University of Strathclyde

Department of Naval Architecture, Greand Marine Engineering

Experimental and Numerical Quantification of
Influences of Drugs on Zebrafish Larvae Swimming

Kinematics and Energetics

ZHENKAI ZHAO

The thesis submitted in fulfillment of the requirements for the degree of

Doctor of Phlosophy

July 2020



Acknowledgements

Acknowledgements

Firstand foremostl would like to thank my principal supervisor Dr Qing Xiao and my
second supervisor Dr Huirong Jiang for their inspiring advice and kind help. Dr Xiao
was always encouraging and helpful with her expertise in CFD related problems. Her

efforts in supervisingne with my PhD study will always be appreciated.

| would like to thank Dr Xinhua Shu from Glasgow Caledonian University and Dr Gen
Li from Japan Agency for MarinEarth Science and Technology for their kind help in
developing the numerical tool apdoviding lab and apparatus for experiment. Their

valuable supports are much appreciated.

| would like to thank University of Strathclyde for the financial support during my study

in the UK.

| would like to thank Ms Susan Pawson and other staff in thaib®aent of NAOME

for their kind help in administrative and technical issues.

| would like to thank the technical supports from ARCHAESt HPC based at
University of Strathclyde and CIRRUS HPC based at University of Edinburgh for

providing CFD simulatiomesources.

| would like to thank all my amazing colleagues and friends in Glasgow. They were
always supportive and encouraging and the time spent with them made my life in

Scotland much more enjoyable.

Finally, I am deeply indebted to my loving family for their endless love and support. |
am grateful to my parents for their selfless supparimy study and life. They always
understand me and supportmaly decisions on study and development. | am proud of

beng their sa.



Publications

Publications

Journal Articles

Laibing Jia, Kotapati Raghupathy, R., Albalawi, Zhenkai Zhao, Reilly, J., Qing
Xiao. & Xinhua (2017). A colour preference technique to evaluatzylamide
induced toxicity in zebréish. Comparative Biochemistry and Physiology Part C:
Toxicology and Pharmacology99, 11-19.

Zhenkai Zhao, Gen Li, Qing Xiao, Hao Liu and Xinhua Sh(2020).
Quantification of the influence of medicine on zebrafisiivae swmming
behaviours and energeti¢®eer] 8:e8374

Zhenkai Zhao, Qing Xiao, Gabriel Mbuta Tchivelekete, James Relly, Huirong
Jiang, Xinhua ShuQuantification of computational fluid dynamics simulation
assists the evaluation dbypenosideprotection in a zebrafish pain model.

Physiology & Behaviofunder review).

Conference paper

Zhenkai Zhao, Qing Xiao, Gen Li, Hao Liu and Xinhua Shu (20¥8¥tudy of
zebrafish locomotion using experimental and numerical simuldtignmoceedings
of the 2018 7" International Symposium on Aero Aqua Bi@chanismsSeniju,
Tokyo, Japan



Abstract

Abstract

The use of zebrafish larvae has aroused widerest in the medical field for its
potential role in the development of new therapies. Compared to other species, the
zebrafish larvae grow extremely quickly, and the embryos are nearly transparent, which
allowseasy examination of its internal structures udimgrescent imaging techniques.

Its complete genome sequence has already fagblished and is quite similar tbhat

of human beings. Together with other advantages su@6asm tiny body size for
largescale screeningebrafish habeen grown to bealuable model to test drugs and
human diseases. Different types of drugs might have diffexaénces on zebrafish
behaviags, these behavior changes are related to functional changes of motoneurons in
the spinal cord in the central nervous system (CNS) and transformations of the zebrafish
body such as muscle mechanical power and force variation, which cannot be measured
directly by pure experimeatobservation. Therefore, a knowledge of internal muscle
mechanics can assist the understanding of the effects of drugs on swimming activity.
In this study, a novel methodolofyas been developéd investigate the influences of
drugs on zebrafish larvae kinematics and energétidsiding the internal muscle
mechanics, which can supply additional information zebrafish swimming behavio

changes induced by drug applications.

The method includeboth experimental measurememtd numerical simulation.hE
experimental studis carried outvith high-speedcamera recordings on reallrafish
larvae swimming behawie and posprocessing with mukfunction inrhouseMATLAB
code to capture and extract the body motion ddta.rumerical simulations based on
coupling betweempensource CFD toolboXOpenFOAM and an opeisource mult
body dynamics softwar@BDynto accurately quantify influences of drug applications
on zebrafish larvae kinematic and energetic perfornsareed especially internal
muscle mechanicgor the interactions between zebrafish larvaeg surrounding fluid,
OpenFOAMis used to solve fluid dynamics and deal with dynamic internal mesh

motion; MBDyn is usedfor solid body analysis and provide kinematic data for
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OpenFOAM The coupling of these two solvers is achieved by establishing an interface

library to exchange data with the help of the TCP/IP protocol.

Test cases are studied to validate fhasibility and accurac of the numerical
methodology. The first step vasition includes comparisons wigast research ofz

D jellyfish-like multi-body structureto prove that numerical coupling between
OpenFOAMandMBDynis feasiblan simulating multibody structureThe second step
validation includes comparisons betweeiD Zebrafish model and experimentally
observed results with higépeed camera. To be specifai)-beat angles and averaged
forward velocity of zebrafish larvae are compared, and atitlaatitaive comparisons
showacceptable similaritiedAlso, zebrafish body curvatureseatompaed between
experimentand CFD during one period of time to supplement the validation for

aacuracy of numerical simulation.

Applicationsof our methodology include nociceptive and neuroactive drug influences
on zebafish locomotionand additional informatiofrom our resultsuch as internal
muscle mechanismgp assistthe evaluation ofGypenosidegrotection from high
concentration aceticcad. We firstly provide comparisons afebrafish locomotion
before and after treatments with 0.01% acetic acid, ‘5d0diphenylhydantoin (DPH),

and 100mg/ml yohimbingo test whether our novel zebrafish model can simulate
different types of drug effec{positive, negative and no effect) on zebrafish lamae

not The reason of choosing the three drugs is based on previous studies showing
apparent physiology and behavioural changes under biological experiBasesl on

our resultsthe three differendrugs showpositive, negative, and no imgaon zebrafish
swimming activities respectivelyThese effects have beancurately quantified with
parameters such as forward velocity, forces, and hydrodynamic and mechanical power

distributiors, etc.

Besideswe have evaluated the damage caused by 0.1% acetic acid to the muscle of 5

days posfertilization (dpf) zebrafish larvae, and the effeof protection with saponin
5
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Gypenosid€GYP) extracted fronGynosemma pentaphylluno demonstrate that our
technique can support biological experiment. Quantitativetiraal polymerase chain
reaction(gRT-PCR) has been us@d examine the effects of acetic acid &P on
oxidative stress and inflammation, leading to thd fhat cotreatment ofGYP can
mediate damage caused by acetic acid. At the same timbavexquantified the
parameters related to muscle such as muscle power and the resultant hydrodynamic
force, proving thaGYP canalleviate the detrimental effect of acetic acid on zebrafish
larvae, in the form otlleviation from swimming debilityand that the muscle status
canbe quantified to represent the degree of muscle damage due to the acetic acid and
the recovery due t&YP. We havealso linked the behavial changes to alteration of

antioxidant and inflammation gene expression.

These results provide novel insights into the reasons forpkated behavioral changes

in zebrdish larvae, especially from an internal muspggspectivevhichis hard to be
provided with traditional biological experimental analysdising this approach, we
might focus on evaluating potential analgesic drugs for pain relief and neuroactive drug
effects on fish behaviors, which might help to ustind the functions of the nervous

systemand explain drug effects on zebrafish larvae locomotion
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Chapter 1 Introduction

1 Introduction

1.1.Background

Zebrafish (also called Danio rejits a tropical freswater fish(displayed inFig. 1-1)
distributed across parbf India, BangladeshNepal,and Pakistarl]. Over thepast
thirty years, zebrafish hdsecome a preminent vertebratenodel to study gess as
well as drug discovery imedical researctZebrafish embryo has nearly transparent
body and develop externally, allowing scientists to observentirphological changes
such as cell motion, organ formation, hbe#dt,and development durintpefirst few
days of life[2]. Zebrafish can produadarge number of offsjmg, and th&-6mmbody
length for larval stage allommassivenumber ofspecimens to be manipulated in a
flexible space to generate a large number of musntsltaneously3, 4]. Mutantscan

be usedo discover the specifistages of embryogenesis beutigrupted by different
types of mutations, which igssentialfor elucidating the conserved molecular
mechanisms underlying early vertebrate developrfiené]. Compared wh human
beings, zebrafish hassimilar genetic structur@nd shares 70% of genes with human
beings, whichmakes itpossibleto study human diseases on zebrafiisihe following
sections, a bef introduction of zebrafish applications and contributions in drug
discovery and naical treatment will be stated to provide an essential background for

readers on part of the research scopes of zebrafish.

Figure 1-1. A sketch of zebrafish development ftb@embryo stage (lefnost image), larvae
stage (niddle image)(scale bar = 1Immjo the adult stage (rightnost modél (isoft iStock

9



Chapter 1 Introduction

1.1.1. Zebrafish contributionsin toxicological studyand new drug development

In recent years, zebrafish hascomea valuable model for drug discoveAs shown
in Fig. 1-2, publications on zebrafish related to toxicology have grown ovelddin
the last ten yearst early stagesebrafish larvae are cheap, and tbay produce large
numbers of offspring, from whickcientistscan test the efficacy and toxicity of new

drugs before applying tmoreexpensive and complicated mammalian animals.

Toxicology, by definition,is tightly constrained to the nedd preven diseases.
Specificaly, whether a chemical is safe or a given disemsaused or influenced by a
specfic chemical exposures at the core of the disciplindherefore, galuatingthe
toxicity of a new drugg vital as the unaccepted toxicity will fail the check at clinical
trials. Determination of toxicity includes various compounds sucheasy medls,
pesticides,and compounds causing environmental contaminatiéms.important
parameter to be determined foxicity testing is the L& value (he concentration that
is lethal to 50% of testing fisHY]. A comparison of L& value between zebrafish and
mammals based on 18 chemical compounds has been made, showing that zebrafish
embryo is more sensitivbanmammaldo the toxic treatmenii8]. Similar researches
havealsobeenapplied to evaluatéhe embryotoxicity and safety of drug application
[9].

35001 Bl zebrafish

30004 3 zebrafish toxicity
25004
2000+
1500+
1000+

500+

Number of publications

2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

Figure 1-2. Studies o zebrafish and toxicity studies with zebraf{di®]
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Chapter 1 Introduction

1.1.1.1. Zebrafish as a model to studyenvironmental toxicology

Early zebrafish modalhave been used to evaluéitte environmental toxins methan
pharmaceutical compoungkl]. Environmental toxinsncluding toxic heay metals,
endocrine disruptors, and organic pollutahtsye been widely stied. Sandrinest al
havetested the effect of MPTP, rotenone, and paraquat in both adult and larval zebrafish
[12].These neurotoxins can not only influence the aquatic environment but also induce
Par ki ns o nfd@ $iumdni beiegavghieh aremeantto be studiedDecreased
locomotor actrity induced by MPTP has been observed on adult zebrafisbntrast,

larvae zebrafish ghibited developmental, behaw@l, and DA sensitivity to agents
mentioned abovesuggesting that zebrafish could be a valuable model for testing
environmentat o x i n s ®ther fesearchérshave also studied sinelamsin this

field. Goolish et al have tested the behawimal response of adult zebrafish to
hypergravity conditions to prove that zebrafish can access theatsr interface for

initial swimbladder inflation{13]. Inspired by the fact that a mix of noxious agents can
affect the aquatic embryo ignoring the protection of chmpriderleet al havestudied

the effects of single chemicals and chemical mixtures on zebrafish andanedaknb r y 0 s 6
developmenfl14]. Part of the treated results on zebrafisashown inTable 1-1 and

Table 1-2, andthe authohastested the effects of toluene and a mixture of TCDD and
Benzene of dechorionated zebrafish. As displayed by two tables, dechorionated
zebrafish embryos @osed to both single and mixetiemicals developardiovascular

defects (Heart defects), and the mixture chemicals can cause more severe problems

1.1.1.2. Zebrafish as a model in toxicology and drug discovery

By definition, drug discovery is the processidéntifying potential new medicines,
involving a wide range of scientific disciplines, including biology, chemistry, and
pharmacology. Modern drug discovery involves the identificatiohigh throughput
screening (HTS), whiclkequires significant investmés by pharmaceutical companies,

therefore, cost control for preclinical testing is necessary.
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Chapter 1 Introduction

Following the 3Rs criteria, replacement, reduction, and refinement in animal research
[15, 16] zebrafishis gaining its popularity as an alternative animal model. According
to the European Commission Directive from 2010, experiments with the earliest life
stages of some animals are not regulated as animal nja@glg herefore, zebrafish
under five dpf can be considered as the earliest-difege subjacto regulation

mentioned above.

Table1-1. Survival of dechlorinated zebrafish after 30 min static exposure to toluene

N |24h 48 h Heart 72 h 96h Swim
defects up)

100 ppmtoluea | 10 | 2(20%) | 2(20%) | 2/2 220% |0

10 ppmtoluene | 11 | 5(45%) | 5@5% |3/5 5(45% | 2(18%

1 ppm toluene 36 | 25(69% |21(68% | 1/21 2066%) | 17@47%
0.1 ppmtoluene |20 | 12(60% | 11(65% | 1/11 11(65% | 10(50%)
0.01 ppmtoluene | 20 | 15(75%) | 15(75%) | 1/15 14(70% | 14(70%)
0.001 ppm toluene| 16 | 14@B8%) | 12(75%) | O 12(75%) | 12(75%)
0.0001ppm toluend 16 | 13(81%) | 13(81%) |0 1381% | 13(81%

Table1-2. Survival of dechlorinated zebrafish after 30 min static exposure to a
mixture of TCDD and Benzene

N 24h 48 h Heart 72 h 96 h

defects (Swim up

1 ppm 16 6(38%) 4(25%) 2/4 4(25%) 2(13%)

TCDD/benz

0.1 ppm 16 | 1063% | 8(50%) 1/8 6(38%) 5(31%)

TCDD/benz

0.01 ppm 16 | 16(100% | 16(100% | O 1169%) | 8(50%)

TCDD/benz

0.001 ppm 16 | 1381% |1063% |0 1063% | 10(63%)

TCDD/benz

0.0001 ppm 16 | 1468% |12(76% |0 12(75%) | 12(75%)

TCDD/benz

12



Chapter 1 Introduction

Drug discovery used to be achieved occasionally by observing phenotype changes of
whole animals exposed to small molecules. As zebrafiste high fecundity, a large
scale angystematic screening can be performed to study nevs dnebjtoxicology. In

drug discoveryithe biological effects of toxins and chemicals have been studied
extensivel)({17]. Pdersonet alhaveexamined thempactof 1100 molecules with large

scale screening on the central nervous system and heart of zebrafish embrims)énd

that some molecules can disturb the development of emlpt@isru et al have
designed a screen to find a compound that could inhibit targeted bone morphogenetic
protein (BMP) receptorfd 9]. They have found an inhibitor called dorsomorphin which
can perturb dorsoventral axis formation in zebrafish. As showfiginl-3, zebrafish
applied withdifferent concentratios Gorsomorphin can att the formation of body

trunk

Dorsomorphin

(©) (D)

Figure 1-3. Dorsomorphin induces dorsalization in zebrafish embryos. (A) Structure of
dorsomorphin(B) WT zérafish embryat 36 (hours postertilization) hpf. Ventral tail fin is
highlighted in brackets. (C) Zebrafish embryo treated with 10 dorsomorphin (DM) at 8 hpf
and photographedt 36 hpf. (D) Zebrafish embryeated with 10° 0 dorsomophin at 6 hpf,
occasionally develop ectopic tails at 48 8]

Besides, neurotoxicityis also widely concerned in drug discovery with zebrafish
embryos and larva®&leurotoxicity testing is the initial stage for studying mechanisms
of neurological disorders and diseaf2@]. By definition, neurotoxicity represengs

form of toxicity in which a specific toxin produces adverse eé$fentthe function of a
13



Chapter 1 Introduction

particular region of the centralgripheral nervous system{21]. As the
central/peripheral nervous system controls the motor neurons in thecspihaf fish
embryos and thus the musculature, it is necessary to record the locomotion of fish
samples to screen the neurotoxic compoygds A wide range of drugs havgeen

tested such asdiphenylhydantoin pentylenetetrazol, and picrotoxing study the
influences on locomotor behavid23-25]. Examples of part of those results are shown

in Fig. 1-4. In this figure, most researcherthoose to use distance moved by the fish
embryos during a perig@vhich is the most straightforwardeasuremenihe current
results suggest that the influences from neurotoxic drugs on locoauitaities are
dosedependentcompared with rodent animalthese results are proved to be similar
[10]. Although there exist some untranslatable results, it is prudent to say that zebrafish

can be an alternative model for neurotoxicity study.

1.1.2. Zebrafish contributions in human disease modeling

It has been reported that more than 80% of human genes sssabsgasehave a
zebrafish homolod26], which means some commamonditiors such as muscle,
cardiovascular and intestine diseases in human beings that cause changeano hu
body tissues could theoretically bedelledin zebrafish. However, some tissues and
body parts with pathological changes in human beings do not exist in zelsatibh

as lungsshould beexaminedwith other animals.

Currenty used genome editingpproach iscalled CRISPR/Cas9, or aridfal site
specific nucleases such as zfmger nuclease, and transcription activdtke
nucleasef27-29]. With thegenome editing@proach scientist&an knockin or knock
outthe target genes in vivo to mimic human phenotypes and obsersgnipgomson

mutant zebrafis. These models can also be used to test cures for the diSeaggared

with rodent labai mal s, zebrafi shos aHargg humfeeat undi ty

samples being observed repeatedly.

14



Chapter 1 Introduction

Many severe diseases have already been studied with mutant zebrafish models,
including muscle diseases such aBuchene muscular dystrophy, and

neurodegenerative diseases sucA&dsz h ei me r[20,3038]i seas e

Muscular dystrophy

Muscle dystrophy is one of the most commonly seen diseases in human Ineingsd

by the mutations in the dystrophin gene, different types of muscle dystrophy have been
classified, including Duchenne Muscular Dystrophy and Becker Muscular Dystrophy
[37]. Thecritical feature of musalar dystrophyis a loss ofnuscle functionwhich will

lead to necrotic and abnormally sized mudithees This kind of degeneration of
skeletal muscles is always fatal to human beifigsaddress the severity of muscle
dystrophy, many animal models have been well established to model the disease.
Zebrafish larvae are particularly suited to study musslated diseases as the
transparent ahsomatic muscle comprises a lapggeportion ofbody and is accessible

[31].

Early studieson muscle diseases with zebrafisblude isolation of specific mated
muscle gene$37] and screening of zebrafish mutant famil[&s 38, 39] Muscle
disorganizationis observed wh birefringence technique. Adhé hghly ordered
somatic muscle has the ability to rotate polarized light, it is possibddgerve the
amount of rotated light to determine the muscle conditions. For example, a decrease in
the amount of rotated light indicate a loss of the muscletatejcand dark patches
might suggesthat muscle is teared or muscle fibre is disorganjaéfl As shown in

Fig. 1-5, one kind of mutantSapjemutant is presented and shows that compared to
wildtype zebrafish, the swimmingdie pointed with black arrow is umflated.Large
screens of zebrafish genes have identified a large number of mutants that influence the
muscle functiosg, including mutations at different pitions along body trunk. Heie
specific locus,sapje (sap) is takenas an example to display the affected muscle

formation of the mutant zebrafish model. As showhRim 1-6, dystrophin is lost from

15
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the end of musclébresin sapmutant zebrafish modeahefibre of zebrafish withsap

mutationdetaches compared with wild typebrafisn31].
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Figure 1-4. Examples of locomotor behaviors of zebrafish treated with different togigalrugs.
(A) Distance moved by zebrafish larvae under continuous illumination followed by alternative
light and dark conditios. Comparisons are made betwéleecontrol group and 125 0
picrotoxin. (B) Average distance moved by zebrafish larvae per minute within 35 minutes under
continuous illuminati on, foll owed by a 5 minutes
thecontrol group and 500 0 diphenylhydantoin(C) Effects of pentylenetetrazol averaged
distances moved by the zebrafish larvae withinid time under both light and dadonditions.
The horizontal axis represents the concentration of pentylenetetf2&5]
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“f — 1 Wildtype
i

M ;gr’ SR

Figure 1-5. Sapje mutants sl decreased birefringence and-unflated swimbladder compared
to wildtype zebrafisf38]

Figure 1-6. Fibre detachment caused by mutation of zebrafi$te leftpicture is the wild type
zebrafish model with dystrophiandthe rightimagerepresentshe mutant zebrafish model which
lacks dystrophir31]

Al zhei mer 6s disease

Alzheimeb s di sease ( AD) i's the most common fo
Unfortunately, no effective therapgidnave been developé&t now. By definiton, AD

is characterized by progressive memory loss including impairment of speech and motor

ability [41]. Before zebrafish being applied as a model to study AD, rodent mioaels

been extensively used to investigate the mechanisms of AD. Compared to rodent
animals, zebrafish lack the complex cognitive behaviii, they possess orthologous

genes to those mutated in familial Al zhein
observe in rodent animal33]. Advantagesof zebrafish as a moddb study

Al zhei mer 6 showhiinsTalke 4-8 Thare is a high conservation of brain

organization between zebrafish and human beings, andimilarity between
neuroanatomic and neurochemical pathwdgs 43} which are closely related to AD
researchScientists can investigate the functions of some relevant genes involved in

FAD in mutant zebrafish such as the presenilin genes, blockage, and loss dfipresen
17



Chapter 1 Introduction

gene expression that can lead to lack of production of motor neurons in the developing

spinal cord of zebrafish larvgé4]. However limitations exist for zebrafish as an AD

model. Due to the tiny body size, the whole body of Zedtrawill be exposed to the

chemical compounds, thus the quantification entering zebrafish body is unpredictable

as the chemicals can be absorbed randomly by gills and skibeffer study the

pathology of FAD with the zebrafish model, a deeperundenstang of zebr afi sho
structure and function are requirefliso, fields like the behavior, physiology, and
neuroanatomical circuitry of the fish and the link between neurodevelopment and

neurodegeneration need to be better elucidated.

Table1-3. Advantages over zebrafish as an AD model

Embryos Larva Adult
Rapiddevelopment Optically transparent Vertebrate neural structure
Optically transparent Similar genome Low cost, easy maintenanc
Similar genome ) , Genome comprises ortholog
High-throughputscreening
Externaldevelopment of human FAD genes

1.2.Motivation & research aim

As mentioned above, in recent years, zebrafiske llien extensively used in the
research fields as an alternatteeodent animals for toxicology and drug discoveaty

the same time, mantypes ofzebrafish models have been built to test chemical
influences on the physiology and behaviors of zebralisthis part, depending on the
purposes of experimentgyritical features of affected zebrafish under chemical
treatment anbe described with images of damaged/deformed body tissues or changing
swimming behaviors characterized by distatreselledbody bending angleThese

two aspects are connected as the damaged bssiye will probably affect the
swimming behaviors as wellnspiredby the connections between botgsuesand
swimming behaviors, we intend to build a novel zebrafish model different frem th
traditional biological model, this model will help to understand the internal muscle

mechanics during swimming and quantify the effect of internal muscle before and after

18
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drug treatmentAlso, considering the potential ability to assess the internal lsmusc
performance during swimming, it might be feasible to evaluate the muscle status under
different types of muscle diseases. For example, as mentioned above, by comparing the
internal muscle characteristic differences between wild type zebrafish larvae and
mutant fish larvae induced by muscular dystrophy related genes with the numerical
simulation tool, it might be possible to compare the muscle power at specific locations
to justify to what extent the muscle has been damaged or dagEhesuggesting that

the methodology can be potentially used in pathological study.

The novel model aims at cominig an advaned flow analysis technology and
experimental tools to investigéatee variation of zebrafish swimming behavietbject

to pharmaceutical influences. Theperimental tools include a biological observation
of the in vivo zebrafish locomotiomd the subsequent data analysise Heveloped
flow analysis tool can simulate the swimming behaviors of zebrafish lareamtaify
several important swimming char&eristics, including body forceand power
consumptionwhich cannot be acquired with biologicakxperiments only.With
assistance from flow analysis technology,c@equantify to what extent the tissue has
been deagedfrom the toxins and compare the effect of different chemicals with

specific values and percentage

Besides, the feasibility of the model with different types of drugs and cheiisigaing

to be discussedncluding neuroactivenedicines andchemicalswhich will stimulate
thenociception of zebrafish. A drdgduced recovery from body pain is applied as well.
Using this approach, owebrafishmodel could potentially contribute to studying the

effects of new drugs on zebrafish larvae.

1.3.Thesisstructure

The thesigs divided into six chapters. A brief introduction about zebrafish and its

biological implications are stated in Chapter 1. A review of the past research on
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different species related to nociceptive study and pain reftidf @mparisos to
zebrafish havébeen discussed in Chapter 2. Methodoldggluding Experimental
setup, animal treatment, drug applicatfiand MATLABpostprocessing are shown in
Chapter 3. CFD simulations ahe zebrafish larvae modedre also shown in the
methodology chapter. Validations of the methodology regarding biological
observations,MATLAB postprocessing and CFD software coupling have been
displayedin Chapter 4 Applications on drug treatment of the zebrafish larwaid
threedifferent types of drugsand pain relief withGypenosidescluding biologically
observed kinematic performance and CFD simulated kinematics and energetics results
on zebrafish larvae locomotion afisplayed in Chapter.3he conclusion of the whole
work and discussions about future studies related to pain relief on zebrafishdarvae

given in Chapter 6
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2 Literature Review

2.1.Nociception study onmammalian

Due to the above advantages of zebrafishiecentyears, it has been dely used to

study one of the most concerned tgpimdy painPai n has been defined
constellation of unpleasant sensory, emotipaatl cognitive experiengarovoked by

real or perceived tissue damage and manifestecelgin automatic, psychological,
andbehaviourak e a c t[45]oRorshaman beings, they experience these pains over
extreme temperaturesd pressures that could potentially injure tisgd6k Pains are
perceived by @eripheralsensory neuron known as nociceptor, whectlistribuiedin

skin, muscleand joints and playsherole of sending potential threab multiple brain

regions via thedorsal horn of the spinal cof@]. The concept of nociceptionas

inspired by the Latimocere whi ¢ h me an devefoped bylSkEngtodin an d
1910[47]. It is a sensory system of the peripheral and eénérvous system to detect
potentially harmful stimulusDue to theoriginsof different stimui, nociceptors can be
divided into three typeshermal, mechanicand chemical nociceptora. schematic
diagram sketching the development of the perception of pain is shdwg asl. Once
contacting potential harmful stimulus, the periphe@ticeptors will be activated, the
noxious stimuli will be transdied into neuronal signals asjnals will be transmitted

to CNS. Integration of #seinformation in brain regions results in colap cortical
structure responsgand finally, modulation occurs via reciprocal and descenglacts

[48, 49]
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Perception of pain
develops in the brain

!

Reactions (circulation,
breathing, alertness)

Ascending pain ]
pathway

Transmission
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Figure 2-1. Development of the perception of pfso]

As mentioned aboveain can be induced by many factors such as temperature, pressure,

and chemical substancesjentiss havefollowed these factors and a large number of

animal models possessingciception system ka been developed to understand pain

better before zebrafish modehsapplied. Transmissiors nociception study started

from mammalian such as rodentgfasy havemany similarities to human beisguch

as anatomy, physiologynd gnetics[51]. Bennettet al have found a peripheral
mononeuropathy in adult rat that produces disorders of pain sensation like human
beings[52], postoperative behaviors such as hyperalgesia, allgdymiaspontaneous

pain werefound. Slukahasexamined the differences of pain processing from skin to
muscletheauthorhasijct ed Cap s ai cmustleanadjoirrespextivedyd s ki n,
and recordd the level of pain. Theyave found thatnociceptive processing from
cutaneous tissue injuiig different from that ofgravetissue injuryas the lating time

for dermal tissue and muscle are different for mechanical allodynia and heat
hyperalgesia[53]. Similar researchhase en done by Hargreaveso6s
a new method to measure thermal nociception in cutaneous hyperalgkgih

possesdl higher bioassay sensitivity thahetraditionalway [54].
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Stileset alhavestudied the effect of morphine sulfate solution (MSS) on signs of pain
and wound healing in dogs with corneal ulcers. Twelve dagetested and ten out

of twelve dogs have artificially created corneal ulcer in the right eyes, theseeliegs
treated with 1% MSS and saline solution topically on the right eye to observe the effect
on healing. The results indicated that @SS could provide ralgesia and did not

interfere withroutinewould healing55].

Radhakrishnaret al havetested whether the Carrageenan could producel&stimg

hyperalgesia except shdmne acute inflarmation. By injecting different
concentrationsdfar r ageenan i nto r at-defendentigflodnae and | c
on chronic hyperalgesia of muscle or joint frabarrageenan has been proposed,

supporting that injection on deeper tissues could result inlsiong hyperalgesia

compared to cutaneous ins|i6].

2.2.Nociception studyon zebrafish

From an ethical point of view and compared
above, vertebrates like fish, reptilasd birds are lower in the evolution scale, thus less
sentien57]. Considering the welfare of ani mal s
which are replacement, reduction, and refinenjé&ft, vertebrates have becoming

demanded for bimedical andbehaviouratesearch. livertebrates, fish igopular to be

used to study nociceptive pain. Different species havedmwesideed to determine the

existence of specific responses.

Rainbow trout isacommonly used species for biological reseaMéwby has tested

the effect of acetic acid in conscious rainbow t[68]. The author has injectesline,

2%, and 5% concentrationsd® aceti cpaeditha i nt o t
behavior response withe control groupThe injection of acetic acid has significantly

extended the recovery time to greatment levels of respiratorgte The aut hor 6s t

has al so compared t hei 59 6@ theyldid sot obsetven S nedd
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simlarr ocki ng or rubbing behavior as reported

Sneddonds treatments, the author did not
be the reason for that disagreement. Also, withoutrne@ment withanaesthesjahe
fish might be nervous as weiind thus under severe stress, this might also contribute

to the different observation results.

Studies related to nociception on fish have been divided into two controversial groups,
debatingwhether fish have nociceptoed could perceive pains. Studies on three
species of elasmobranch fish indichteat fish do not have nociceptors similar to
mammals and human bein@d-63] andpresentdthe difference between responses to
noxious stinulusandpain perceptiofi63]. Those researchesoodon the point that fish
lack the most necessary brain structure, a neocortex, for pain perception cotopared
human beings. The opposite party sthiteat although some bird species do not have a
neocortex, ltey have beemproved to be able to perceive pain as W&dl]. Moreover,

by using techniques in neuroanatomy and electrophysiology, scientistsdmivened

the presence of nociceptors. As showiign. 2-2, there existg\-delta and Gibresin
trigeminal nerves of rainbow troncorhynchus mykisk higher vertebrates,-8elta

and Cfibresin the trigeminal nerve convey nociceptive informatiorihe braif65].
Sneddon also shad that rainbow troutcould perceive pain by injecting nmus
stimulus into trout lipg66]. Several complex reactiofigve beerobservedsuch as
rubbing of the lips against the sidekthe container, which implthat trout could
perceive pain instead of simple reflex respofis@k Until now, relationships between
nociception and pain percepticannotreach an agreement due to the fact thaamn

bedeterminedased on specific fish species.

2.2.1. Zebrafish behavior study with high-speed camera

Zebrafish, as a wekbstablished laboratory model, could be excellent to study
nociception.In mammals, there exist mainly two types of analgesics, one is opioids,
and the otherone is Nonsteroidal Arinflammatory Drugs (NSAIDs)67]. The

existence of thesanalgesics can validate that certain stimadn induce pain to
24
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mammals. Zebrafish have opioid receptorstheir body which havefunctional

characteristics similar to mammdl88]. The effect has been tested by morphine,

suggesting that opioids in zebrafish wadentical to those in mammal§9-71].

Whereas considering the NSAIDs, two of the commonly used NSAIDs are aspirin and
Ibuprofen. Theyxanreduce inflammation but induce some side effects at the same time.

Lopez et al havetested the effect of aspirin drehaviouralchanges aétr applying

zebafi sh to diff er ent andtllemesuisindicadthairecaeptod acet i c
for NSAIDs exist in zebrafisfi72]. Moreover,toxicology studieshaveaddressed the

effects of NSAIDs on freshwater vertebratexluding zebrafishby showing that

ibuprofen is rapidly absorbed by embryos and laf¥8g Thereforeijt is convictive to

use zérafish for nociception study.

Figure 2-2. (A) Section of the maxillary branch of the trigeminal nerve of the rainbow trout (x
400, scale bar =4 @ (B) Section of the maxillary branch of the trigeminal nerve showing the
presence of Alelta and Cfibres(x 1000, scale bar =2 ¢). [65]

As nociceptors can detegdirect or potential noxious stimulus and pass the signal to
the spinal cord to control muscle contractions and trigger body defornfadiprit can

be visualized and studied by observihghaviouralcharges of fish body Thus
zebrafish has been used as a pain model to study nociception effects. Swimming
behaviors of zebrafish are traditionally captured vaithigh-speed camera shown in

Fig. 2-3 for the sake o2-6mm body lengthSeth has given a general introduction of
locomotion repertoire of larvatebrafish, mcluding prey capture, turning behaviors

such as escape turns, routine tuats,[75]. The authohasexplained how the neurons
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control the different swimming patterns amt®duce that different neuronsan be

activated by signals from different swimming patterns.

Followed by various MATLAB functions or other pogirocessing toolsdifferent
research purposesan besatisfied.Muller has studied three swimming patterns of
zebrafish larvaat different agescyclic swimming, slow and fast staf#6]. The author
hasrecordedthe midline of zebrafish at each instant of time to get the body wave
envelop as shownn Fig. 2-4(A). Based on these midlinesjstpossible to derive some
kinematic parameters such as tail beat amplitude and frequency, and swimming speed.
From this point, the author has calculated the corresponding parameteebriafish
larvaead i f f e r @shown inkig. &4BD)). Muller has also compared hessults
with other species like efl7]and mackerdl78], andfoundthat body wave amplitude
increases along tharvae zebrafish body, whighin contrast to eel anahackerel, and
even adult zebrafistMuller later extendd herresearch on zebrafish locomotion by
applying 2D particle image velocimetry (P1V) technique to study the influencbaeof
intermediate flow regimgReynolds number)Flow generated duringhe cyclic
swimming of a larvahas been displaygés shown irFig. 2-5); from the figure, it is
evidentthat the flow pattern differs betwedme stiff anterior part andhe undulating
posterior partlt explainstheformation and propagatiausf vorticity from head towards

tail and finally detached at the tail. The black arrow indicates the propulsive jets
pointing in the opposi direction of forward motion. Muller hadso compared wake
differences between larva and adult zebrafish. Asdtayethe author, this might be
caused by different Reynolds numbas adult zebrafish swim undehigher Reynolds
number. Besides, different morphologies of adult zebrafish mightirie@ncethe
kinematic performance and forming of vorticity. Thismdias been further studied in
corporation with Liwith computational fluid dynami¢seporting thanfluences from

fin fold (only in larva zebrafish) on zebrafish locomotion beha\jio®s$.
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Figure 2-3. High-speed camera captured zebrafish larvae motion within 80 msec. body curvatures
of zebrafish larvae at each time step are shgwsi.

2.2.2. Nociception study on zebrafish

Depending on the development stages of zebrafish, cherogrdds injected into adult
zebrafi shoés b[8Q).yor zebrafishklarvaer thel fishpsamples will be
submerged in the solutidor the sake oR-6mm body size Commonly used noxious

stimuli include extrera temperature and pressure, and chemicals such as acetic acid,
citric acid [54, 67, 72, 8184]. Malafogliaet al havedeveloped a zebrafish model to
study pain induced by extreme temperatures. The intense hig deat will lead to

burns of tissues and cause damage. The damage can be attributed to both inflammation
and axonal degeration (neuropathitike pain). Malafogliaet al have tested two

events linked to the onset of injury, one is the degenerati@xasfs innervating the
affected tissues, arttie otherone is the oveexpression of specific genes in sensory
tissues anddund that both of them are conserved from zebrafish to mammals,
suggesting that zebrafish larvae could be potentially used to stlldlacand genetic
networks related to neuropathic and inflammatory pain system in mammals. Curtright
et alhavestudied the temperaturelated nociception with zebrafish in a different way

[85]. He focusal on the temperature angton of 5 dpf zebrafish larvaand found that
zebrafish lavae tend to stay in 28.5, either i1t is colder or hec
AITC (an inflammatory compounds that can reduce the threshold of stimuli to invoke

nociception responses) promotigrmal aversion and reverses cool averdionhis
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condition, when analgesiegereused, such as buprenorphine, the temperature aversion
can bereverse®u pr enor phine significantly reduced
both control and target group. Although ther@sno significant difference at different

temperatures, it is prudent to judge that it is possible to model nociception in zebrafish

larvae.
2 days
v
XYY :/
SESRROAN ’
e S
e
" (B)
5 days i
N
. (D)

Figure 2-4. Midline curves of zebrafish larvae and the calculated tail beat kinematics. (A) Sketch
of theside view of a zebrafish larva and midlines in a-fisised frame of reference. Lateral
position of tail tip (h, black), swimmirgpeed @J, thin red), lateralvelocityof the tail tip (v, thick
red), angle of incidencdl opaqueblue), and angle of attackl, thick black) are depicted at (B)
2 dpf, (C) 5 dpf and (D) 7 dpf6]
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Vorticity (s77)
o

100

Figure 2-5. Flow generated during a tail beat of a cyclically swimming zebrafish larvatfage
dpf). The left column indicates the vorticity fieldhie colour map. The right column sketches the
most relevant flow features, with vorticity generated at the headrréglongate ochre area) and
travels along the body, detach at the tail. The black arrow indigatgpulsive jets, which
gradually reorients more caudally asgbes down the bod}77]

Correiaet al have proposedthat zebrafish is an appropriabehaviouralmodel of
nociception anchastested its sensitivity and robustng84]. He has applied two
different doses of adetacid to studythe threshold level of nociception. He has also
tested the effect of morphine analgesics. As shoviAgin2-6A, the fish activity shows

a significant decrease after injection of 10% and 5% acetic acid compd#nedaatrol
group In cortrast, after treated with morphine (shown kig. 2-6B), the fish activity

increasesand the value is getting closer to control group, suggesting that as a
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commonly used analgesic drug, morphine works similar in zebrafish as human being

and zebrafish with acetic acid is a reasonable model to test analgesics.
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Figure 2-6. Time course changes in zebrafish activity after the injection of different doses of acetic
acid (A) and morphine (B)n Figure A thecontrol saline solution group (black line) hasigher
activity than5% acid (green line) and 10% acid (red line). In Figure B, after injectic®nud/kg
morphine (light green line) and 6 mg/kg morphine (dark green line), the activity increases
compared to 10% acitteated group (red line) and the value is getting closghé control saline
group (black line)81]

Observations on swimming behavior differences such as time spent active and average
swimming speed caalsoreflect theinfluencesof the noxious stimulus. As shown in

Fig. 2-7, Taylor et al havetested the acetic acid concentration influences on mean
distance and swimming speed, compared Withuntreated group, it isvidentthat

acetic acid has a negative effect on the swimming speed and mean distaeled

(time spend active)84]. Steenbergerhas tested the armiociceptive effect of
buprenorphine on zebrafish larvg86]. The effect of acetic &t on zebrafish
locomotion showed i mi | ar results compared Figp part o
2-8A), and it is also a supplement for the low concentration range of acetic acid. As
depicted irFig 2-8B, when the larvaaerepre-treated with 0.1 “T& abuprenorphine,

there isno significantincreasng locomotion activitycompared to control grougue o

the application of low concentration acetic acid. The author hascasgared the

levels of cyclooxygenase (cox2) in zebrafish larvae anadind that activation of
nociceptive pathways in a lewoncentration acetic acid environment produced

behaviouralchanges that were accompanigg changes in levels of ceXx As the
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associated gene is involvedthre nociceptive proceg87], it seems reasonable to say

that the acidnducedbehaviourathanges can be attributed to nociception.

T . 0.064

- 2

3 604 T £ T

c 50 -

&£ S = 0.04

= E 40 o 'g

(m] o * n %

S« 304 T =&

E £ & e L

» " 20- WS 0.02-

c c

3 104 dek K 3 *kk

= ol ' = 000l .
0 2.5 5 10 15 0 2.5 5 10 15
Acetic Acid Concentration (%) Acetic Acid Concentration (%)

(A) (B)

Figure2-7.Tayl or 6s results of acetic acid concentrat:.
performance. (A) Mean distance in 20 minutes (B) Mean speed in 20 mjiad}es.

=
j

'a —

b o 30+

£ 304 * T

£ £ 20- #

2 20' = * * *

. a 8 10

g 104 — .§

£ = .

=] 7 o /

§ 0 /1//‘ T — § 0 % " " " . " " i
0 0.0025 0.005 0.01 0.025 - acetic aci

0 0 0005 001 005 01 pg/mBu
% (v/v) acetic acid

(A) (B)
Figure 2-8. Zebrafishsensitivity to chemical stimuhsetic acid. (A) Locomotion activity of
zebrafish under acetic acid concentrations ranging frei025%. (B) Influences of
buprenorphine on acetic actieated zebrafish. Only zebrafish larvae breated with 0.1 Th &
buprenorphine do not hawenoticeabléncrease of locomotion activif6]

Considering the verification of zebrafish larvae as a suitable nfod&lociception
study,Lopezet al haveverified that unprotectedive dpf zebrafish could replace the

adult zebrafish[88]. Based on the findings, Lope#t al havetesed severalnew
analgesic drugs. Starting from verifications on morphine, caffeine amnther
commonly used analgesia among human beings, expected protections of those drugs
from noxious stimuludavebeenfound on zebrafish, such as heartbeat changes and
vitality recovery[89-92], proving that zebrafish could perceive pains and nociception

of zebrafish workssimilar to that of human beisgin conclusion, as the zedfish
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(adult/larva) displays similar reactions to both rodents and human beings when
experiencing pain, it can be a suitable model for nociception study and new analgesic

drugs discovery

2.3.Pain relief research on zebrafish withGypenoside

As the zebrafish pain model has already been constructed, pain alleviation and recovery
are weltreasoned to be focused studyinghe effect of analgesic drugs. Starting from
ethanol and morphine, which are commonly used analgesia among human beings,
expected recovery from noxious stimslch as temperature and chemitese been

found on zebrafish after apjhg with these analgesic drugs, such as heartbeat changes
and vitalityrecovery[59, 8392]. Behaviouraimprovements after analgesia treatments
have also been studied with time spend active, body curvature alteration, and averaged

velocity over a perid[72, 88]

Gypenosids (GYP) , saponin extracted fro@ynostemma pentaphyllyrhave been
widely used in the past centuries on human bejag8k NowadaysGypenosidesave

been aproved by the Central Drug Administration of China to be used as a traditional
Chinese OTC in clinic4]. The compoundhas beemroved to have different effects
such as antioxidatiomntilipidemig neuroprotectiveand inflammation reductiof®5].

A previous study showethat the antixidant effect ha been validated with the
protection ofGYP from oxidative stress on retinal pigment epithelium cigl§ and
vascular endothelial cel[87]. Besides, the effective extraction from Chinese plant has
been proved to lower trigceride, cholesterol and nitrite in acute hyperlipidaemia of
rats. Also,GYP has been tested to have anflammatory effect on aortic lesions of

rats and human osteoarthritis chondrocy@ds 98]

However, protection ofGYP on zebrafishwere rarely discussed, only including
oxidative stress related to retinal degeneraf@f), and most of the biological studies

including the zebrafishpain model study mainly focad on the kinematic and
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hydrodynamic performance caused bg surroundingl@iid but desalinatthe effect

of internal muscle mechanics. The locomotion of fish larvae is powered by axial muscle
system driven by motoneurons in the spinal c@9]. Swimming kinematics are
influenced by internal body mechanics and fluid mechdh@3, 101] forces generated

by muscle induce body deformation, and the deformation will change the fluid
dynamics of the surrounding water, i.e., hydrodynamic force.remrn, this
hydrodynamic force changes the body deformation as Y€IP]. Under this
circumstance, these coupled mechanical interaction determines the motion of the fish
through the water. Therefore, internal body mechanics are significant in the study of

body motion.

2.4.Applications with Particle Image Velocimetry PIV)

Particle image velocimetry (PIV) is an optical method of flow visualisation to obtain
instantaneous velocity measurements and related properties in fuld8% By

allocating sufficiently small tracer particles into the fluid, scientists can assume that the
particles follow the flow dynamic#\pplications of particle image vetometry (PIV)

techniques enableisualization ofthe flow field around the fish, and calculation of

resultant hydrodynamic fordd04]. A sampé of apparatus and reléant images are

shown inFig. 2-9. However, itis limited tothe 2-D flow field, which automatically

ignoresthe flow passing throughedorsal and ventral side of the fishystheresultant
hydrodynamic force wild.l not be accurate
performance. Although-B PIV can compensate for the deficiency, its high cost makes

it not universally applicable tihe majority of researchers.

Many recent studies have presented flow field measurements using PIV techniques.
Muller et alhaveapplied a 2D PIV technique to study the interactions between body
movement of eel and the surrounding fl{d®5]. As shown inFig. 2-10, the author
plotted the wake generatdzkhind the eel body, and dedudckdt the wake structure is

determined by phase lag between the vorticity shed from the tail and vortices produced
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along the body. Besides, she sugge#itateels can achieve different propulsive mode

by adjusting their bogwave. Tytellet alhave studied the hydrodynamics of American
eels systematically with higtesolution PIV to quantify wake structure, swimming
efficiency, and force and power output. Thalgo compared the results with other
specieg106]. A sketch of force and power from the PIV technique and elongated body
theory is shown ifFig. 2-11, indicating that lateral force is pulsatile. Compared with

the PIV method, elongated body theory has underestimated the values of force and total
power, as depicted iRig. 2-11B. Besides, the author has stated the differences of wake

structure between an eeldacarangiform swimmers, such as lacking of significant

downstream flow for eels.

N  Swim
tunnel

Submerged
water pump

High-speed
camera

(A) (B)
Figure 2-9. (A) PIV apparatus used to measure flow patterns and kinepeticrmance of fish
(B) Resultant velocity angbrticity field of a cruising fish. The time interval between consecutive
snapshots is 1/32E104]
v e T a— _—

=040 s

Figure 2-10. Instances during the time course of wgkaeration behind a steadily swimming eel.
The black arrow indicatethe swimming velocitgndblue shades indicate clockwise vorticity, red
shades indicateounter clockwiseorticity. Darker shades indicagehigher level of vorticity
[105]
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2.5.Fish swimming performance study with CFD simulation

Another popular method used to study interactions between fish and surrounding fluid
is computational fluid dynamics (CFD) simulation. Compared to PIV metithehugh

it cannot reflect the most accurate wake patterns behind fish body due to the
computationalmodel differences and limitais in numerical calculations;FD
simulation has less limitations on fish body characteristics such as length and weight,
after setting up body kinematics according to real fish, simulations on hydrodynamic
forces can be mersystematic and accurate, and the cost is much lower than PIV

experiments.

Force (mN)
Power (LW)

Impulse (mN s)

0 w4 w2 3w4 ® Sw4 3n2 Tnd 2n 0 w4 w2 3wd4 n 5n/4 3n/2 Tm/4 2n
Phase (rad)

(A) (B)
Figure 2-11. Representative traces for for(d), Impulse and powel(B) from large-amplitude
elongated body theory (black curve) and particle image velocimetry (red andoymreen Each
black line shows force arehergyfor a single tail beaf106]

In previous studies, the hydrodyne study of aquatic locomotion reliedn the
assumption that the water is invis¢ld7, 108] Some other researets considexdthat

it is necessary to quantify viscous effects to calculate drag forces acting on the body
more accurately, and this requires CFD technig&atting froma simple aquatic
model, Liuet al havestudied the fluid dynamics of a swimming tadpole. The author
havediscussed the mechanisms of thrust generation and flow patterns of swimming of
both 2D and 3D tadpole modeal[109, 110] Carlinget alhavebuilt a 2D anguilliform

fish model with shape in the form of a backwdrdveling wave with increasing
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amplitude from head to tail, and the fish model is constrained by lateral displacement
eqguation and the equation describing the shape @bthbody is expressed &gin 2.1

In theequation s represents the distance along the body measured from thd reose,
the total length of the body, abds an amplitude parameter used to allow an amplitude

other than zero at the nose of the creature, whose value is 0.25 in the paper.

Flow around the selpropelledanimalis presentedas shown irFig. 2-12A, another
parameter, thenean swimming speed in x andliyectiors hasbeencalculated as well
(shown inFig. 2-12B)[111]. Kern et al havebuilt a threedimensional selpropelled
anguilliform fish model to study the fluidody interactions showim Fig. 2-13A, not

only the quantitative information, but also the different swimming mageelinking

the kinematic of the motion with the forces acting on the body. He has also compared
with two-dimensional condition with the existing data from Carliagtudy the role

of 2-D and 3D in quantifying the fluid dynami¢®nd the results are shownhkig. 2-
13(B-C). It can be seen that compared witle 3-D model, swimming velocity is
significantly higher forthe 2-D case, and the structure of the vorticity is different as
well. Besides, an optimization of swimming efficiency and burst swimming $zeed
beenprovided.[112]. Borazjaniet al have expanded the study of-I3 fish model
interactions with fluid to different types of fish locomotjamcluding carangiform and
anguilliform as the Reynolds number and Strouhal number can be systematically varied.
The authohavediscussed the differencesftuid dynamics between anguilliform and
carangiform swimmers and the effects of Reynolds number and Strouhal number on
forces and swimming efficiencis depicted irFig. 2-14, the sketch of time history of

the axial force for both anguilliform and cagiiorm virtual swimmers shows
similarities and differences between the two swimmer types. For instance, &ir all
values there exist two peaks tieaxial force coefficient in each cyclelowever, the
amplitude of the fluctuations above the mean valuthe axial force coefficient is
different, for which carangiform shows higher fluctuation amplitudéso, differences

exist between two modes of swimmjrsgich as wake structure (single row of vortices

for carangiform and double rows of vortices for aiidorm) and Froude efficiency, at
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the samdime, some aspects of undulatory locomotion do not depend on the specific
mode of swimming. For example, for a given Reynolds number, there is a unique
Strouhalnumber at which body undulations produce suffitithrust to cancel the

hydrodynamic drugl13, 114]
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Figure2-12 Resli t s f or Car | itreaglnss inghe pake regom of 4 férdlar S
traveling 2D fish model. (B) Brward and lateral velocity of theentreof mass[111]

(©)

Figure2-13Resul t s f or K eDandudliform éish madel @nVeldcity comparisons

betweerthe 3-D case and D case, the black curves represent longitudinal velocity (solid line)

and lateral velocity (dashed line) fare 3-D exampé, and the cyan curves represent velocity for
the2-D case. (C) Vorticity comparisons foilB (right) and 2D (left) case[112]
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Figure 2-14. Time history of the axial force coefficient normalized by the rigid body drag
coefficient for different St at Re4000. (A) Anguilliform virtual swimmer (B) Carangiform virtual
swimmer. Positive andegative values indicate thrust and drag force, respectji&Hj]

So far, the metioned researches mainly fo@aon cyclic swimming of adult fish, but
ignoredthe unsteady swimming of larvae fish. Aiming at making up for this painieof
study Katumataet al havebuilt a 3D zebrafish larva model to study the kinematics
and hydrodynamics of a sgifopelled swimming larva fisfL15]. The zebrafish larva
model wasbuilt based on the real zebrafish larva outline and is showigir2-15A.
When a fish starts swimming frostandstill, an acceleration happerend the fish
bend its body into a C shape, which islled Gstarts. The phase comprises a
preparatory and a propulsive stroke. As showRign 2-15B, when the fish starts to
bend the body, a blue vortex is formedhinel the tail tip at t=1/4T and followed by a
red vortexgenerated at the tail tip at t=2/4T. However, the first blue vortex is not strong
enough and dies off quickly, which makes the first vortex ring not complete. The
complete vortex ring starts from tipeopulsive stroke. A much clearer sketch of the

process of &start is displayed ifrig. 2-15C.

Li et alhave povided a more systematic computational study on the kinematics and
hydrodynamics of a-® zebrafish larvae mod¢l04]. He hasstudied the kinematic
and hydrodynamic performance of cyclic swimming and spontaneestart; and

compared results with thel2 particle image velocimetry to prove that CFD simulation
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can accurately predict fish locomotion. As showRim 2-16, the autlor hasexamined
the flow patterns generated during cyclic swimming between CFD simulatibRlgh
results. In this figure, hieas alsaisplayed similarities and slight differences between
CFD and PIV results and explained the possible reasons, suppbetivigwpoint that

CFD simulation can accurately predict the motion of zebrafish larvae.

Similar to what have done by Katumata, has evaluated the swimming speed
zebrafish larvaat Reynolds number equals 550 (experimentally measured Reynolds
number)but includedcomparisons with experimental results. As showthéir Fig. 2-

17, it is evident that the simulated forward speed matches well with the experimentally
measured results, which consolidates the simulation results on the hydrodynamic part.
Li has also studied the fin fold influences of zebrafish larvae on vorticity and propulsion
based on his previously built zebrafish larvae m¢d®8]. By excluding the firfold
structurethe authordundthat the fin fold helps larva achieve higher swimming speeds,
yet requires higher poweil herefore, the author suggestdtht the propulsion of
zebrafish larva, partly relies on the fin fold structure, providing a persuagianation

for the omnipresence of the fin fold in befigh larvae.

In our study, inspired by previous work involvi@-D simulation on fish swimming

[104, 107, 111114], a novedrugrelated zebrafish larvae model combining a biological
methodology ad a CFD simulation analysis tool to quantify drug influences on
zebrafish locomotion has been developed and described in the 8peitfically, we
haveused not only observation of live zebrafish swimming behavior with a high speed
camera, but also a OFsimulation tool to quantify several important swimming
characteristics, includingiternalbody forces and consumption power, which are hard
to acquire with experiments only applying appropriate soldody simulation
toolbox and coupling with CFD software, internal forces, torque, and energy could also
be quantified. Therefore, it is worthwhile to use CFD software to assist in the analysis

of drug influences on zebrafisbdomotion.
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Figure 2-15. (A) Sketch of zebrafish model extracted from the real fish larva outline. (B) Iso
vorticity surfaces inheburst phase(C) Reaitime image othe C-start process, the left figure
represents standstill state, thecentralfigure represents prgaratorystroke and the right figure
represents propulsive stroke115, 116]
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Figure 2-16. Compaison of flow patterns between CFD and Experimental PIV results. The
computational results are showrith two planes, one is the mediontal plane (left columnand
another one is 0.6L below mediontal plane ¢entrecolumn), which is close with the position of
PIV plane (right column). Slight differenciesflow patterns between CFD results and PIV results
might becaused by weak turninganoeuvresfthe CFD fish model, which may lead to imperfect

and unsymmetrical cyclic swimmirj04]
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Figure 2-17. Velocitycomparison between Experiments and CFD simulaifaselfpropelled
zebrafish larva[104]

41



Chapter 2 Literature Review

2.6.Concluding Remarks

In this chapter, past researches on zebrafish as a model tmstiidgptive responses

are firstly dicussedNociception is an ability of aniats to detect potential noxious
stimuli, such as extreme temperatures and chemicals. It is closely related to perception
of pains or any substances harmful to animassly stage nociceptive study focused

on transmission ohociception in mammalian aninsabs they are quite similar to
human beings in many aspects. Compared to mammalians such as rodent animals,
vertebrate animals such as bird and &shless sentient, which means they are suitable

to be used as a model for pain related nociceptive studydnmthical point of view.
Althoughit has been argueithat some fish and birds do not have core structures to
perceive pain, behaviors of sonpesies after stimulated with noxious stimuli support

that they can perceive pains.

Advantages of zebrafish for biomedical research have been mentioned in the first
chapter. As aertebrate animal, zebrafish haveen proved thave pain receptors to
perceve pain, and certain types of analgesic drugs have similar effects on zebrafish
comparedo human beings, making zebrafish a suitable model for nociceptive study.
The research includes medical treatment of zebrafish with side effects and recovery and
protection from certain analgesic drugs. Techniques used in the research involve high
speed camera an@lV, they are the most straightforward methdd observe the
physical changes including body trunk deformation and swimming behaviors. Followed
by more preise measurements, such as microscopic observations arprposssing
toolbox, affected tissues and cells can be observed, and altered swimming behaviors
can be quantifieduch as body gestures, locomotion activity and swimming distance
As nociceptors gapass the signals received to the apoord,behaviouralchanges

can be closelyalated to nociceptive responses; therefore, techniques mentioned above

can be used together to better study the nociceptive responsesanigsions.
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Besides, anothanethod used to study the zebrafish swimming behaviors is mentioned
in the chapter, which is the CFD simulation. Different from methodologies stated in the
above paragraphs, CFD simulation focuses on the quantification of swimming
behavios and can providenore systematic and accurate force values and flow field
data. Also, the cost is lower than biological experimdddased on the previous research,
thrust generation, power consumption, and flow field visualization have been achieved
for zebrafish locomotin. Data acquired from CFD simulation on zebrafish swimming

is important for biological experiment as the nociceptive responses induce body
movement alterations. However, connections between the two benwasarely been
studied. Inspired by previous CFBimulation and nociception related biological
experiment, studies in the thesis are aimed at filling the gapsioned abovis4, 85,

104, 113,114], with a combinationof experimental measurements and numerical

simulation on zebrafish swimming behaviors.
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3 Methodology

3.1.A brief introduction of methodology

We simulate the real zebrafish motion with the helgxgeriment and opesource

CFD software OpenFOAM (https://www.openfoam.com/ coupling with solid

multibody moton solverMBDyn (https://www.mbdyn.org/ The actual fish motion is

captured with a higispeed camera and pgsbcessed with #mouseMATLAB code.

Details of the methodology areagd in the following sections.

3.2.Experimental motion capture & postprocessing

Apparatus

Apparatus shown ifrig. 3-1 wasused to record the fish motion for further analysis.
Zebrafish larvae (in all aheexperiments, five dptebrafsh larvaevereused angbut
inside the Btri dish,and the diameter of the Petri dish is 100mihhe diameter of petri
dish is used for calibration of the high speed caraathconvert the number of pixels
travelled by zebrafish larvae int8l unit. The depth of solutionn petri dish is
approximately twice the fish body length, which allows zebrafish larvae to be fully
submerged. Also, according to our observations, 5 dpf zebrafish larvae randomly
choose to approach the e surface, instead, they spend most of timeshimthe
water surfaceHigh-speed camera right above the petri dish resmbitte motionof the

fish with 500 fps setupl'he position of petri dish wasljusted to ensure that the high
speed camera is in alignment with the petri disbnsure desired remi to be included

in the camera len3 he realtime zebrafish swimmingvasdisplayed on the computer
and only the circular region of petri distas included andrecorded.Due to the
limitations and purposesf our postprocessing tools, each time onlyeomebrafish
larva existed inthe petri dish to exclude zebrafish interaction influenaed the
locomotionwasrecorded Depending on diffeent treatmentssomefish larvaewere

pre-treated before five dpf. Still, all of the zebrafish larwaeallowed fao 10 minutes
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to acclimate to the environment before recordiognmencedThe recorded videos
werecollected and pogtrocessé with in-houseMATLABcode.The experimentaere
carried out in a room maintained2at® 1 C. Water temperaturwasset at 27  dr all
groups at the beginning by adding water from the homothermal water tank into the petri
dish, but the temperatukeasslightly lower than27 during the experimerds the
experiment lasted for a long timieor the entire experiment, lighting condition was kept
only by the lightemitting diode (LED) panel beeaththe petridish to provide constant
light, without any environmental lighiThe strength of the light was driven by an

adjustable DC power supply (GRIO3XE, Circuit Specialists, and the USA).

1 1"

Computer b High speed
i camera

Figure 3-1. Apparatus used to record zebrafish larvae motion. The recorded video will be stored in
the computer and processed WMIATLABcode

Ethics statement
Animal work was carried out in compliance with the Animal Ethics and Welfare
Committee, Department of Life Sciences, Glasgow Caledonian University, and UK

Home Office under Project License PPL 60/41609.

The methodology of the experimewas divided into two parts, the first part is

validation experiments including multiple types of medicine and drugs, and the second
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part is the protection of zebrafish larvae from acetic acid @Y with gRT-PCR

analysis.

3.2.1. Nociceptive & neuroactive drug &periments

Experiment setup

The experinent setup and main methodologgre developed based awur previous
study for the determinatioof the toxicity of acrylamide on zebrafish locomotion via a
colour preference experimefitl7]. In the present study, eighfive dpf wildtype
zebrafish (Danioerio) larvae silbings wereused in thisstage andthe entire zebrafish
sampls weredivided into four groups. Any larvaot used in the studwerekept for
further experiment or humanely killed bedareaching six dpf witfiricaine methane
sulfonate MS-222). The overdose usage of this anesthetic can kill zebrafish larvae
without pairs [118]. All fish wereimmersed in E3 medium (5mM NacCl, 0.17mM KCl,
0.33mM Cad, 0.22mM MgSQ, and 0.1% methylenglue) initially, withoneh o ur 6 s
time to adapt to the environment. The larvare thergently placed individually into
four Petri dislkeswith twenty larvae in eache®i dish, corresponding to four groups

To avoid mutual effecthe configuration of solutions in four petri distes shown in
Table 3-1. The first groupwvasregarded as control group, and the rest three gnoepes

drug treated groupsach larva haden minutes to stay in the petrisd before
observation commenced awdsgently moved to the prepared petri dishrecording.

Only one zebrafish larvavas recorded each timéy moving the zebrafish from
previously prepared four petri dishes to a new petri dish containing the desired solution
A high-speed video camera (Mikrotron EoSens CL MC13823 usedto recordfish
swimming behavics. The frame rate of the camesasset at 500ps during the entire
experiment process. As in the subsequent CFD numerical mod#tingelected fish
with a tail keatfrequency being less than 70Hz; thus ffames within one bealcle

is sufficient to capture the fish tail moti@nd extract the motioequations Once
recording commencedherewas no stimulation topanic the fish oiforce the fish

swimming forwardPotential stimulation from the ligiprovided by panel beneath petri
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dishwas avoided by 10 minut esalinthisstuey,dnlp get us
the quassteady cruising swimming regimeasinvestigated, exading the bursstart
processCruising is a process of steady forwanimming with cyclic tail beat and

body motion, and the path is nearly straightforwdrde limitation is evident from
previous research that cruising with cyclical motion is essential for fish larvae to cover
the distance for migration and disper$bl9]. Besides, cruising has been studied
extensively, which makes it easier to compare with other researcher's results. In the
postprocessing part wittMATLAB frames containing cyclic swimming behaviours
wereselectedor further processing. Zebrafish fisirvaeweregently moved from the

petri dishinto another container, each group hidown container. Once the experiment
completed, the used zebrafisierekilled with MS-222 and the unused zebrafiskre

stored in an incubator for further experiments.

Table3-1. Experiment configurations on drug selections
Group number Drug configuration
E3 medium (control)
0.01% acetic acid
500 ‘ 0 diphenylhydantoin (DPH)
100mg/L yohimbine

AIW|IN|(PF

3.2.2. Gypenosidegrotection experiment

3.2.2.1. Zebrafish locomotion recording

The experimentvas divided into two partsand the first parts the observation of

zebrafish locomotion under different treatments to st@GP (SigmaAldrich, UK)

protections from high concentratiortedic acid damage on zebrafish larv&YP

(purity 98%)wasb ought from Xi 6an Ji aEightafourdpfi ot ec h C
zebrafish larvae wenerepared and divided into four grouXetails of treatments are

displayed inTable 3-2. In the experiment, group 2 anawrecontrol groups, and group

1 and 3wveredrug treated group$he zebrafish larvagtayed in homothermal incubator

at27+1 and lastdfor one daywithout acid treatmenit five dpf, larvae in group 1
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and group 3wveretreated with 0.1% acetic acidné the other two groups remath
unchanged. Faall groups, fish larvae stagiunder he camera and swafreely without
any environmental aartificial influence. Swimmindgehaviorsof all the fish samples
wererecorded for ten minutes and p@sbcessed with inouseMATLAB code to be
prepared as input for the CFD simulati@mnce the experimeihiascompleted, the used
zebrafishwerekilled with MS-222 and the unused zebrafish wetigred in an incubator

for further experiments.

Table3-2. Experiment configurations on drug selections

Group number Drug configuration
1 5 Th 0 GYP+0.1% acid
2 5° Th 0 GYP
3 E3 medium0.1% acid
4 E3 medium

3.2.2.2. Quantitative real-time polymerase chain reaction (QRTIPCR)

Thesecond part of the experimemasthe toxcity tests of acetic aciandGypenosides

protection (Sigm&ldrich, UK) performed in 48wvell plates.All experimentswere

perfomed in tiplicate wells, wheh cotainedt en embryos in 400¢l dru
samplewas exposed to 0.1% acetic acid, 0.1%t& acid+5g/mLGYP, 5ng/mLGYP

as well as an untreated group.

Differentfrom the experiment explained in the previous subsectiolg Yigprotection
experimentincludedanalysis of relative expression of several target genes (listed in
Table 3-3) related tdGypenosidesand acetic acid. This could be achieved with the help

of quantitative reatime polymerase chain reaction (RCR).Quantiative realtime
polymerase chain reaction is a method to determine the amount of PCR product in real
time [120]. As the target is thexpressions of some specific genes, several steps need

to be carried out beferthe QPCR reaction.
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The first stepwas RNA extraction from zebrafish larvae cellBo attain sufficient

amount of RNA, 50 zebrafish larvhave been collectediotal RNAwasisolated from

untreated and treated zebrafish embryos with 120 hourdgytbtation (hpf) using

Trizol Reagent (Sigma, UK) according to the manufacturer's guidanceetbed step

was the complementary eoxyribonucleic acid (cDNA) synthesis, or reser

transcription, which can pdoace cDNA from RNA template. Synthetization thie

cDNA using a HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems,

UK) wasmadeto produce cDNA with high fidelity that can accurately represent the

target DNA. Ater cDNA has beemproduced, the gRPCR analysis can be carried out

to study the gene expressidie quantification of genes expressiwasmeasured by

gRT-PCR assay using a Platinum® SYBR® Green PCRTkie(mosFisher Scientific,

UK) under the PCR condition as described in the protocol. Relative expression of the

target genevas determined by normalization to the expression of the housekeeping

g e n @ctif) m the untreated and treated samples, ushg @'C Trmdlao The primer

sequences of thgenes used are listedTable 3-3.

Table3-3 Primers used for gRPCR

Genes Forward -pNji mer yRever se -dNji mer § TMC PCR
product
(bp)
b-ACTIN ACTGTATTGTCTGGTGGTAC | ATCTCCTGCTTGCTAATCC 69.7 198
IL-1 b TTCCCCAAGTGCTGCTTATT | AAGTTAAAACCGCTGTGGTC | 54.6 149
A
IL-6 TCAACTTCTCCAGCGTGATG | TCTTTCCCTCTTTTCCTCCTG | 55.1 75
TNF-U ACCAGGCCTTTTCTTCAGGT | GCATGGCTCATAAGCACTTG | 56.5 147
TT
SOD1 CGCATGTTCCCAGACATCTA | GAGCGGAAGATTGAGGATTG | 53.9 100
SOD2 CTAGCCCGCTGACATTACATC| TTGCCCACATAGAAATGCAC | 54.5 101
GPX1 AGGCACAACAGTCAGGGATT | CAGGAACGCAAACAGAGGG | 56.45 | 241
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Statistical analysis
Graphpad Prism (version 7.0 from Graphpad Software Inc. San Diego, CA, USA)

(https://www.graphpad.com/scientdfsoftware/prismy has been used for statistical

analyss. All multiple comparisonsvere performed using the ongay ANOVA with
Bonferroni multiple comparen test. The oneway ANOVA is used to determine
whether thereexists any significant differencketween two or multiple unrelated
groups of data. Bonferroni multiple comparison is a method to lower the risk of getting
inaccurate significance levebtatistcal significancevasconsidered when lavel of p

is less than 0.05

3.2.3. Data processing algorithm

An in-houseMATLABcodehas beemeveloped and used to pgsbcess the recorded
videos and extract zebrafish swimming kinematic characteristics, i.e. body curvature
equations. A real zebrah larvapicture taken fronthe high-speed camera is shown in

Fig. 3-2A, and the full path of fis motion can be extracted as well (showrkrig. 3-

2B). Frames containing cruisingere selectedo be pepared for further processing,

and this was achieved by observing the recorded video to extract the cruising period in
real time and converted to framdata Key stepof body curvature extracticare shown

in Fig.3-2C. The entire videavasdivided intoframes, and each frameas used as the
original image to be processed WHATLABfunctions The original imagevas firstly
converted to a binary image consisting of the sketch of zebrafish larvae with the help
of 'im2bw'function inMATLABImage processing toolbox to get rid of unwanted parts

in the picture such as edges of the petri dish and impurities. With some adjustntents
'‘bwboundariesfunction in MATLAB a binary image of zebrafishas extracted, the
entire position vector expressed as ¥} wasobtained for points distributed on the fish
outline. x and y wereexpressed as pixel values amdreconverted to th&l unit of

length for further calculations. All imagegere skeletonized into a single backbone

curve using functiongwmorph'and'thin' operations.
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The coordinated pixels on the backbone cumezethen divided into equalistant
curves,and each curve repressone body segmenthese segmentseresimplified

as connected straight lines to calculate relative orientation variation with time between
two adjacent segments usiNBATLABcurve fitting toolbox. Physical representation of
the ntersection angle is shownhig. 3-2D and the3-D intersection angle is expressed

by Fig. 3-2E, and calculated witEqn 3.1, where i denotes points numbering from
one. InFig. 3-2D, each straight black linepreserdone segment of the fish body, the
prescribed relative orientation can mimic the body curvature, and angular displacement
represents the lateral displacement of the fish body. As elucidaléf]bthe travelling

wave of curvature travels along the fish body at a-neastant rate. Thus an averaged
frequencywasselected fothe entire relative orientation functions alahg body.To
express how the relative orientation equation along fish body have been fitted, an
example ofietailed extracted relative orientativalues are shown wiffable 3-4. Eqn

3.1 and 3.2representa sample prescribed deformation equation for relative angle
between each two body segments, and a seinaple equations are writtenTiable 3

5. Fig 3-2F depicts a comparison of curve fitting method on the body curvature
functions.The black dots are data collected frdATLABpostprocessing, indicating

the relative angle values between two randomly selected segifieaturvevasfitted

with nontlinear Fourier series regression to minimize the influence of points far from
the fitted line, and Bisquare remain robwsas usedin regression. The bisquare
weighting method minimizes a weighted sum of squares, where the weight given to
each data point depends on how far theaps from the fitted line. To get rid of
influences ofsome points away from the fitted curve which could be caused by
inaccuracy of the pogirocessingpisquare robust methosas usedto fit the curve

most relevant to the real condition.

s x ~N A oA s N~ A oA
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Figure 3-2. Mechanisms of processing zebrafish swimming video. (A) Realizbdarvae
transparent bodyscale bar = 1mm)(B) Fish swimming trajectory captured with higjreed
camera (scale bar = 25mm(C) Key steps on gettingaentral line of zebrafish and equdistant
division of the central line (DMathematical expressions of relative intersection angle between
two segments of the fish body @nhalytical expressions of relative orientation between each two
segmentgqF) Different curve fitting methods for sinusoidiéke relative orientation equations.
Bisquare robust method fitted curve coincides with no robust method
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Table3-4. Detailed orientation angles for thentire fish body

Time (s)| A2(rad) | A3(rad) | A4(rad) | A5(rad) | A6(rad) | A7(rad) | A8(rad)

0 -0.1069| -0.1073| -0.1578| -0.1926 | -0.4647| -0.195 | -0.2018

0.0033 | 0.1087 | 0.1127 | -0.4663 | -0.4209 | -0.2655| -0.454 | -0.571

0.0067 | 0.3033 | 0.3623 | -0.1431| -0.1473| 0.1677 | 0.1059 | 0.2366

0.0100 | -0.0867 | -0.0702| 0.144 | 0.1294 | 0.4787 | 0.4812 | 0.5591

0.0133 | -0.3315| -0.3929| 0.443 | 0.4026 | 0.1142 | 0.2005 | 0.1966

0.0167 | -0.1113 | -0.1294 | -0.1681 | -0.1644 | -0.4316| -0.2033 | -0.1404

0.0200 | 0.1131 | 0.1246 | -0.4638 | -0.4562 | -0.2027 | -0.5499 | -0.4805

0.0233 | 0.3254 | 0.3369 | -0.1696 | -0.1213| 0.155 | 0.1684 | 0.1053

0.0267 | -0.1019| -0.1213| 0.1298 | 0.199 | 0.4377 | 0.4719 | 0.4889

0.0300 | -0.3504 | -0.3506| 0.4579 | 0.455 | 0.1845| 0.1537 | 0.1156

0.0333 | -0.131 | -0.1181| -0.158 | -0.1209 | -0.4936 | -0.0724| -0.1005

Table3-5. Sample relative orientation functions along fish body

Relative orientation between two Function

segments (rad)

— 0

— T X T A0 @t x Y @BEOD

— ™ @1 A0 ™ wp QBED

— ptT AT vt QB0

— ™ wX ATmO mtt ¢ @QBEOD

— T8 v ¢ AlmBO ™ ¢ T @O

— ™ X v A0 @it o @QBED

— ™ wou A0 ™8 np QMO

Spanwise length (mm) 0.4
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3.3.FSl interaction simulation with OpenFOAM& MBDyn

As described at the beginning of the chapter, the simulation of the zebrafish larvae
motion can be categorized as an FSI (fisidicture interaction) problem, involving
prescribed solid body deformatiamduced seHpropelled forward motion and nd$ant
surrounding fluid effectsAt the beginning, an overview of theSF algorithmis
explainedFig. 3-3 depicts the structure of the present FSI.t@penFOAMwasused

to solve the fluid dynamic#cluding fluid force exerted on body surface and internal
mesh motion induced by body surface motiang the solid body dynamics were
tackled withMBDyn including body forward motion data and internal muscle forces
and momentsThe extracted relative i@ntation equations along zebrafish body with
MATLABplayedthe role as inpuin the solid body solveiBDyn These inputsvere

used inMBDyn to calculate the internal forces and moments which can perform the

desired trajectorgonstrained by the inputs

1

| STRUCTURE :
INPUT DATA : | Mu[ﬁ-body dyna}nics | : OUTPUTDATA
Body ffn'entaﬁan 4‘: T — Intemaf_fbmef
equations . : ® Platform motion
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F gy I' __________ !

FLUID "

Data exchange interface

\ 1
I 1
I 1
\ 1
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I 1
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No inputdata :
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_____________________________________________

Figure 3-3. Structure of the fully coupled FSI analysis tool for zebrafish larvae
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3.3.1. Zebrafish larva CFD model

In this study, the B zebrafish larva model used @penFOAMwas built with 51
ellipses extracted from the real fish silhouette and controlled by nine deformation
equationsDue to the 2mm body length of zebrafish larvae, the absolute swimming
velocity is much lower than larger fish, therefore, lergplacific swimming speed is
much more importaniThe fish model is shown iRig. 3-4 and rormalized with fish

body lengthEach ellipsavasspecified with chord lengtimeightand the position along

fish body lengthTo simplify the model, the eyes and fin fel@renot included. The

final CFD model is shown with top and side view of zebrafish larvdegn3-5, the
continuous fish bog were divided into severalsegments to mimic the muscle
contributions along the fish body, as showifrig. 3-6. The body segmentse shown

as blocks with different colours. In @hsesthe entire fish bodwasdivided into nine
sections, and the influences on the number of segmentation will be discussed in the
validation chapterDetails of the segmentation will be explained in tbkowing

sectiors regarding multibody dynamics toolbdWBDyn (https://www.mbdyn.org/

The massdensity of the fislwasassumed to beniform along the body and tlsame
as water, which is 9%@/m? [104], averagedbody parameters such as body segments'

mass and lengtlisted inTable 3-6 wereused for alffish in the CFD simulation.

The flow field was numerically simulated using the opsaurce CFD toolbox
OpenFOAMversion 3.0.x. The-B computational domaiwastwentytimesof the fish

body length in the longitudinal (x) direction, ten times of fish body length in transverse
(y) direction and four times of fish body length in perpendicular (z) direction as shown
in Fig. 3-7. The overall fluid domainvasassumedd be at rest initiallywhich means
there is no incoming flowin the smulation, the mediurwaswaterat27 ; therefore,

the kinematic viscosity of the fluid ®854*10° nf /<. Pressure boundary conditions
weretaken as zero gradient for all balamies except the front and bagglane, which
wereset as symmetry, velocity boundary conditions for the fish mededconsidered

as movingWallVelocityfor all body segments and fixed value for the remaining patches
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to mimic the physical environment of the experime(Retri dish). The
movingWallVelocitys a particular boundary condition applieddpenFOAMransient
simulationsandit is used for moving mesh casgere the velocity of the wall changes
with time, and sets the velocity to the desired value for moving wiallthis case, the
boundary condition can impose a rslip condition on the walln ourcase, the entire
domain consistedf unstructured mesh only to tolerate large internal mesh deformation
during selfpropelled forward motion of the fish model. For ellipses with high aspect
ratio at the tail region, the meslasspecially refined to ensure that enough cetse
usedto precisely capture the vortex detached at the tailMgn, a particularegion

was built behindhe fish tokeep celldensityhigherthan other regions to increase the

mesh resolution (shown Fig. 3-7). Reynolds numbewvasdefined as Yt , vV stands

u

for forward swimming velocityl. is the body length of fish larva, ang represents the
kinematic viscosity mentioned above. For the entire simulation, R&ymoimbewas
estimated to b840according to the desired forward velocity of zebrafish larvae, which
stands for intermediatedilv regime, this is consistent with the real flpibperty of

zebrafish larvae.

Figure 3-4. Zebrafish model approximated with outlines of the body at each of the 51 transverse
sections along the body.
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Figure 3-5. Top and side view of the zebrafish model used in OpenFOAM.

Figure 3-6. CFD model of zebrafish larvae.

3.3.2. Solid zebrafish larvae bodydynamics

As described abovehe FSI forward maon simulation involvedwo parts. The sal-

body dynamicswvere solved withMBDyn, which is a multibody dynamics analysis
software used as a general tool to address multidisciplinary simulation of multibody
system, including rigid and flexible bodies subject to kinematic consrdMBDynis

rel eased under t he GNUOGSs Gener al Publ
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distributed freely with its source code available to the public jusOenFOAMThe
software can solvéhe initial value problem in the form of Differential gebraic
Equations (DAE), integrated in time domain using Athble multistep integration
schemeg121]. Constraints can be added independentiMBDyn, both for rigid and
flexible body with six degreesf freedom.

Table3-6. Mass and length for each body segment numbered from 1 to 9

Body section number Mass (mg) Length (mm)
1 0.0385 0.4
2 0.0553 0.4
3 0.0425 0.48
4 0.0308 0.48
5 0.0212 0.48
6 0.019 0.48
7 0.011 0.48
8 0.009 0.48
9 0.003 0.32
Total 0.23 4

To mimic the vertebrate muscle structure of zebrafish larvae, a continuous multi
segments fish modelas built consisting of several rigid body segments, it is
convenient to uséBDyn to add multiple constraint equations to conttod tody
deformation. A schematic diagram for the zebrafish model is displayed i&8. In
MBDyn mass and moment of inertia of each body segmeme specified, lody's
position and orientatiowereexpressed by a particular umbde; and this unit has six
degrees of freedom. It contains position and orientation information shown as a black
point in the figureThe location of node and body can be different, also, the position of
node can be expressed with a reference point by spegitiye relationship between

node and reference point.
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Figure 3-7.Fluid domain of zebrafish larvand mesh refinement behind zebrafish beitly a
yellowcolourcolumn

Equilibrium equationsvereestablished considering both external and internal forces as
well as moments. External force and momeveseintegrated over each body segment,
if there exists referemcpoint, the information wuld be translated to the corresponding

node.Constraint waexpressed by another ufdint' shown inFig. 3-8, it can connect
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nodes and may have internal degrees of freedom (the reaction fatee)al forces

and momentsvere evaluated at joints and they are related to the geometrical strains
and curvatures via the constitutive law specifieBam 3.3 where "O is the axial force
component,”O and "O are the shear force componenis; is the torsional moment
componentd and 0 are the bendinghomentcomponents- is the axial strain
component; and[ are the shear stracomponents;l is thetorsional curvature
component;ll and Il arethe bending curvature components; the dot operator above
a vaiable denotes its derivative to timé&Qis an arbitrary functiordefining the

constitutive law.

Depending on the types @int, functions are differenfor instance, spherical joint

acts like a sphere between the two nodes and constrains the relative position but frees
the relative orientationDashed lines between nodes and joint indicate that distance
between node and joint can be variableeven coinident Both of them can be
expressed globally and locally, and the initial position and orientation oiitheand

joint can be set uwvith a reference frame to simplify the relationships among those

elements.

9 o 0
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Differential algebraic equationBDAE) of the two adjacent nodes are written in the form

of NewtonEuler equations, consined by Lagrange's multipliefs:
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wherex represents the vector of the generalized coordinates including both translational
and rotational parameters in the global reference fraufe) is the mass matrix
summarizes thenomentumvector of the body containing both linear and angular

componentsandf summarizes the generic force including pressure and viscous force.

%o is a set of kinematic constraints applied on the body %&g, represents the

Jacobian of%o. with respect to the generalizedordinates vectax. The dot operator

above a variable denotes its derivative with respect to time.

Local frame Joint

Figure 3-8. Schematic diagram for fish model in MBDyn.-® Zebrafish model is shown in the
left picture, indicating the expressions of position and orientation of the node, which represents
the fish body. The relationship betweenaadd joint is shown in the right figure, and the dashed
line suggests that the position of node and joint can be coincident and the orientation can be
different depending on the reference frame selected.

The DAEswereintegrated with implicit A/L stablénear multistep integration schemes,
and a predictiorcorrection approactvasused[122]. In the current case, each body
segmenwasrepresented by one nodeMBDyn Except the ground nodeasset as
'static’ type, all of the body nodesredynamic type, and each two adjacent nodeise

constrained by a deformation equation fitted VMtATLABcurvefitting toolbox.

As a solid body motion analysis softwak&B3Dyncan provide position and orientation

information for its peer solver, i.@penFOAMASs MBDynreceives force information
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from its peer solver, the solution procedure of updated motiowadaachieved based

on the following equsé&dcondbaw:accordi ng to New

e ©® ® (3.5)

Inthis equation,b refers to the mass of nodQ @ represents the acceleration vector

of node 'Q '® is the drag force exerted on nod@and ® is the inertia force.

Assuming that we know the information including position velocityw , and
accelerationowof a node at current time stefhe updated data at time stép Yo is

calculated wh Newmark Beta MethoiL23]. In this case, the kinematic datatime

0 Yo is expressed as:

L w.. YO .
®y @& Yo < P d & Jaoy
@y ® Yop @& [@y (3.6)
® v P oy @ Yoo Yo )
Y0 y C p C

Where Y9 is theincrement of time between two consecutive time stgpand f
are coefficients of the Newmark Beta methad.(f L p andtL T L @), which
can be determined based on the desired stabilitpergracy of this implicit method

and are normally set to 0.5 and 0.25, respectiMel¥].

If we assume tha¥® @& y @, theabove equation can be simplified as:

® v —yifeb - p® Yo— p@ (3.7)
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Asforce applied to nodes corresponds to kinemakigs, 3.5can be rewritten as:
V®dy Do yhd yhd y (3.8)
Substitutingegn 3.7into Eqn 3.8 we have:

The implicit equation regardiny® is solved with NewtorRaphson migod based

on iterative method:

(3.10)

Where the subscriptfand "Q p indicates ith andif1) th iterations irsolving Yex

in this case, for every iteration, node kinematics are updated. The convergence criteria

is Yo Y& -, where- is thetolerance specified in MBDyn.

3.3.3.  Hydrodynamic solver

Numerical simulation of fluid flowwvasperformed with the Opesource CFD toolbox
OpenFOAM which offers free access to the source code so that people can modify and
build their own code to meet specific requiremeAs.we intenéd to simulate the
forward fish motion with prescribed defornm@tiequation inside an immovable domain,
we werefocusing on dealing with dynamic internal mesh motion around the zebrafish
model.We have built an khouse dynamic solver to handle the internal mesh with large
deformation induced by zebrafish larvae swimgibehaviors.In  OpenFOAM,
PimpleDyMFoamsolver wasused to solve the transient, incompressible and single

phase Newtonian fluids. It is a cbmation ofSIMPLEandPISOalgorithm to address
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pressurevelocity coupling[125]. The incompressible conservation equations for mass

and momentum are written qn 3.11 by deriving the general governing equation

Hrr=-gp&)r 0Dd 155

Convection Diffusive transport gource term:
Time accumulation
PO ¢ (3.1
U e S
LT ) waip Jop

The first equation is the general governing equation. As the mass is not transferred by
diffusion and there igo source term, by substitutirigo with 1, we can get the mass
conservation equation. As the transport of momentum is determined by shear rate

tensorf, and the source terms are pressure force if we neglect the gravitationa

acceleration, by substitutingo with "¥ and replace the shear rate tensor based on

Laplace Equation, we can get the momentum conservation equation.

In the momentumconservationequation, time derivatives use1® order implicit
discretization scheme: CrankNicolsomdahe pressure source term usetHlimited

Gauss interpolation scheme to limit interpolated face values to improve boundedness
and stabity. Diffusion of transport use@auss linear for interpolation of the diffusivity,

and the convection term appliedconCentral interpolation scheme. @penFOAM
velocity is stored at the cell centre, and values need to bedlatsg to the face centres
linearly. ReconCentral interpolates the value in a different way that uses extrapolated
gradientbased correction from both sides onto the face, using 1/2 weighting to increase

stability for large deformation.

Zebrafish larva swimextremely fast with high tail bedrequency and amplitude, to
mimic the forward motion of zebrafish larvae, the CFD solver needs to have both
acceptable accuracy and high stability, and the internal mesh motion needs to be

appropriately maintained.
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The fish body consists of several oected segments, and there exists relative
orientationbetween each two segments, surface meshes in the middle region need to be
dealt with appropriately; otherwise, the internal mesh quality around body surface
cannot be guaranteed schematic diagram @éting the body curvature at the
intersection part between two body segments is showigir3-9 (the body curvature
before optimization is not available as the solver blows up immediately, only curvature

after optimization is shown)

Initial state ofthebody shape is shown Kig. 3-9A, initially, expressed with four body
segments locally, zebrafish body was straight. When the two adjacent body segments
moved under constraint equatjotine spatial location ofintersection pointl was
determined by thspatial location of Bdy 1. However, it also belongsBady 2, which

could cause two different coordinates at one spatial location. To solve the problem, a
weighting method was applied to determine the surface point spatial looatione

body segmenwi t h t wo irdoemgtioe BY assuming that surface points on
Body 1 and Body 2 were fully detedbmined
and0 ,we haveequatiord p 1 0 1 0 ,where] isthe weighted parameter
represented by the distance betwagandomly selected surface poamt Body land

point A relative to the distaedbetween point A and point B. As the equation involves

all the surface points oBody 1, points close to the intgection regin could be
influenced as well. &ther the surface point is to point A, the less influence point A has
on surface deformation, this is reasonable on the intersection point of the two body
segments, at this moment, equals 1, if the point veaassumed to be on Bodythe
surface pointg fully controlled by point B. It can be seen kig. 3-9B that the
intersection region is smoothly curvefifter the optimization, the body surface is
continuous with no overlapping regions to ensure the baxyme is conserved

between two time steps.
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(A)

(B)
Figure 3-9. Schematic diagram of the relationship between two kedyents. (A) Initial state of
local body curvature. (B) Optimized body curvature in the intersection region after the body
segments change locations

To keep the accuracy and stability of our results, following modificatiawe been
madefor discretization schemes and equation solvers

2" order discretization scheme for time derivative

. Strong Coupling betwee@penFOAMandMBDyn i.e. inner iterations withione
time step

ReconCentrainterpolation scheme for velocity

Minimize relaxation factor for pressure

BiCGStab solver for velocity equation
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3.3.4. Coupling Strategy

Coupling betweenOpenFOAM and MBDyn was achieved using communication
primitives provided byMBDyn When a fully coupled simulatiomasperformed, both
OpenFOAMand MBDyn ran simultaneously as individual computer proceskgsr-
process communicatiowas built with Transmission Control Protocol (TCP) socket
The schematic diagram for fluid and zebrafish larva motion coupling is shokig.in
3-10. At the start of tk simulationMBDyncreateca TCP/IP socket, whil®penFOAM
connectedo the socket, establishing a tsm@y communicationAn external force
element inMBDynallows to communicate positions and orientations of a set of nodes,
and the corresponding linear and angular velocities@pnFOAMIn general, within

one time stepthere were approximately 20 inner iterations to exchange data between
OpenFOAMand MBDyn, which has ensured that the two CFD solvers were fully
coupled and the results wetenverged andccurate The fluid force and moments
integrated in the CFD solver for every patghre transmitted tolBDyn Using the

force dataMBDyncalculate the structural response of the system, i.e., therkatics

of the geometric nodes and the nodes containing information of body were sent back to
OpenFOAM Once OpenFOAMreceived kinematic information, the informatiomas

stored in the Centre of rotatig@oR) of each bodgegment to determine the surface

pointsé information. I nternal mesh def or ma

surface pointdorces and momentgerecalculated based on the updated positions and
orientations of current and prewus iterations implicitly and transmitted back to
MBDyn MBDynreceivel these data and upddt® the newpositions and orientations
Once the convergence criteria seOpenFOAMweresatisfied, thégransmission came

to an end and jungalto the next timestepuntil reaching the final step to end the entire

simulation
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Figure 3-10. Flow chart describing the data transmission between OpenFOAM and MBDyn

e

3.4.Concluding remarks

In this chaptera novel zebrafish larva model used to simulate the experimentally
observed zebrafish larvae locomotiander various drug applicationis presented
based on a fully coupled numerical tool developed under-BD framework. The
variousexperimental and numerical methods are discussed in detail. The experimental
measurements start from video recordings on real zebrafish larvae locomotion and
followed by extractions on zebrafish larvae motion equations wittouseMATLAB

code. This parprovides the most straightforward and credible data for zebrafish

locomotion under different conditions.

The opersource CFD toolboXOpenFOAMis utilized to model fluid flow around

zebrafish larvae during the foand motion The surrounding boundary conditions are
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set to be consistent with the real experimental environment of zebrafish larvae. The
opensource solid body dynamics tolIBDyn is employed for calculating structural
responses of rigid components in altmbody system. The input data originates from
the extracted data with HmouseMATLAB code from experiments. The two separate
solversOpenFOAMand MBDyn are coupled via an interface library implemented to

exchange force and motion data.
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4 Numerical Validations

The methodology we have developed needs to be validated. In the present thesis, we
have divided the validation contents into two parts, the first part is the validation of
numerical coupling 0OpenFOAMandMBDyn, and the second part is the validation

of the simulation based on real data observed from the experiment anpiquestsed

with in-houseMATLAB code. Asthe zebrafish model is thregimensiaal (3-D), our
validation starteavith a twodimensional (2D) multi-body structure antbllowed by

a 3D validation.The following sections will inclde the mandatory validations.

4.1.Validation case for flow solver

Thenumerical methodology includedstrong coupling technique betwe&2penFOAM

and MBDyn to solve the typical FSI interactions of a gabpelled zebrafish larva
model and the surrounding fluigfalidation on multibbody structurevasfirstly made

We have chosen a multbdy structure inspired by jellyfish provided W{lson[126].

Wilson has extracted aR multi-body model based on the real silhouette of jellyfish,
which is depicted irFig. 4-1A. The black dotindicates secants used to divide the
centreline of jellyfish body and the body segments are expressed with mutually buoyant
rigid elliptical bodies shown d&g. 4-1B. In this figure, the relative angle between each
two ellipses is prescribed from a sequence of snapshots of the outline of this jellyfish
body over two contraction cycles. The captured values are depidtay #1C, based

on those points, sinusoidal functions have been fitteceapressed witlEgn 4.1. The

unit of time and theta are second and rad, respecthflyright symmetryis required

for the structure and the prescribed kinematics, therefore, only hdtieobody
informationis required. By specifying relative orientation equations between each two
segments, the jellyfish model can move upwards with alternant contraction and refilling.
To scale the coordinates, an effective lerigihasdefined as the arc length from the

orifice lip to theinner most hinge (hinge 3). As shownhigy. 4-1B, H andD denotes
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the height and diameter of the model, respectively. Based on the two parameters, during
contraction and refilling movements, additibma&o length scalesvere defined: the

mean height of thiell, where'OFlx & xand the maximum diameter of the b&@l

where x ¢®. The values for mean height and maximum diameter ofvoele

determined during the simulatigh27]. As the case for zebrafish forward swimming
did not include passive joinfully prescribed constraints on hinges with kinematic
Reynolds number equivalent to 14@re selectedfor comparison. Thelefinition of

Reynolds number ibased on the prescribed hinge kinematics including the maximum

diameter andindulation period, expressed as— , where £ is the fluid kinematic

viscosity. INnOpenFOAM mesh around jellyfish modelasfully unstructured depicted
in Fig. 4-1D. As the jellyfish model is two dimensional, the length in z direction is set

as 1.

— TTIAT @ o) ™ cCOEI ocdp T L UL P
— TMQAA @ vdp TH QOEPE v T T X G (4.1)
— TBIYAT @ ¢ TBITQEJE cx T8 upp

For the simulation on jelly fish longitudinal motion, therereapproximately 100000
cells in total in the fluid domain, with time step size of 1/1000 Tuhherical schemes
used for thecase have been stated in the methodology chapterorder time
discretisation schemigasprovidedgood accuracy for the simulatioGomparison of
kinematic performance of jellyfish motiomas carried outincluding the longitudinal
centroid position and velocity. Here, both of the parameterenondimensionakzed

with themeanheight, expressed a% and \% respectively. As shown fAg. 4-2A,

the longitudinal centroid position of jellyfish is moving upwards as time evolves, and
the longitudinal centroid velocity is gradually increasing towards a constant state after
approximately four periods of time (shownFg. 4-2B). Both of the comparens are
slightly different from the past studies, these anost likely to be caused by the

different hinge kinematics extracted from the scattered points depidtégl ik 1C.
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Depending on various curve fitting toolbox and methods, the fitted sinusandélbons
can be slightly different. Unfortunatelgrevious data used by the authmois not

accessible.

Besides, the required input hinge powess compared which mimics the muscle
power provided by relative angle orientation function applied on hinges to power
] el | yohgituslihametion. Power required to activate hinges should be equal to the
sum of power resulting from the rate of change of kinetergy of the system of bodies

and rate of change of energy stored and released as they are deflected minus the work
done by the fluid to the system of bodies, whigh\, = ES +Eb V\/f The deflecting

power was calculated with the sum of power of all the hinges, which is

n-1

E<=8 k(g - 9 ., n-1is the number of hinges an is the stiffness of hingeThe
i=1

power of the system of bodiemscalculated with E, =8 (A(X% ®) Jd ‘a), where

i=1
0 is the area of bodiyand 0 is the polar moment of inertia of bodyFig. 4-2C
depicts the comparison of required input power of hinges between validation paper and
our simulated result3he component has been normalized by the mean input power to
the actuatorsit can be seen from the figure that tharve matches well with the
previous resulbut only a slight increase for the wave crest and trough values for our
simulated resultsin addition, a comparison of vorticity at 140 Reynolds number has
been made (depicted Fig. 4-2D). The figure illustrates vorticity contours during bell
contraction at t/T=2.3 for fully active swimmers. A developing starting vortex is
attached to thep of the orifice on each side, followed by a pair of fully developed
vortices downstream. Due to the low Reynolds number, the vorticity diffuses quickly

downstream, thus only one pair afrticesis captured inthesimulated case.
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Figure 4-1. (A) Extracted jellyfish body model from real outline. (B) Divided jellyfish body
expressed with mutually buoyant ellipses. Fi#{ed sinusoidal curves used to extraefative
orientationsequationsf two adjacent ellipses based on jellyfish corticacand refilling
motion(D) Jellyfish model in OpenFOAM 26]

A sketch of vorticity development is shownFkig. 4-3 to further describe the jgfish

model longitudinal motionin this figure, a total of three cycles are illustrated, and each
columnrepresergone period of timeln each cyclethe jellyfish swimming consists of

a bell contraction phase and relaxation phase. During the contraction hieabe]l
pushes inwardand thewater is expelled from the bell cavity to push #mtire body
moving forward A starting vortexs attached to each lip of the orifice, accompanied
with a pair of voricesdownstream in the wak&/hen the modl is fully contracted, the
attached vortices on the lip are moving downstream away from the body. During
relaxation phase, a pair of stoppingricesare formed inside the bell cavity, and the
directions are opposite to the starting vortex formed in the contraction phase. When the
bell is fully relaxed, the new cycle stamdth another contraction phase, and the

stopping vortex in the previous relaxation phase still exists for a while, and will interact
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with the starting vortex in the current cycle to form vortex with larger volume.

1 — Present result ] — Present result

---- Wilson&Eldredge (2010) 0.5 - Wilson&Eledredge (2010)
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1 ——Present result
---- Wilson&Eldredge (2010)
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Figure 4-2. Kinematic and dynamic results comparisons betvoeerent smulation and
validation papemt Re = 140 (A) Longitudinal centroid position (B) longitudinal centroid velocity
(C) Required input power (D) wvorticitywtt/Tontour
=2.3[126].
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Z\Vorticity: -15-12 9 -6 -3 0 3 6 9 12 15

Figure 4-3. Vorticity development fitthree cyclest Re = 140 Leftmost column indicates first
cycle, and righimost column indicate third cycle. Dashed lines describe relative motions among
three cycles

4.2.Zebrafish larvae forward motion validation

4.2.1. Validation on forward motion kinematics

To validate whethethenumerical methodology could simulate the real forward motion
of zebrafish larvae, weavecompare the kinematic performance of zebrafish larvae
model with the real fish lamotion observed with higepeed camera. The zebrafish
larvae body deformation equatewwereprovidedas inpus for OpenFOAMsolver and
the equations we have used is showmahle 4-1. This is only a set of equations used

for validation in this chapterifferent equations havbeen extracted for different
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zebrafish samples to exclude the individual effectchapter 51n this case, the fish
larvageneratea body wave travelling down its body at a near constant rate, therefore,

frequency forall equatons wasassumed to be constant.

The real zetafish larvae forward velocity wasalculated with the changing positions

of centre of mass obtained froMATLAB postprocessing toolbox, and fitted to a
sinusoidal curve. As the equations can only specify the relative orientations of two
adjacent body segments, the angle variation of the first (head) and last (tail) body
segments are not prescribed, therefore, empared thenead and tail anglerit
between experiments and numerical simulationFigp 4-4(A-B), the black curve
indicates the simulated head and tail angle, as the fish is moving cyclically, the resulting
head and tail angle values should evolve dilstnusoidal curve with time. The captured
head and tail angle data (shown as red dot) at some specific frames from the recorded
videas supportsthe result, showing that the experimental data viiell with the
simulated angle curvén Fig. 4-4C, we havedepicted 8 midlines of zebrafish larvae

for approximately two tail beat cycles. The midlimesreextracted from binary images
selected with relatively large tail beaplitudes. X and Y coordinates werermalized

with fish body length to expressehlistance travelled more straightforward.

As can be seen from the figure, the fish is moving forward almost parallel to X axis
(with a slight angle deviation less tha@ degree). In the anterior part of the curve
(approximately 20%), the bending is sagnificant, supporting the assumption that the
anterior part is too stiff to undergo bending, expressed as zero relative orientation
between the first two segments showable 4-1. Fig. 4-4D showscomparisons of
forward velocity. INnOpenFOAM the forwad velocitywascalculated with the centre

of mass (COM) of simulated fish model.
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Table4-1. Zebrafish larvae body deformation equations

Relative orientation between two Function
segmentsrad) ¢ Qo w
— 0
— ™TeLANWED ™ o1 ¢ OFED
— ™ ¢ T ULAKED T o x QB0
— MULUT CANKED ™ ¢ w1 OFED
— U ouAKD & ¢ 9T OED
— ™ X ¢ 0 AWBD ™@ X ¢ T QKD
— T pcoAWED m Y1 @QBEAEO
— ™ T U YAWED M} ¢ X o QEED
Spanwise length (mm) 0.4

As shown inEqgn 4.2, the position vectob  wascalculated by dividing the sum of

the product of each body segmait and positiorvectord . The total fish body mass

is expressewvith a , andthe simulate&ebrafish model forward swimming speed

is approximatelyp ® & 7i , and the experimentally observed speed is
aboutp @ 7i. The slight difference between experiment and Gidulation on
forward velocity,which is about 10%, can be caudedthe slight discrepancies in
morphology. Also, insufficient accuracy of the fish midline extraction might lead to
slight inconsistency in certain captured points along the body, and this could influence
the Fourier sergcurve fitting, or most likely, due to the fact that the real fish changes
its body wave shape instantly during each tail beat cycle, leading to small changes in
swimming speed, which will not occur in the prescribed cyclic swimming of the CFD
fish model[104]. To makethe swimming speed value more persuasive, we have
collected the simulated results for ten zebrafish larvae and made comparisSigngHn

4E. Besides, fronfrig. 4-4C, it is also possible to estimate the experimentally observed

swimming speed tbearoundp @  7i.

77



Chapter 4 Numerical validations

p
Poow = ams (4.2)

r‘noody

Zebrafish larvae tentb swim in an intermediate flow regime with Reyi®Ihumber
ranging from 10 to 1000, and it has been studiedidinazhe fish always require higher
Strouhal number than adult fighl 3]. Tovalidate thesimulation, Strouhal numberas

calculatedfor simulated CFD results. The Stroulmaimber (St) is a dimensionless

number describing oscillating flow mechanisms and is defined'ggsin swimming

animals, wheré\ is the tail beat peato-peak amplitude,is the tail beat frequency and

U is the averaged swimming velocity. the simulation, the Strouhal numberas
approximately 0.8. Considering the desired Reynolds number, our result is in
reasonable range between 6 9 and 1. 07 [§9], sauggestingitheaheL i 6 s
simulation meets the requirements ofealrzebrafish larvae. Besides, comparison on
the gestures of fish swimming between CFD simulated motions and experimentally
observed motiomeremade together with the detached vorticed=ig. 4-5, the figure
depictsthe vorticity isesurfaces formed based @n Criterion behind a swimming
normal zebrafish larva at different instants in time within one time period and the dorsal
view for vorticity isosurfaces. HereQ) can describe the wake topology and defines
vortices as positive second invariant of velocity gradient in region where vorticity

magnitude is greater than straimte magnitud§¢l28].

As seen frontheleft-most and rightinostcolumn ofFig. 4-5, flow patterns behind the

fish are representdeby detached vortices and shown as translucent green fragments.
Vortices start to form in the vicinity afiehead, transmit downstream to tail and detach

at the tail, which are consistent with the fish tail motion; when the lateral displacement
of the tail reaches the highest amplitude, vortices start to shed at the tail tip, the already
formed vorticity in the vake are mixed with the newly formed vorticity at tail tip. The
right-mostcolumn also displays aB view of the vortex rings generated behind the

fish to understand formation of flow patterns better. To validate the numerical

methodologyFig. 4-5 also conpares the body curvatures of CFD model and the real

78

P a



Chapter 4 Numerical validations

fish in the recorded experiment video. As can be seen, two sets of results match very
well in terms of body shape at all specific time within a period, indicatingthia@FD
model is able to imitate & selfpropelled swimming of zebrafish larva and its

interactions with surrounding fluid.

4.2.2. Grid independence& sensitivity test

Underthe consideration of economic cost in calculation, a grid independence test is
necessary to be carried out on a -petipelled zebrafish with fully prescribed
deformdion under two mesh sizes, medium and fine mesh. In addition, the time step
influence is &0 tested, e.g. Case 1: Medium mesh {Wth 83200 total cells and time

step of T/650, Case 2: Medium mesh & smaller time step (MS) of 83200 cells and time
step of T/1300, and Case 3: Fine mesh (F) of 166400 cells and time step of T/650. The
size of the luid doman and body deformation equations remain the same for three

cases. Details of the kinematic input data is showiralrie 4-1.

To exclude mesh resolution and time step size influences on simulation results, we have
compared the forward velocignd total force of zebrafish larvae in E3 medium and the
results are shown ifig. 4-6(A-B). Computational results for three cases including
kinematic performance dnfluid domain calculation showlose resits. To save
computational time and keep accuraegg usd the mesHormation andime step size

the same as Case 1 for #mire following calculation.
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Figure 4-4. Comparison results betewe experiments and CFD simulation. (A) Head angle
(B)Tail angle (C) Zebrafish midline for two full tail beat cysctderived from high spe@dmeraof
500 fps, and normalized with body lengti{) Forward velocityE) Velocity comparison for 10

different zebrafish larvae
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X-Y planevorticity Experiment

Figure 4-5. Vortex rings behind zebrafidarva for Q=0.5 at different time step within one period

of time and the corresponding video record for the experimeYitpkne vorticity is a-D view of

the 3D vortices which can compare the body curvature with experiment results easier. 5pm A
E-H and kL, time steps are 0, T/3, 2T/3 and T for each column. T represents one period of time.

In addition, the sensitivity of the results to body segments of zebrafish larvaehasdel
been testeavith CFD simulation. Considering the accuracy and efficyefor body
segmentation, we have divided the body trunk intd5rid 15 segments, respectively.
By capturing the body deformatiamith MATLABtoolbox and simulate the forward
motion with CFD toolbox, wehave compared the forward velocity and total
hydrodynamic force irFig 4-6(C-D), indicating that the simulation results are not

sensitive to the number of body segmenatgying from 5 to 15
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Figure 4-6. Grid independence test with acetic acid treated zebrafish larva sensitivity study. (A)
Forward velocity for three levels of grid. (B) Total force in the modingction for three levels of
grid. (C) Forward velocity for three numbers of segmentations. (D) Total hydrodynamic force for

three numbers of segmentations.

4.3.Concluding remarks

In this chapter, the present-limuse code involving numerical methodology and
MATLABpostprocessings validated through a jellyfish inspired midtidy structure
and experiments. ikematic and dynamic performarscef a 2D jellyfish inspired
structuresare comparedincluding displacement, velocity, and input power, etc. The
present simulation resultsgreewell with those from literature. Additionally, the
sensitivities of the present flow solver to some parametersg@dgdensity and time
step) arechecked inhis chapter. It isoncluded that with sufficiently dense grid and

small time step, good convergerzan beachieved by the present CFD code.
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Besides, parameters such as velocity and tail beat angle calculatetiénoumerical
simulationare comparedavith those accessible from real experiments. Validations on
these consisten@refulfilled from different aspects. The initial visual similaritiase
presented with fish body curvature changes during one period of time, and these
similaritiesarequantifed with head and tail beat angle and forward velocity. Moreover,
the forward velocityis calculated in various methods, including experiments and
numerical simulations based on COM, atdhightforward mathematical calculation
from time and body awe diplacement. Results agreell between experiment and

numerical simulation.
In summary, the validation and sensitivity studies of the present FSI sobaarried

out in this chapter. It can be concluded that the present FSI solver has acceptable order

of accuracy to investigate FSI applications related to experiments on zebrafish larvae.
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5 Numerical Analysis of Drug Influences on Zebrafish locomotion

5.1.Comparisons of kinematic and energeticwith drug treatment

5.1.1. 0.01% acetic acideffectsdue to nociceptive responses

Nociception study on fish is becoming more and more dominant in the current research
field. As acetic acid has been validated to be able to trigger nociceptive responses, we
intend to studkinematic and dynamic performarsaaf zebrafish larvae under 0.01%
acetic acid induced nociceptive respons#wice ofthe acetic acid concentration was
determined based on previous work indicating that 0.01% acetic acid can to some extent
stimulate zebrafish larvae swimmifi¢2]. Detailed experimental setup has been stated

in the methodology chapter, here we will focus on the numerical simulation results.

The influence from 0.01% acetic acid okinematic performanssof 5 dpf zebrafish
larvaewerefirstly studied Extracted bodgurvature equations after acid treatment have
higher averaged frequency compared with those of control group. This is quite
reasonable as acetic acid treated zebrafish might accelerate quicker to reach the
maximum speed and escape the acid environif&8jt As depicted inFig. 51,
comparisons othe trajectory of COM for control and acetic acid treated gr@ues
presentedCOM displacement in x direction repretethe forward distance moved by
zebrafish larva withirrecorded time, and it is evident that after 0.01% acetic acid
treatment, within same time range, the zebrafish larva tends to swim longer distance.
Also the slope of the lines reach a constant value for both control group and acid treated
group, suggestinthat velocity is constant. COM displacement in y direction describes
the deflection in y direction during forward motion. This might be sensitive to many
factors including body deformation equations, thus results can be differentFgom
5-1(B), it is evident tofind that after approximately ten full tail beat cycles, the y
direction deviations for both control group and acid treated zebrafish are less than 10%
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of body length, leading to atceptable 6 degree deviation angle. Besidefiedeband

tail angle and forwardelocity have been compared respectively before and after 0.01%

acetic acid treatment. There islght increase in maximum tail beat angle after treated

with acetic acid, but the head turning angle does not show any sagificanges. This

might be due to the assumption that the anterior part of zebrafish larvae (approximately

20% of body lengthis stifferthan the other part, therefore, the changes of head region
curvature due to nociceptive stimuli might not be as olsvias the tail region.
Considering the tail beat angle, there is &
and after acid treatment. The value cannot be regarded as significant, whereas
considering the forward velocity, the increment is much moreifggnt, which

suggests that to reach higher spedtcreasing tail beat frequency would be more

effective than increasing tail beat amplitude. This assumption has already been studied

by other researchers with similar conclusipis, 114] Muller added new ideas based

on his research on di[f29]esuggesting thatgoe wobnger e br a f i
larvae, tail beat frequency is the primary method to reach higher speeds, whereas for

older zebrafish larvae, both frequency and amplitooetribute to the increase of

forward velocity. This is gite reasonable as our simulatibas revealedhat both

frequency and thbeat amplitude have increaseesulting higher forward speed.

In addition,comparisons obody moment of inertia) and body angular velocity

] were carried out. For theebrafish model, the body moment of inemias
calculated withEqgn 5.1 and body angular velocityasderived from the momentum
equationEgn 5.2and calculated witlEgn 5.3 In Egn 5.1, the mass of body segment

i is expressed with , andthe position vector of the body segment centre in the fish
reference frame is expressed with ; andequald i .InEgn5.2 0 § is

the moment of inertia df" body with respect to centre of mass and is calculated with
Eqn 5.4, 0 is the moment of inertia about the vertical central line of each body

segment. In this case, we assuheach body segment as ellipsoid, thus the moment of

inertia about the vertical-Axiswasapproximatedas -6 & @ , whereaandbis
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the radius of other two elliptical planes. Angular velogity 5 can be calculated by
dividing the cross product of [ andi [ byi i . As the fish model
locomotion in the direction perpendicular to forward motk@asconstraineqwhich is
consistent with the real zebrafish larvae cyclic swimmi[i@®), the angular velocity

can be calculated witkgn 5.5 As can be seen frofig. 51(E-F), the calculated
maximum body angular velocity after 0.01% acetic acid shows a slight increase, the
change igprobablydue to increased body lateral displacement and frequency. Whereas
the averaged body moment of inertia value does not change significantly as the
deflection anglsof the forward motion relative to the x axis for both control and acid
grouparesimilar. Tobetter quantify the kinematic characteristiosmparisons othe

angle in global frame of each body segment before#eard0.01% acetic acid treatment

weremadein the following section.

0 Bu ai i (5.1)

0 Bu i (5.2)

7 B & & (5.3)

0 5 0O ali P (5.4)
1 e (55)

In order to better understand the changes of kinematic charactefs#id3.01% acetic
acid treatment on zebrafish, angles of all body segnveaits comparedwithin one
period of time (shown &8ig. 5-2). For the anterior paof the body, the angles tetml
keep constant after acid treatment, whereas for middle andiposgégion, the angles
tend to increas after acid treatment, which acensistent with our findings in the

previous paragraphs.

86



Chapter 5 Numerical analysis of drug influencas zebrafish locomotion

6 0.5+
——comx —— comy
4l _ _ .
comx acid 044 comy acid
24
e 0 g 034
E (S
-2 ©o 02
8 3
c 4 c
2 8 011
L g @
o o
-84 0.0
-10 T T T T T T ) -0.1 . . . . . . ,
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Time (s) Time (s)
(A) (B)
1 ; . . . 1 -
%0 —_Tail control S0 0.16 — Veontrol
1257 Tail acid (125 — 0.147— acid treated
100 { — Head control 100 R 0.12
- 75 head acid (75 T £ 0124
g 150 & = 0.101
o [&]
@ > 05
2 25 2 o 0.08-
o >
g 0 3 B 0.06-
= 55 2 004
[0 4
" ls0 & 5§
L i
[ 75 0.02
100 ‘ ‘ ; . ; . -100 0.00 ‘ : ; : .
0.06 0.07 008 009 010 011 012 0.13 0.08 009 010 011 012 0.13
Time (s) Time (S)
©) (D)
0.208- 120+
— lcontrol @ — Ogontrol
0.208{ — lacid T 804 “acid
oL 0.204- 2 40
£ 'S
£ ko]
5 0.202- 0] 0+
o
£
2 0.2001 = 404
3 2
= 0.198- @ -80-
>
e
0.196 . . . . . Q -120 . . . ; .
0.0 0.2 0.4 0.6 0.8 1.0 m 0.0 0.2 0.4 0.6 0.8 1.0
YT T
(E) (F)

Figure 5-1. Kinematic performance before and afte01% acetic acid treatment. (A) COM in x

direction comparison. (B) COM in y direction comparison) f{éad and tail angle comparison

(D) Forward velocity comparison durgncyclic swimming, the image dasst include the startle

stage (E) Body moment a@fiertia comparison before and after 0.01% acetic acid treatment. (F)
Body angular velocity comparison before and after 0.01% acetic acid treatment
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Figure 5-2. Angleof all body segmentglative to the global frame comparisons before and after
0.01%acetic acid treatment within one period of time. Angles for all body segme@xpressed
as ATAO9.

Comparedto kinematic characteriss¢dynamic performances including force and
power are not that straightforward as they can be hardly acquired with direct
observations or camenacordings. In this chaptehydrodynamic and mechanical
power consumption during sgifopelled forward motiorwill be studied As the
movement of each two neighbouring body segmeatsconstrained with a presced
deformation equaiton except for fish head and taigchanical power contribution
along fish body can be approximated by power generated by vitual joint between each
two body segments. During muscle contraction, fish body bends, energy is generated
and transmitted into the watand the bended body interacts with the surrounding fluid,

a thrust force generates and pushes the fish moving forward. Within this process,
Approximately 20% of the energy (depending on fish species, the percentage can float

dramatically)[130] generated by muselcontraction is consumed due to the viscous
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dissipation of fish body tissues, and the remaining energy is traednmto the water.

In our model, viscous dissipations of fish body tissneseneglected to simplify the
simulation.During cyclic swimmingas a continuous fish body, the total kinetic energy
expressed alqgn 5.6is zero, therefore, all the effective mechaher@ergy generated

by fish musclas used to balance the external energy (shovwkgass.7 and 5.8. The
mechanical power generated from fish muscle includes the translational power due to
linear motion and the rotational power due to body rotation, in this case, all the other
terms are cancelled out except for the rotational power. Therefore, thamuath
powerwasestimated with the cross product of torque and angular velocity expressed

with Egn 5.9 and the total power transmitted into the water is expresse@&wih.10

()

W . W . yo Tt (5.6)
W . W . (5.7)
0 o 0 o (5.8)
0 . B0 D (5.9)
0 - B "O0ab 0 J (5.10)
In the above equationsyO _ represents total kinetic energyechanical
energy and power are expressed wiih o and 0 o :

and fluid energy and power exerted o fish body are expressed with

® . and 0 . . U is the internal torque for the

i joint caculated byMBDynin the global frame] represents the angular velocity
for thei" joint. "O is the hydrodynamidorce acting on thg"" body andw is the
velociy ofj"body. 0 and] have similar meaning t® and] , but the target is

body segment instead of virtural joint.

As the hydrodynamic power derives from forcesmparisons ofluid forces exerted

on body segmentare going to & madefirst. The subsection wilfocus on forces
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exerted on fish body parallel to the x axis, which contribute to the forward motion. As
shown inFig. 5-3, a detailed hydrodyanmic force oscillatsmithin one perod of time

on each body segmesaute depicted. The time period is based on control group zebrafish
larvae, thus it is apparent that the force evolves more than one period for acetic acid
treated group. Ik groupof figures, postive force value indicatiirust, and negative

force vale indicates drag. It is strdijorward to deduce from the figures that drag
force is generatenhainly in the anterior part, whereas thrust force is generagadly

in the posterior part. Details will be discussed in the following subsections.
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Figure 5-3. Total force exterted oall body segements in forward motion direction. The forces are
expressed with FE9 for nine body segments.

Comparson of averaged power between control graumal acidreated group ishown
in Fig. 54(A), as the absolute value of hydrodynamic power equals the mechanical
power, only hydrodynamic power comparisamll be displayed Acetic acid treated

zebrafish larvae genegghigher power than control group, this is stmtent with the
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velocity tendency as the power variation is correlated with force and velocity. A further
comparison on hydrodynamic power againgtit@at frequencyf ten zebrafish larvae
siblings is shown iffrig. 5-4(B). It can be seen that for contgyoup zebrafish, the tail
beatangular velocityvalues are distributed around 1t it W, and for acetic acid
treated zebrafish, the tail beangular velocity values are distributed around

T UL It M We have also calculated the cost of transfmortwo groupsof zebrafish.

The cost of transport is defined as energy spent to travel unit distance per unit mass,

m

which is expressed a:rl,DUm , P_is the power per unit mass, andl is the averaged

forward velocity. The resulting values for cost of transportpigx ¢ B JQ"Cand

w@ t B JQdor control group and acetic acid treated group, respectively. These
values are similar to those reported by Li et al (frpmt'viia JQ"Qo v 11 Bd JQONM

in [79] on larvae zebrafish. Thacrement of spek and tail beat frequency in the

intermediate flow regime (10<Re<})0increasethe enery dissipation, resulting in

higher cost of transport, which agrees with previdudyg104] .
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Figure 5-4. (A) Total hydrodynamic and mechiaal power comparison before and after 0.01%
acetic acid treatment. (B) Frequency distribution of control group and 0.01% acetic acid treated
group and corresponding total hydrodynamawer.

To further understand the different power generated at different locations alorgithe fi
body,variations okinematic and dynamic performance along fish bedyeevaluated

Starting from regional analysis, we have selected three typical points of control group
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zebrafish larvae (shown kig. 5-5(A)) along fish body to represent head region, middle
region and tail region, respectively. Time history of force and velagtgycompared

and depicted ifFig. 5-5(B-C). The trajectory is not completely parallel xaaxis in

global frame (about Begrees), therefore, forece and velocity are pointnig towards the
real moving direction of zebrafish. A full body length distribution ofward
component of body force is also depictedrig. 5-5D, as the fish body iglivided into

nine consecutive segments, forces distributed along the body are expressed with nine
discrete averaged values to represent hydrodynangsiesaicting on each bpdegment

The force shows negative value from head to approximately 30% of body length (which
is roughly anterior to centre of massjggesting net drag generation in thigioa.
Posterior to COM, the force value is mainly positive except near zegbt(gihegative)

value at 60% of body length, indicating that the posterior part mainly generate thrust
force to power the forward motion. However, the fish model is not a flexible
continuous body, the force distribution is only an approximation of gedraalue. For
exampe, force distribution around 60% of body length could be more complex instead
of an averaged near zero value, our results only provides tendency of force distribution

along zebrafish body to better interpret the drag and thrust gemsrati

Although the absolute value of averaged hydrodynamic power equals the mechanical
power, the distribution along fish body might differ. Therefore, hydrodynamic and
mechanical power distributigralong the bodyave been calculated and displayed

Fig. 56. In Fig. 56(A-B), the hydrodyanmipowerdistribution of five fish samples

were comparedo show the tendency, and kig. 5-6(C-D), a statistical analysis of
power distribution for all twenty fish is evaluated and expressed with mean anddtandar

deviation.
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Figure 5-5. Velocity and force distribution along zebrafish body (A) Re&kafish picture with
three typical points along the body (B) Global velocity of the three points (C) Hydrodynamic force
of the three points (D) Forward component of total force distribution along the body

A more detailed mechanical and hydrodynanmic power and an approximation of cost
of transportwere summarised inTable 51. The unit for both hydrodynamic and
mechanical power i$ « Based on our resultseéthydodynamic power generation
shows an increasstarting from the centre of mass and a deep increase in the rear region
starting from 75% of body length. According to motion equations rédg®n has the
largest motioramplitude along the body in global frame, resulting in larger fluid force,
thus moe hydrodynamic power. Ideally, the consumption ofsoile power requires a

study of muscle strain and electromyography (EMG) patterns for muscle function at
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specific positions along the body. However, the extremely small body size of larval fish
makes it inpossible to place receivers on the body. Constraints added in our fish model
provide energy to move forward from static state, which perform as muscle fibre in real
fish to provide mechanical power. The examimadchanical power shows a steep
increase towals the tail from the middle region and then a steep decrease in the tail
region. This might suggest that the main power generated by muscle to support steady
forward swimming exists in the entire bdokyt concentrates in the middle and posterior
region The conclusion seems to be inconsistent with the previous viewpoint that most
power is generated in the anterior region, while the posterior region performs like a
transmitter{131]. However,this previous work has used Saithe and Mackerel, lwhic

are different species from our model. The author provided an assumption of lengthened
posterior musclevhich can do negative work to support theiewpoint that posterior
muscle behaves like transmitteevertheless, experiment on scup, which is alaimi
species to Satithe and Mackerel, was carried out with isolated muscl¢ls2adyAnd

this experiment has drew a conclusion different from Saithe and Mackerel that muscle
power is mainly generated in the middle and posterior regisa, with isolated muscle
experiments, shortening of posterior muscle was observed on Scup, which is
contradictory to the assumption made on Satithe and Mackerel. Therefore, with simialr
caudal fin swimming mode, the influences from different species cannot be excluded

before expaements are made.

Based on the equations set upur model, the anterior region equations have smaller
curvature, inplying that the simulated musdie this region has smaller strain when it

is constracted, thus less positive work is done. Moreovenglsteady swimming state,

red muscledominates the swimming motion, if the main muscle power is generated in
the anterior part, loss of energy in the form of heat occurs in the protésrce
transmission towards the tail, which might increase the burden of red muscle as it
powers the entire steady swimming prodés82]. Whereas given that muscle functions
vary among different specie)e results need to be further tested with the help of

muscle solation analysis
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In Fig. 5-7, the vorticity on xy plane of the 3 fish modelis comparedBy comparing

them inone period of time, it can be seen that the vortex detached from the tail tip is
faster for acid treated group compared with control group fish. The earlier detached
vortex has been labelled with black circles in the right column, indicating larger
distarce travelled within one period of time, i.e., higher velocity. The vorticity results
for control and acetic acid treated group are consistent with velocity comparisons
depicted inFig. 5-1B. However, the variations observed from vorticity is not that
appaent compared to quantified results, and for different types of drugs, influences
might be too small to be captured with vorticity changes; therefore, in this case,

quantification of kinematic and enegetic performance is quite necessary.
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Figure 5-6. Hydrodynamic (A) and mechanical (B) power distribution of five fish. Statistical
analysis of hydrodynami{€) and mechawcil (D) power distribution alonghe body with mean
+sd for twenty fish of each group.
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Control group

Z Vorticity: -180 -144 -108 -72

Aceticacid group

36 0 36 72 108 144 180

Figure 5-7. Vorticity comparisons in-y plane between control grougbrafish and drug treated

groups within one period of time. For[A E-H, time steps are 0, T/3, 2T/3 and T for each

column. T represents one period of ime

5.1.2. Neuro-active drug effects

Administration of neuroactive drugs is an effective method to testani 0 s

ner vous

system functionfl33]. Asneuroactive drugs acting on different neural pathways could

cause differenbehavioural phenotypes, it is possible to study how the nervetensy

affects locomotion behauis by applying different neuroactive dru@s]. Zebrafish

larva modelwasstudied with same drugs used in agdand mammalians and showed

similar behavioural responses, suggesting that zebrafish larvae are sensitive to

neuroactive drugs. Therefoiia,the following pat, statistical analysis of the kinematic
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and dynamic performance variations before and after treatmkrite presented for

two commonly used neuroactive drugs, diphenylhydantoin (DPH) and yohimbine.

Table5-1. Detailed hydrodynamic and mechanical power of 10 fish and cost of

tranport
S1 S2 S3 S4 S5 S6 S7 S8 S9 cost of
transport
e

fishl Hyd 0.16 0.04 0.05 0.06 0.09 0.14 0.08 0.26 0.55 79.97
Mec 0.00 0.03 0.04 0.06 0.21 0.32 0.38 0.31 0.07

fish2 Hyd 0.17 0.04 0.03 0.05 0.08 0.12 0.08 0.26 0.51 78.78
Mec 0.00 0.03 0.04 0.06 0.20 0.31 0.36 0.30 0.07

fish3 Hyd 0.19 0.04 0.06 0.07 0.11 0.14 0.09 0.26 0.56 84.33
Mec 0.00 0.03 0.05 0.09 0.21 0.32 0.41 0.33 0.08

fish4 Hyd 0.23 0.04 0.05 0.06 0.12 0.15 0.10 0.08 0.63 90.57
Mec 0.00 0.04 0.06 0.12 0.22 0.37 0.49 0.34 0.08

fish5 Hyd 0.18 0.04 0.05 0.07 0.12 0.16 0.09 0.28 0.55 80.64
Mec 0.00 0.04 0.06 0.09 0.21 0.31 0.42 0.33 0.08

fish6 Hyd 0.19 0.04 0.05 0.06 0.08 0.14 0.09 0.28 0.54 77.61
Mec 0.00 0.03 0.05 0.06 0.20 0.33 0.40 0.31 0.08

fish7 Hyd 0.18 0.04 0.06 0.06 0.10 0.14 0.09 0.28 0.59 85.56
Mec 0.00 0.04 0.06 0.09 0.22 0.31 0.42 0.33 0.10

fish8 Hyd 0.18 0.04 0.05 0.06 0.10 0.13 0.09 0.27 0.55 79.66
Mec 0.00 0.04 0.04 0.07 0.20 0.32 0.41 0.31 0.08

fish9 Hyd 0.18 0.04 0.05 0.06 0.10 0.13 0.09 0.27 0.55 79.18
Mec 0.00 0.03 0.05 0.06 0.21 0.32 0.42 0.30 0.08

fish10 Hyd 0.18 0.04 0.05 0.06 0.10 0.12 0.09 0.28 0.61 81.01
Mec 0.00 0.04 0.06 0.09 0.21 0.31 0.41 0.33 0.09

Comparedo acetic acid, the two neuroactive drugs are more sensitive to concentrations
and ageg$25, 134, 135] different concentrations and lighting conditions can lead
reversed results for same drug. For instance, for 5 dpf zebrafish larvae, 10mg/L
yohimbine will increase the locomotion activity of fish larvae, whereas 200mg/L
yohimbine decreases thetiity. In the currentstudy, two specific drug concentrations
wereselectedased on previous research to test the influewtbour 5 dpf zebrafish
model. Similar kinematic and dynamic comparisons to acetic acid for neuroactive drugs

are presented in the following sections.
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COM displacementvascompared and illustratad Fig. 5-8. It can be seen froraig.

5-8(A) that for OPH treaed zebrafish, the travelling distance expressed with COM
displacment in x direction is significantly smaller than other groups within same time
range, and for yohimbine treated zebrafish larvae, the distacne travelled is almost the
same as control gup. Fig. 59(A-B) depict the averaged head and tail compagson
between control group and neuroactive drugs treated gragpise drugs will influence
swimming frequencies and initial angles, phase differences exist among those groups
in head and tail ajle, respectively. From those figures, there are no significant
differences for the amplitude of head and tail angle, but only differentéait
frequencies. An illustration of forward swimming speed comparisons among control
group and drug treated grau@re presented iRig. 59C. The results are similar
between control group and 100mg/L yohimbine treatd group, but the condition differs
for 500 * 0 DPH solution, and is manifested as apparent decrease of velocity
compared to control group, similamtiencies are discovered in hydrodynamic power
comparisonghown as Fig. 89D). The results on velocity comparisons imfiat the
influences of neuroactiverugs on velocity could pos$ybbe attributed to changes in

tail beat frequency instead of tail beat amplitude.
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Figure 5-8. Centre of mass displament comparison between control group angg treated
group (A) COM in x direction displacemnent (B) COM in y direction displacement
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Figure 5-9. Kinematic and dynamiperformance comparisons of zebrafish larvae among control
groups and neuroactive drugs treated groups. (A) Head angle (B) Tail
angle (C) Forward velocity (D) Hydrodynangower (E) Body moment of inertia. (F) Body
angular velocity.
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