTCGGGATAACGGTTTCTC (BarreteValeret al.2012)
Shha GCAAGATAACGCGCAATTCGGAGA  TGCATCTCTGTGTCATGAGCCTGT (Fanet al.2010)
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We conducted a pilot experiment comparing the gene expression profiles of Mtz
treated larvaeelative to vehicle treated animals and normalized to actin in either whole
larval samples or in brain samples alone (Fig. 3.4A). Although we observed similar
trends in both whole larval samples and brain samples for some of the genes, others, such
as Gata3showed opposite changes in expression in the whole larvae and brain samples,
and other genes such as Axin2 and Shha had a lower overall expression level when whole
larvae were used for quantitative FPCR analysis (Fig. 3.4A). In order to examine tissue
specific changes in gemxpression thawould reflect processes taking place in the brain,
we decided to use only brain tissue for further analyses.

We detected an overall 8.9 fold increase in Axin2 expression (n=3, p=0.003), a
7.2 fold increase in Shi{a=3, p=0.007), a 5.7 fold increase in PCNA (n=3, p=0.046), a
3.4 fold increase in Olig2 (n=3, p=0.013), as well as increases of 5.9 fold in Gata3 (n=3,
p=0.06) and of 4.3 fold in nestin expression (n=3, p=0.08) that did not reach statistical
significance(Fig. 3.4B). Expression levels of neurogeninl, Pitx3, BDNF and GFAP did
not appear to differ from those of vehicle treated animals (Fig. 3.4B).

Immunohistochemistry and live imaging experimgiig. 3.2 and 3.33uggest an
upregulation of nestin and PCN#hich is in agreement with gRFCR data from
samples of 5dpf larval brains following DA neuron ablation. Overall, our data suggest an
upregulation of genes involved in cell proliferation, as well as genes previously shown to

influence neurogenesis andabr regeneration.
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Figure 3.4 Gene expression changes followingtz treatment. A) Heat map of
fold changes in gene expression in Mtz treated larvae in relation to vehicle treated
controls. Expression levels were normalized to actin. Samples weredlinim tissue
from either brain (n=3) or whole larvae (n=2). B) Fold change in gene expression levels
in larval brain samplefllowing Mtz treatment relative to vehicle treated larvae at 5 days

post fertilization. Dashed line indicates vehicle levelgsétfold.
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3.3.3 Extracellular signaling induces changes irthe dopaminergic neuron

population

The cellular milieu is an important regulator of processes such as neurogenesis
and would thus be expected to play an essential role ingkaemtive process of the
zebrafish brain. Previous research conducted by the laboratory of Dr-Qlgesg, has
elucidated the role of bloedorne factors in the regulation of adult neurogenesis.

Through the use of heterochronic parabiosis experimends ib&éen shown that young

mice paired with aged animals had an increase in CCL11 chemokine levels, a decrease in
hippocampal neurogenesis and impaired learning and meivitieda et al.2011) A

more recent study by the same group, further suggesteekiature of older animals to

blood from younger animals is able to improve-agked cognitive decline, to increase

the density of dendritic spines of mature neurons and to increase synaptic plasticity in the
hippocampugVilleda et al.2014)

Here we attempted a parabiosis experiment between embryonic zebrafish with the
objectiveof elucidating the effects of ablating dopaminergic neurons in one embryo on
the neuronal population ohasochronic parabiont (Fig. 3.5A). Tagt:CFP-NTR) larvae
were fused with Tglat:tom20 MLSmCherry embryos between the 256 and 512 cell
stage and allowed to develop (Fig. 3.5B). Although this parabiosis procedure has been
described to generate larvaewttonnected bodies and separate hfadmyet al.

2013) which would be ideal for oun vivoanalysis of changes in fluorescently labeled
neuronal populations, we were unsuccessful in generating double headed paralgionts (Fi

3.5B).
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In order to address whether extracellular signaling elements, present in the
cerebral spinal fluid of larval zebrafish that underwent neuronal ablation, contained
factors able to elicit changes in the neuronal population of age matched lagvae, w
employed a CSF transfusion protocol to transfer the CSF froadaT.GFP-NTR) larvae
following ablation into the brain ventricle of Tagt:tom20 MLSMCherry) larvae (Fig.
3.6A). CSF from larvae treated with Mtz from 1 to 4 dpf were collected and immigdiate
transferred into Tglat:tom20 MLSMCherry following a previously established
ventricular microinjection protocqGutzman and Sive 2009)

Although prelimirary, our data suggest that factors present in the CSF of Mtz
treated animals are able to induce an overall decrease in fluorescent signal observed in
Tg(dat:tom20 MLSNCherry larvae, whereas neither the ventricular injection alone nor

the injection of CSIef un-ablated larvae were able to induce such changes (Fig. 3.6B).
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Figure 3.5 Larval zebrafish parabiosis experimentsA) A schematic
representation dheexperimental approach using parabiosis experiment between a
Tg(dat:CFP-NTR) (blue headand aof Tg(dat:tom20 MLSMCherry) larvae (red head) in
order to address changes in mCherry expression following ablation of CFP positive cells.
B) Embryos at 2.5 hpf were fused and allowed to grow as parabiont larvae. Despite a

successful parabiosis, wesre unable to generate double headed larvae.
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Figure 3.6. Cerebral spinal fluid transfusion experiment A) A schematic
representation of the experimental approach using CSF transfusion fromhed: CEE-
NTR) larvae (blue bad) treated with Mtz, into a Tagt:tom20 MLSMWCherry) larvae (red
head). CSF was collected when larvae were 5 dpf, 24 hours following the termination of
Mtz exposure, and microinjected into age matched larvae. B) Contrary to injection only
control larvagor larvae receiving CSF from nablated animals, CSF from larvae
following loss of DA neurons reduced the expression of mCherry fluorescence in

recipient larvae. Scale bar = 50 microns.
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3.4Discussion

We demonstrated that loss ofpdoninergic neurons following MT-hediated
ablation led to a regenerative response characterized by an incraasgndriven
fluorescent reporter expression and an increase in the number of proliferating cells.
Furthermore, the expression of potenti@ahgs involved in the regenerative process was
up-regulated following neuronal ablation. We further demonstrate that our model is a
useful tool for the tracking of cellular changesivoand for studying the effects of
extracellular factors present invat zebrafish neuronal populations following dopamine
neuron ablation.

Nestin is an important marker for neustém and progenitor cells in the central
nervous systems of mammals with similarly conserved function in the zebrafish.
Recruitment of thesprecursor cells, which can give rise to both glia and neuronal cells,
may be the most parsimonious way for the zebrafish brain to recover following injury.
The expression afestinin the early zebrafish embryo (24 hpf) is widespread throughout
the centrahervous system as development and neurogenesis is taking place and by 4 dpf
its distribution is restricted to a faint area of expression located along the proliferation
zones of the zebrafish brain which are close to the venfitdéler and Driever 2007)

Here, we show that foll@ing injury to DA neuronsnestinexpression is more

widespread and has a stronger expression in the damaged brain than in vehicle treated
animals. Previous work has addressed theegplation ofnestinduring the regenerative
process in the spinal cord the zebrafish. Guo and colleagues have showm#siin

expression is upegulated 1.58 fold at eleven days following spinal cord infGuyo et
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al. 2011) while others show that uggulation ofnestintakes place as dg as 3 days

post injury(Goldshmitet al.2012) In addition, the upegulation ofnestinfollowing

spinal cord injury has also been reported@mopugadpoles and in the newt

(Pleurodeles waltl) (Gaeteet al.2012; Zaky and Moftah 2014)estinhas also been
shown to be one of the earliest markers of proliferation in response to a mouse cortical
impact brain trauma injury model and is reqdifer brain remodeling following injury

(Yu et al.2008) This s similar to the rat traumatic brain injury model where an increase
in the number ohestinexpressing cells is observed as early as 1 dayiposy (Yi et al.
2013)

The initial increase in cell proliferation that we observed is in agreement with an
increase in PCNA gene expression lexald the number of PCNA immunolabeled cells
along the telencephalic ventricle. A number of studies have reported an increase in the
number of PCNA positive cells in the zebrafish bi@ishimotoet al.2012; Marzet al.
2011)alongside an increase in the number of cells which uptake the thymidine analog,
BrdU, (Kyritsis et al.2012; Baumgarét al.2011) following stab lesion experiments.

The number of oligZxpressing cells has also been shown to increase in response
to spinal cord injury in the zebrafish suggesting that olig2 positive ependymal radial glial
cells are the progenitors to spinal moteuronsgReimeret al.2008) Furthermore, the
clustering of olig2positive cells has been observed at the site of injury following brain
stab wound experimen(Marz et al.2011) This observation is in agreement with the up
regulation of olig2 we observed following neuronal loss.

Surprisingly, the levels of GFAP remained unchanged following Miediated

ablation inTg(dat:CFP-NTR) zebrafish. Most radial glial cells with ependymal features
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found in the CNS of the zebrafish express the glial marker GFAP and are thought to be
the main population of progenitor cells in the zebrafish CNS contributing to the

zebr af i s h @ ability @grevieveed sy Becker and Becker, 2015). Although
levels of GFAP remained unchanged in our animals, further analysis looking at other
time points is needed to properly understand what is happening to GFAP expression.
Indeed it has been suggestkdt upon activation, glial cells can lose the expression of
GFAP and increase expressiomestinas they dedifferentiatgoldshmitet al.2012)

There was a strong trend for imcreased expression gata3following MTZ-
mediated ablation, which was reminiscent of previous studies where the nurgbt3f
expressing cells was increased following stab lesion to the zebrafish brain as early as 1
day postinjury (Kizil et al.2012b) This transcription factor has been implicated in the
proliferation of radial glial cells following injury.

Genes, suchspitx3 andneurogeninXFilippi et al.2012; Filippiet al.2007)
involved in the determination of precursors into a neuronal and dopaminergic fate, were
indistinguishable in ablated animals and vehicle treated controls, further indicating that
shortly after ablation, there is no signal teedt progenitor cells into a dopaminergic fate.

Finally, we looked at both the Wnt and hedgehog signaling pathways whose roles
in tissue regeneration has been previously desc(hiedhet al.2012; Shiret al.2011)

Act i vat i on-catedin pathway hagmpreviobsly been involved in the planarian
brain regeneratiofiglesiaset al.2011) Although little is known about the roles played
by the Wnt pathway in the zebrafish brain regenerative process, Wnt is required for
progenitor cell proliferation, migration andféirentiation in mammals (as reviewed by

(Kizil et al.2012a). Here, we show thatxin2is upregulated almost-fold in Mtz
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treated animals when compared to vehicle controls. Axin2 is an important component of
the Wnt signaling pathway. Wnt signaling has been shown to drive exoresaxin2

which acts as a negative regulator of the pathway by phosphorylating and promoting the
d e g r ad a-tateminfUhoetfal.2@02) Axin2has been found to be essential for the
remyelination process in roderfisancyet al.2011)and is upregulated irthe zebrafish

during fin regeneratio(Stoick-Cooperet al.2006)

Similarly to Wnt,shhis associated with steprogenitor cells proliferation in
mammals but its function during brain regeneration in the zebrafish has yet to be
described (as reviewed Ifiizil et al.2012a). In the zebrafishshhhas been implicated
in the proliferation and differentiation of cells during bone regeneration following fin
amputation(Quintet al.2002)and an increase shhahas been described during motor
neuron regeneration in adult zebrafisteimeret al.2009) Here, we show that during
dopamine neuron regeneration there is af@l@increase irshhaexpression.

It is important to consider that our analysis is restricted to a singleptiné ard
that the temporal expression of these genes is likely to vary in order to drive remodeling
of brain tissue following neuronal ablation. A more extensive analysis of these genes at
different time points will be needed to better understand the regengrmaicess driving
the regeneration of dopamine neurons in the zebrafish brain. These analyses should also
be combined witlin situ hybridization and immunohistochemistry as wellrasivo live
imaginganalysisn order to characterize the sites in tharmhere changes are taking
place.

Finally, we highlighted the importance of extracellular signaling during the

regenerative process. Although preliminary, our data suggest that following neuron
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ablation, factors in the CSF of affected larvae are ablediace reporter gene expression
in dopaminergic neurons of untreated samples.
In summary, the Tglat: CFP-NTR) transgenic zebrafish enable the study of the
cellular and molecular processes that take place following brain dopaminergic neuron
ablation. Combing with highthroughput methods such as RNAseq and laggde drug
screens, our model will allow for the unveiling of gene regulatory changes that take place
during regeneration and the identification of potential targets that could in the future be
used 8 therapeutic approaches to stimulate the regeneration of neurons in patients
suffering from neurodegenerative conditions
our data suggest that cell specific ablation in the zebrafish shares common chacacteristi

with more invasive and nespecific approaches such as the adult brain stab lesion.
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CHAPTER 4

REGENERATION OF DOPAMINERGIC NEURONS

FOLLOWING CHEMO GENETIC ABLATION IN THE

ADULT ZEBRAFISH BRAIN
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4.1 Abstract

The zebrafish has beshown to carry the ability to regenerate brain tissue
following traumatic brain injury. Here we employed a chemogenetic ablation approach to
study the regeneration of dopaminergic neurons in adult fisdaTGFP-NTR animals
treated with metronidazokhowed a reduction in TH and CFP expression as well as in
levels of dopamine. On the seventh week following treatment, levels of TH and CFP in
the adult brain were recovered to vehicle treated levels. Here, we show that a recovery in
both swimming phenotygand neuronal population correlated with an increase in
production of new dopaminergic neurons in the brain of adult zebrafish following
neuronal ablation. Overall, we have established a model for the study of dopaminergic

neuron regeneration in the adedtbrafish.

4 .2 Introduction

Over the last decade, the zebrafish has emerged as a strong model for the study of
neurogenesis and brain regeneration as reviewé8dhmidtet al.2013; Becker and
Becker 2015)Unlike mammals, which have two main proliferation zoinédse
subgranular and subveitiular zonegMing and Song 2011; Kempermann 2Q1thge
zebrafish holds 16 different zones of proliferation in the bi@mandelet al.2006; Adolf
et al.2006)
This ability to hold numerous cells in a proliferating stage allows for the

recruitment of stepprogeritor cells to multiply and migrate following damage to brain
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tissue in order to allow cells to then remodel the brain environment in a regenerative
fashion(Méarz et al.2011; Kroehneet al.2011) Much of the knowledge available on the
ability of the adult zebrafish to regenerate brain tissu@es from invasive tissue damage
models such as stab lesion studlie€shimotoet al.2012) Here, we set to investigate the
ability of the zebrafish to regenerate its dopaminergic neurons following-envasive,
conditional and celkpecific ablation approach.

Although neurotoxins such as MPTP an@BDA have been described to induce
dopaminergic neur odege n elikegpatholmgy ana pherfotype ar ki ns o
in research models such as rodents;meaman pimates, the planarian and salamander
(Parishet al.2007; Nishimuraet al.2011; Dauer and Przedborski 200Bjeir use in the
adult zebrafish has not led to a decrease in the numbers of brain dopaminergic cells,
despite a transient locomotor phenotyBeetaudet al.2004; Anichtchiket al.2004) To
overcome this barrier we set to establish an adult nfodéte conditional and specific
ablation of dopaminergic neurons by expressing the nitroreductase enzyme uwcder the
regul atory el ements of the zebrafishoés dopan

Parkinsonds disease is the seciomd most pr
affecting the elderly and understanding the regenerative potential for dopaminergic
neurons in the zebrafish brain may provide insights in the cellular and molecular
mechanism involved in this process that may lead to novel therapeutic approaches
targeging endogenous regeneration of DA neurons in PD patients.

Here we showed that, similar to the zebrafish larvae (Godoy et al, 2015 JNC
20150237), Mtz treatment of adult Tdgt: CFP-NTR) zebrafish led to the ablation of

dopaminergic neurons along the adutiin. Neuronal ablation was consistent with a
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decrease in both TH and CFP protein levels and with a reduction in dopamine levels.
Despite the normal ability to start and maintain movement, neuronal loss induced an
increase in the time that fish spenthe upper half of the tank and the number of times
fish would cross the midline between the upper and lower halves of the tank. We
observed a transient place preference phenotype that recovered by 45 days post ablation.
Furthermore, these results correthtéith a recovery in TH and CFP expression levels
and in the number of CFP and TH positive cell counts. Finally, we observed an increase
in the number of CFP positive cells that incorporated BrdU, indicating that such recovery
was attributed to the formatn of new dopaminergic neurons in the adult zebrafish brain.
Overall our model offers new opportunities for the understanding of
dopaminergic neuron regeneration fromag-invasive, conditional and cedipecific

ablation approach in the adult zebrafish

4 3 Materials & Methods

4.3.1 Animal care and transgenic animals

All experiments were conducted in agreement with the guidelines of the Canadian
Council on Animal Care and approved by the University of Ottawa Animal Care
Committee.

We have generated and chaesizted the Tgf{at: CFP-NTR) line (Godoy et al,
2015Chapter 2, and experiments were conducted on homozygous animals at 8 to 10
months of age. All fish used were females, unless otherwise specified.

Fish were maintained as previously descripa&@sterfield 200Q)
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4.3.2 Histology and immunohistochemistry

Adult zebrafish were sacrificed by immobilization in-oald water followed by
immediate decapitation. Heads were €bie 4% PFA overnight at @ and skulls were
then decalcified and equilibrated in 20% sucrose. Fourtgeron thick sections were
cut using a Leica CM.850 cryostat and stored-20 C for further immunohistochemical
analysis.

Sections were defrosted abbm temperature for 30 min, washed in 1X PBS and
incubated overnight (ON) with primary antibody in PBSTx & #ollowing primary
antibody incubation, sections were washed 3X in PBSTx at RT and incubated with
secondary antibody for 2 hours at RT. Sectiwese mounted with DARtontaining
mounting media (Vector Labs). Antibodies used incluaeadise antiCFP (Clontech),
rabbit antiTH (Millipor e), rat antiBrdU (AbCam), goat ariinouse Alexa488, goat anti

rabbit Alexa594 and goat antat Alexa647 (Molealar Probes).

4.3.3 Imaging and cell counts

Global ablation patterns di-um thick sections were analyzed using a Zeiss
Axiophot epifluorescent microscope and images were processed using Fiji software
(Schindelinet al.2012)

Cdl counts were conducted on images acquired by a Nikon Al confocal

microscope with um thick optical sections. Data was analyzed using the Eéents
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software and orthogonal views were used to assure correct detiadzation. A

researcher blinded the experimental design conducted all cell counts.

4.3.4 Cell ablation

Adult zebrafish were exposed to either vehicle: 0.2% dimethyl sulfoxide (DMSO)
(Sigma) or to 10 mM metronidazole (Mtz) (Sigma) dissolved in 0.2% DMSO. Both drug
and vehicle solutions we prepared using fish facility system water.

Fish were place one fish per tank into a 1 L breeding tank (Aquatic Habitats)
filled with 500 mL of either vehicle or Mtz solution and treated for 24 hours in a room
acclimatized to 2& with the tanks shieketl from light exposure. Fish were not feed
during the exposure.

Upon termination of exposure, 500 mL of fresh system water was added to the
exposure solution and incubated for 30 minutes. Fish were then moved into another tank
containing clean water andi$ process was repeated a total of 3 times whbur
intervals between switches. Fish were then glam® static 10 L glass tanks with an
AquacClear 20 power filter and feeding resumed. Fish stayed in the static tank for 24
hours prior to being returdento tanks with circulating water.

Adult Tg(dat:EGFB fish previously characterized in our laborat@xy et al.
2011b)also received the same treatment and were used as controls in both ablation

experiments and behavior analysis.
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4.3.5 BrdU labeling

The labeling of proliferating cells was d®asings-bromo-2 -@leoxyuridine
(BrdU) (Sigma) for immunohistochemical detection. A 2.5 mg/mL solution of BrdU was
prepared in 110 mM NaCl pH 7 fresh during the week of BrdU administration. Small
aliquots were made and stored&Q C protected from lighand defrosted immediately
prior to use throughout the week.

Fish receivd 5 pL of solution per 0.1 grams of body weight immediately prior to
Mtz or vehicle exposure and repeatedly every 48 hours for a total of 5 intraperitoneal
(i.p.) injections. Adult fis were 3 cm in length and weighed on average 0.55 grams.

Regeneration of DA neurons was examined 45 daystpztment by

immunohistochemical analysis.

4.3.6 High performance liquid chromatography (HPLC)

Adult brain samples were processed for HPLC anagiier as single intact
brains (referred to as whole brain), or single brains dissected into 3 main areas: one
containing both the olfactory bulb and telencephalon (OB/Tel), one containing the
diencephalon and midbrain (DC/Mid) and another containingitigbhain region. Brains
were dissected on ice cold homogenization soluttomM NgEDTA, 0.3M chloroacetic
acid (CICHCOOH) and 10% methanol in HPLC grade wWadad stored in 50(L of the
same, quickly frozen in dry ice and stored8 C until further pocessing. DHBA was

used as an internal standard.
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Brain tissue was homogenized via sonication usiRslaer Scientific Model 100
Sonic Dismembrator and protein levels were measured using Pierce BCA Protein Assay
Kit (Thermo Scientific) in a FLUOstar Gadg (BMG LabTech) systenHomogenized
samples were centrifuged for 20 minutes at 12QGhd transferred to HPLC vials. The
supernatant (261) was injected into a high performance liquid chromatography system
(Aligent) consisting of afso-pump (G 1310A), auto sampler ALS (G 1329A), coolant
system ALSTerm (G1329), a stainless steel Eclipse X{0B (5um) 4.6 x 150 mm
column situatd in a themostatic chamber (4C) and an electrochemical detector
DECADE SDC (Antec Leyden) with an electrochemical flow cell®3¥ with a working
electrode maintained at the potential of 0.60V relative to the reference electrode.
Determination of the area and heti@f the peaks was carried out with the aid of a
HewlettPackard integrator

The mobile phase consisted of 90 mM sodium phosphate monobasic, 1.7 mM 1
octane sulfuric acid sodium salt, 50 mM EDTA, 10% acetonitrile, 50 mM citric acid
monohydrate and BIM KCI in 200 mL of acetonitrile and was passed through a GS

(0.22pm) filter.

4.3.7 Western blotting

Brains were removed from fishds skull and
with a pestle and mortar in buffer containing protease inhibitor, as previoushbeéesc
(Xi et al.2010) Protein content was then quantified by bicinchoninic acid (BCA) assay

and separated in a2D% SDSPAGE gel. Immunoblotting with a mouse aGt-P
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(Clontech), rabbit ardTH (Millipore), rabbit antiactin (Sigma) wit a donkey ani
rabbitlgG-HRP (GE Healthcare) and a goat anbuselgG-HRP (Jackson Immuno
Research) secondary was detected using a chemiluminescence detection kit (GE
Healthcare).

Care was taken to avoid saturation of bands and at least 3 replicetassee for

the relative quantification of band intensity using ImageJ software.

4.3.8 Locomotor phenotype

Initiation of movement and global swimming parameters

In order to address the effects of neuronal ablation on adult zebrafish swimming
parameters, we ddessed locomotor changes by following the movement of fishiba 2
perspective and tracking fish from the top of their tanks either 1 or 7 days post treatment.

Prior to video recordings fish were place in a ligitle and temperature
controlled roomsimilar to, but separated from, the main zebrafish facility, and allowed
to acclimatize for at least 4 days. The presence of personnel in this room was limited to
the first minute of video recording to minimize extraneous stimuli to the fish.

Fish were phcal one per tank into a 1L breeding tank (Aquatic Habitats) filled
with system water. Tanks were positioned overtop a transhudate light box with
transillumination provided by an LED light source to minimize the generation of heat or
light flickering during video recordings. Fish were allowed to acclimatize over the light

box for 20 minutes prior to video recordings.
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A Nikon 3100 DSLR camera equipped with arBth Nikon lens was attached to
a tripod and positioned on top of the light box to maintiagentire tank in the field of
view of the videos. Idninute videos were recorded at 30 fps.

Data analysis was performed using the Ctrax software with its included Matlab
toolboxeg(Bransoret al.2009) originally developed to tradRrosophilabut recently
adapted to track larval zebrafidlbambertet al.2012; Deckeet al.2014)and used here

to track and angke the adult locomotor phenotype.

Top and bottom place preference

In addition to |l ooking at gl obal swi mming
preference for either the top half or the bottom half of their 1L tank and the number of
times they would @ss the midine of the tank. For this, the same Nikon camera and lens
described above were placed in front of the 1L tank, focusing on the line dividing the
height of the tank into 2, while maintaining the entire tank in the field of view.-A 25
minute lorg acclimatization took place prior to capturingninute long videos recorded
at 30 fps.

Data analysis was conducted manually. Briefly, videos were viewed using
QuickTime software and the number of times the fish crossed the midline of theasink w
scoredmanually. A crossing event was defined by the crossing of the nose of a fish, here
defined as the reference point. A second parameter, the percent of time spent on the top
half of the tank was also measured manually with a stopwatch. An experimentedblind

to the experimental design obtained all measurements.
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4.3.9 Statistical analysis

Statistical significance of pawise comparisons of normally distributed data was
analysed using a standartest. Multiple comparisons were addressed withwaag
ANOVA with Sidak poshoc analysisfor * p O 0.05, ** p O 0.01,
O 0.0001 and n.s. = not significathe p > 0.05

mean (SEM).

4.4 Results

4.4.1 Tg(dat:CFP-NTR) animals express cyan fluorescent protein in the brain of

adult fish

TheTg(datCFP-NTR fish express the CFRTR fusion protein in the same
clusters as previously described in the larval zebrafish as represented in Figure 4.1A. Th
expression pattesnand fluorescendatensity wereconsistent across different
generations (data nehown). These CFP expressing cells include cells in the olfactory
bulb (OB), dorsal, central, ventral areas of the ventral telencephalon (Vd,Vc,Vv), anterior
and posterior part of parvocellular preoptic nucleus (PPa and PPp) periventricular
pretectal nucles (PPr), periventricular nucleus of posterior tuberculum (TPp),
paraventricular organ (PVO) and nucleus of posterior recess (PR) (Fig. 4.1A).
Characterization of CFP expression in the aduldagCFP-NTR) zebrafish was

conducted in homozygous female®8.0 months of age, aide CFP signal was
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amplified by detection with an ar@FP antibody in 14 micron thick cryosections (Fig.
4.1B).

Initially an entire brain was sectioned and processed for immunohistochemistry
with bothanantCF P ( Fi g )@ndlananBl HaGant i body-i F)gt o4. 1B
characterize which dopaminergic clusters were labeled along the rostral caudal axis of the
adult brain (Fig. 4.1B-§. Many of the CFP identified cells in the rostral and caudal areas
of the OB (Fig. 4.1B #&) cclocalized with TH expression, pointing to the
catecholaminergic nature of these cells, which was also observed in the ventral
telencephalon (Fig. 4.1B c), the PPa/PPp (Fig 4.1B.ttie PVO (Fig. 4.1B e), the PPr
and diencephalon (Fig. 4.1Big Although some CFP positive cells did notlabel with
tyrosine hydroxylase, this could be attributed to the fact that the TH antibody used in our
experiments more readily recognizes the zebrdfishepitope and does not recognize
cells that would be pasie for Th2 (Yamamotoet al. 2010) further analysis using other
markers of dopaminergic cells such\asat2,Aadc, ad Th2 via immunohistochemistry

or in-situ hybridization is needed to further characterize the nature of theSec€IP
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Figure 4.1. Tg(dat:CFP-NTR) expresses CFINTR fusion protein in the brain
of adult fish. A) Schematic representation of CF&sftive cell populations in the adult
zebrafish CNS. Cyan circles indicate where C&#l bodies were identified. Green label
represents larval nomenclature, while purple labels represent adult classifjbased
on Schweitzeet al.2012) B) Adult zeébrafish, 8 to 10 months old were sectionee.id
thick and stained with an€FP (atoi)andwithani H (adé to i 6) anti bodi
shown as merge (add to i O0O0OScalebardared@ zoomed ve

microns.
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4.4.2 Metronidazole drug administration ablates CFP positive cells in the adult
Tg(dat:CFP-NTR) zebrafish and results in decreased levels of dopamine

neurotransmitter

The nitroreductasenediated cell ablation approach has been empltyablate
different cell populations in the adult zebrafish including osteoblasts in the zebrafish fin
(Singhet al.2012b) germ cell{White et al.2011; Dranowet al.2013) pancr eat i c D
cells(Mosset al.2009) oligodendrocyteéChunget al. 2013)cardiomyocytegZhanget
al. 2013)and cells of the zebrafish haben(#aetsumeaet al.2010)

We carried out a pilot study to address an optimal delivery method, drug dose and
treatment length for optimal ablation of CFP positive cells in thedtgCFP-NTR) fish
brain, where maximal numbers d@lls could be ablated without any observable
deleterious and nespecific effects of the prdrug administration. As previously
suggestedCuradoet al.2008) we found that Mtz doses higher than 10 mM increased
the mortality of adult Tg{at:CFP-NTR) fish. We also found that although a 5 mM Mtz
administration did notead to mortality, it was much less efficient at ablating cells than
with a 10 mM Mtz regiment (data not shown). Finally, although a multiple day
administration of 10nM Mtz also showed deleteriouffexts in adult fish, a single 24
hour Mtz dose adminisition resulted in optimal CFRell ablation with no observable
deleterious effects (Fig. 4.2A).

Fish were exposed to 10 mM Mtz dissolved in 0.2% DMSO in fish facility water.
Tg(dat:EGFP adults exposed to the same regiment were not affected by the Mtz

protocol as will be further discussed.
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We observed that maximal cell loss was observed seven days following the
termination of Mtz exposure (Fig. 4.2A). Both female amle animals showed a
decreas@n global levels of both TH and CFP protein levels asvshioy western blots on
whole brains normalized to the house keeping gene actin (Fig:2.2Bhen compared
to vehicle treated animals, females shoyeedaveragea decrease of 15(z= 4.8)% in
global levels of TH ftest, n=3, p= 0.058) (Fig. 4.2B) and &(81.5)% decrease in
global levels of CFP (n=3, p=0.002) (F#§2C). Males had a decrease26{+ 3.8)% in
levels of TH (n=3, p=0.063) (Fig. 4.2D) and a 77(x 0.8)% reduction in CFP (n=3,

p=0.08) (Fig. 4.2E) when compar® vehicle treated controls.
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Figure 4.2. Ablation of CFP positive cells in the Tglat: CFP-NTR) fish. A)
Timeline of the ablation protocol employed on adult fish. Fish were first transferred into a
room dedicated for drug exposure and allowed to acclimatize for at leagt. 4t
were treated in system water containing 10mM metronidazole dissolved in 0.2% DMSO.
Treatment lasted 2Aours and was conducted in tanks protected from light. Neuronal
ablation reached a maximum at 7 days post treatment. B) TH protein levelsatd fem
whole brains decreased at 7 days post treatment in Mtz treated animals when compared to
vehicle treated Tglat: CFP-NTR) fish and follaving normalization to the houseeping
gene actin. C) CFP protein levels in female brain samples at 7 dpt. D) Tih peotds

on male animals at 7 dpt. E) CFP protein levels in male brain samples a(ir=@pt

149



Mtz

A)

10mM

Aclimatization

Timeline

Day

B)

0.058

p=

1.25+

0
L
o
(shun A1eayque)
upjoy 0} pazijew.ioN
uoissaldx3 H1

1
N
o

1.00+
0.50+

56 KDa
42 KDa

A
&
-

TH
Actin

0.00~

%

%,
7

Treatment

®)

*
*

0
N

-

o w o ®w o
Q E R o9 <9

- o o o
(syun Aresyqae)
uljoy 0} pazijewoN
uoissaidx3g 449

ma
(9N}
Vg

o

- . 42KDa

Actin

%,
4

Treatment

D)

0.063

p

e »w o »
e I~ b D
L o o o
(spun Aseayqle)
uljoy 0} pazijew.IoN
uoissalsdx3y HL

1.25+

)
A
N
Ny
e
<
2 v

%
@»& b

an)
=

42 KDa

A —

Actin

0.00-

Treatment

E)

0.088

p=

1.5

S o
- o
(shun Aseayqae)
uidYy 0} pazijew.oN
uoissaidx3 d49

52 KDa

CFP

42 KDa

Actin

Treatment

150



The loss of CFPcells was accompanied by a decrease in levels of dopamine
neurotransmitter at 7 days pastatment (Fig. 4.3B), but not at 1tdpig. 4.3A) when
examined by high performance liquid chromatography. At 7 dpt, HPLC analysis was
conducted either on single intact whole brains of both males and females, or on dissected
areas of single brains divided into 3 main areas: an area cogtthieiolfactory bulb and
telencephalon (OB/Tel), one containing the diencephalon and midbrain (DC/Mid) and
another containing the hindbrain area (Hind) (Fig. 4.3).

Although the OB/Tel of both males and females had on average 50% less
dopamine, this did noeach statistical significance, most likely due to our small sample
size (n=3). The DC/Mid area of both females and males showed a decrease of 60% (2
way ANOVA, n=3, p=0.015) and 61% (n=3, p=0.009), respectively, in the levels of
dopamine when compai¢o vehicle treated animals (Fig. 4.3B). The hindbrain and
whole brain samples of females were also affected following Mtz treatmeshaned
68% (n=3, p=0.07) and5 % (n=3, p=0.09) decreas@ dopamine, respectively |
males levels were more robustith 86% (n=3, p=0.01) an80% (n=3, p=0.02) decrease,
respectively (Fig. 4.3B). There were no statistically significant changes in the levels of
norepinephrine and serotonin in these same samples, suggesting a specific targeting of

dopaminergic neurons.
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Figure 4.3.Mtz treatment results in a decrease in dopamine levelsligh
performance liquid chromatography was employed to address the levels of DA in the
OB/Tel area, the DC/Mid area and the Hind area or in whole brain samples at either 1 dpt
(A) or at7 dpt (B). Dopamine levels are shown as a percent change relative to levels
detected in vehicle treated animaseas from individual fish were analyzed

independentlyn=3.
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We further addressed the effeof Mtz treatment on theifferent neuronal
populations expressing CFP previously described in Figure 4.1. Immunohistochemical
analysis was performed on-bdicron thick sections for both CFP and TH (Fig. 4.4) and
an overall decrease in both markers was obsenvébd major dopamergic neuron
populations labeled in the Tagt: CFP-NTR) zebrafish. We observed a decrease in CFP
and TH in the olfactory bulb of Mtz treated animals (Fig. 41®6 6) when compar e

A

0), as wel | trabtdenceghaicn ges i n t

(@}

vehicle treated animals (Fig. 4.4aa0

A A

population (Fig. 4.4l 6 6 6-c ¥ 8

A A

6ax( Fogs) 4an

o

) L pretedtodloe &
cells of the diencephalon, including the pear shaped dopaminergic neurons of DC cluster

2 (arrows) and the neurons of DC cluster 3 (Fighd46 6 61 ¥ &6 ) i wer e al so d
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Figure 4.4. Immunohistochemical analysis of cell ablation in the adult
Tg(dat:CFP-NTR) brain. At 8 to 10 month®f age adult zebrafish brains were
sectioned 14um thick, from vehicle or Mtz treatedsih collected 7 days post treatment.
Sections were stained with aitFP (atoi)andwithari H (adé t o i 6) anti boc
are shown as merge (aod6b6 to i 0606)adadndthdadls bz oo me
are shown at 20X magnification andaged versions at 40)Scale bars are 100

microns.
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We initially addressed these changes in 3 subareas of the olfactory bulb classified
as rostal (r), medial (m) and caudal (c) OB (Fig. 4BTo further quantify the degree
of neuronablation in the different CFP neuronal clusters, we usefibcahmicroscope
images taken af-micron thick optical sections to quantify the number of CFP single
positive, TH single positive and CFP and TH double positive cells (Fig. 4.5A).
Metrondazoletreatment resulted i83% (2-way ANOVA, n=3, p=0.0003),
52.6% (n=3, p=0.011) arsh.6% (n=3, p=0.005) reduction in CFe&lls in the rostral,
medial and caudal areas of the olfactory bulb, respectively (Fig. 4.5B), when compared to
vehicle treated animal¥he number of TH labeled cells was also reduced by 85% (n=3,
p=0.0001), 66.6% (n=3, p=0.0004) and 72.6% (n=3, p=0.0002) in the OBr, OBm and
OBc, respectively (Fig. 4.5 C). Furthermore, a similar trend was observed when looking
for double labeled CFP andHIpositive cells, where in the OBr there was a 76.7% (n=3,
p=0.005), in the OBm there was a 66.1% (n=3, p=0.013) and in the OBc an observable
64.7% (n=3, p=0.015) reduction in the number of positive cells expressed as a percent of

labeled cells relative toontrol animals (Fig. 4.5D).
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Figure 4.5. Quantification of cell loss in the olfactory bulb of Tgdat:CFP-
NTR). A) Representative imagef sectiors stained with CFP, TH and with the nuclear
stain DAPI. Images were taken using a Nikon Al confogaltoscope with dmicron
thick optical sections and were used to count cells positive for CFP (B), positive for TH
(C) and double positives for bo@FP and THD). The olfactory bulb was
subcategorized into a rostral (r), medial (m) and caudal (c) rdgaia.presented as
percent changes relative to counts in vehicle control sanfples. * p O 0. 05,
**x* p O 0.001, ***>* p O 0. O%cadbara=m@l n. s.
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4.4.3 Ablation of CFP positive cells does not change global locomotor parameters
nor the initiation or maintenance of movement but results in an increase in

midline crossings and a longer time spent in the upper half of the tank

Loss of dopaminergic neurons is associatetl witocomotor phenotype often
described inpatet s wi t h P ar kheselpoomofoschahgeshave been T
modeled in both larval and adult zebrafish models of dopamine neuron déthagel.
2010; Anichtchiket al.2008; Sallineret al.2009; Anichtchiket al.2004)(for more in
depth review see Table 1.1). Here, we tested whether the loss oE&iEm the
Tg(dat:CFP-NTR) fish was sufficient to induwca locomotor deficit in the adult fish.

We looked primarily at the free swimming ability of adult dgil CFP-NTR)
prior to drug treatment and at 7 days gosatment (Table 4.1). The swimming pattern
of adult fish werendividually tracked ira behaior tankfollowing an acclimatization
period. The data was analyzed using the Ctrax soft{iBaemsonret al.2009) originally
developed to tracRrosophilabut optimized by us to track adult fish in a similar way to

previous work done using thisfsware to track larval zebrafighambertet al.2012)
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Table 4.1 Adult Free Swimming Parameters in Tglat: CFP-NTR) Zebrafish. Fish were acclimatized in the recording chamber for 20 minutes before
video recordings either 1 day prior or 7 days following Mtz or vehicle exposuresWwnegning parameters were measured during a 10 minutes video
recording at 30 fps ade using a 40 mm Nikon lens attached to a D3000 DSLR Nikon Camera. Data was analyzed using the open source tracking .
Ctrax following optimization for zebrafish use.

Parameter Descriptiort Mean Values* Mean Values*
Pretreatment Day 1 Posttreatment Day 7
Vehicle Mtz P-value Vehicle Mtz P-value

dtot Total distance moved (m) 319 10.1 0.48 213 22.5 0.62

dtheta Angular velocity (rad/s) 0.03 0.2 0.73 -0.09 0.05 0.36

absdtheta Angular speed (rad/s) 3.30 1.35 0.69 1.92 2.06 0.85

d2theta Angular acceleration (rad/s"2) 0.27 0.08 0.56 0.32 -0.45 0.08

absd2theta Absolute angular acceleration 19.8 7.66 0.63 14.90 15.62 0.94

(d2theta)(rad/s”"2)

velmag_ctr Speed (mm/s) 47.4 15.0 0.47 32.1 33.2 0.91

du_ctr Forward velocity of centerpoint 437 12.5 0.41 28.3 315 0.71
(mm/s)

dv_ctr Sideway velocity of the centerpoint -0.84 -0.06 0.41 -0.67 -0.13 0.45
(mm/s)

phi Velocity direction (rad) -0.01 0.11 0.16 0.06 -0.03 0.42

yaw Difference between velocity directio -0.01 -0.01 0.67 -0.02 0.03 0.37

and orientation (rad)
absyaw  Absolute difference between velocit 0.90 1.83 0.17 0.72 0.30 0.13
direction and orientation (rad)
velmag Speed of the center of rotation (mm; 37.9 11.5 0.43 256 27.8 0.74
du_cor Forward velocity of the center of 36.7 10.4 0.40 24.2 271 0.66
rotation (mm/s)

Dv_cor  Sideway velocity of center of rotatiol -0.32 0.01 0.22 -0.09 0.06 0.43
(mm/s)

absdv_cor Sideways speed of center of rotatio 5.77 1.74 0.46 4.14 3.61 0.78
(mm/s)

flipdv_cor Sideways velocity of the center of 0.69 0.08 0.43 0.075 -0.18 0.24

rotation (mm/s)
accmag  Acceleration of the center of rotatiol 333 123 0.67 247 154 0.57
(mm/s”2)

#According to descriptions provided by Ctrax, *n=4
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A total of 17 parameters were addressed and included aspects such as the total
distance moved, speed, angular acceleration, angular velocity and others asdiescribe
Table 4.1. No differences were observed among 2 different groupsd#tTOfP-NTR
analyzed prior to drug treatment nor at 7 dpt. A trend toward a reduction inghia@
acceleration of Mtz treated animals at 7 dpt was observed but did not reach statistical
significance when compared to vehicle treated controls (n=4, p=0.08) (Table 4.1).
Tg(dat:EGFP) animals were not affected by Mtz treatment and did not differ from
vehicle treated animals.

Following drug treatment, it was noticed that Mtz treated animals tended to
explore the top half of their home tank more often than confPoévious research
suggests that when placed into a novel tank environment, adult pddigh tend to seek
protection by diving into the bottom of the tank (Caddtadl.2010). This behavior
activity, which has been shown to alter in the presence of anxiogenic and anxiolytic
compounds (Cachat al.2011) is a commonly used measure foriatyxrelated
phenotype in adult zebrafish (Woagal.2010; Stewaret al.2014) with more anxious
fish tending to spend less time at the surface portion of the tank.

In order to address whether there was a difference in the length of time that fish
sper near the surface of a tanke used 1ibreeding tanks and drew a line across the
mi ddl e of the tank (Fig. 4.6A) and measured
midline and the percent of time they spent in the top half of the tank overraifiuee
video recording. No differences were observed in the time spent above the line or in the
number of midline crossings prior to drug administration (Fig. 4.6B,C). Upon drug

treatmenthe fish tended to sperash increasedmount of timen the top halof the tank
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first noticeableat 1dpt and reaching a maximum at 7 dpt. At 7 dpt, Mtz treated fish spent
on average 24% of the time on the top half of the tank, whereas vehicle treated animals
only spent 6.3% of the time above the line@y ANOVA, n=7, p9.007) (Fig. 4.6B).
Although a trend towards a higher percent of time spent above the line by Mtz treated
animals was still observable at day 38, Mtz treated fish analyzed from days 40 to-45 post
treatment did not differ from those treated with vehicley@Rlg. 4.6B). A similar trend
was observed fahe number of midline crossingsafting at 1 dptMtz treated fish
tended to cross thaidline more often than controls. This increase, readtatistical
significance at days 5, 7 and persisting until 8&yFig. 4.6C). On days 5, 7 and 38 Mtz
treated fish moved 77 {&ay ANOVA, n=7, p=0.016), 89 (n=7, p=0.0021) and 65 (n=7,
p=0.02) times across the midline when compared to 24, 26 and 13 times for vehicle
treated control animals, respectively (Fig. 4.8@4z fish started to recoveat 40 dptand
by day 45 were indistinguishable from vehicle controls (Fig. 4.6C) daggEGFP
animals treated with Mtz did not behave differently than vehicle treatedhksn
demonstrating a specifidfect of the ablation w CFP cells in the Tgdat:CFP-NTR.

Taken together our data suggests that loss of dopaminergic celilasdease in
DA levels in the Tgfat:CFP-NTR) zebrafish and was not sufficient to affect the global
parameter of free swimming animals but resuitedn increased exploratory behavior
with a greater percent of time spent on the top portion of the tanknandreased
number of midline crossings. Furthermore, this phenotype was-ghed and returned

to control levels by day 4post treatment.
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Figure 4.6.Mtz treatment of Tg(dat:CFP-NTR) fish resulted in an increase in
exploratory behavior and a higher percent of time spent at the surface of the tank.
A) Schematic representation of the side view of the behavior set up. Single fish were
placed o 1L breeding traps with a midline drawn halfythrough the tank. Five
minutelong videos were acquired with a minimum of seven biological replicates
obtained from three different exposure experiments. B) Percent of time spent above

midline. C) Number btimesafish crossed the midline.
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4.4.4 Regeneration of CFP positive cells

Since Mtz treated animals fully recovered their behavighenotype by 45 days
post treatment, we set to test if this rescue in phenotypeamatated witha recovery in
the number of CFP positive cells, previously shown to be ablated at 7 dpt.

Levels of both TH and CFP were undistinguishable in Mtz treated animals and
vehicle treated female (Fig. 4.7 A, B) and males (Fig. 4.7 C, D) as showiabye

quantification of protein levels normalized to actin in our immunoblotting experiments.
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Figure 4.7. Recovery of global CFP and TH levels in Tdat:CFP-NTR) at 45
days posttreatment. Immunoblotting experiment showing recovery in Thdks (A, C)

in the female (A) and male (C) brains and CFP levels in females (B) and males (D).
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