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ABSTRACT 

Members of potassium voltage-gated channel, KQT-like subfamily (KCNQ 

channels) generate a subthreshold potassium current that regulates the excitability 

of neurons. Mutations of KCNQ channel members can lead to a series of diseases 

including long QT syndrome (LQTS), benign familial neonatal convulsions (BFNC) 

and an autosomal dominant progressive deafness, deafness autosomal dominant 

locus 2 (DFNA2). Symptoms of BFNC are shown as abnormal electrophysiological 

activities and convulsive behaviors, which have been observed and reported in drug 

screening studies using zebrafish. The alteration of the vestibulo-ocular reflex 

(VOR) has also been observed in human patients and transgenic rodents with 

DFNA2 but not in zebrafish yet. Methods used for oculomotor tracking and VOR 

quantification are widely seen in clinical practices and research to assess the 

vestibular function of mammals. However, the methods currently available for 

studies of oculomotor and VOR of zebrafish are limited in 2D or 1D tracking of the 

eye movement of the animals. This present study shows a video-oculographic 

(VOG) method for oculomotor tracking and VOR quantification of larval zebrafish. 

The VOG method allows a thorough 3D tracking and quantification of the 

movement of the zebrafish eyeball. The efficacy of the VOG method for 

quantification of the VOR function of zebrafish has been evaluated in the studies of 

zebrafish of which the KCNQ channels were manipulated by KCNQ blocker XE-

991, linopirdine (LPD) and opener retigabine (RTG). The method has led to find 

that (1) the application of XE-991 and LPD reduced the amplitude of the VOR of 
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zebrafish (41.3% and 54.8% reduction in the amplitudes of elevation and torsion 

respectively after XE-991 exposure, 42.1% reduction in the amplitude of torsion 

after LPD exposure); (2) the use of RTG could reverse the abnormity of the VOR 

function caused by XE-991 and LPD; (3) without KCNQ blockers, the RTG could 

increase the amplitude of VOR (58.2% increase in the amplitude of torsion after 

RTG exposure). Optokinetic reflex (OKR) test is also performed to rule out the 

possibility that the changes in VOR may be due to injuries of the extraocular 

muscles. In conclusion, the VOG method has been shown to be an effective 

technique for tracking in 3D the oculomotor of zebrafish and quantifying accurately 

the malfunction of the VOR of the zebrafish associated to drugs. 

  



iv 
 

ACKNOWLEDGEMENTS 

I would like to express my sincere appreciation to my supervisors Prof. Yung Kin 

Lam, Prof. Chen Fangyi for their guidance and supports during the study. 

I am also thankful to the colleagues in the research team of Prof. Yung and Prof. 

Chen, especially to Dr. Wu Jian-Ping, Dr. Jiang Weitao, Dr. Yang Xiaojie, Dr. Zhang 

Shiqing, Dr. Sun Peng, Mr. Xiao Shijie, Ms. Zheng Ling, Ms. Yang Yingkun, Mr. 

Xu Yang, Ms. Zhao Tong, Mr. Li Changri, Mr. Wu Zhuli, Ms. Zhong Jinhao, Mr. 

Chen Min, Ms. Zhang Mengqian, Mr. Zeng Dingxuan, Mr. Sun Binxian, Mr. Gao 

Mengqi, Mr. Peng Dinglu, Ms. Wan Sha, Mr. Du Meide, Ms. Jia Wenjie, Ms. Zhou 

Jingjing, Mr. Liu Wenda. I also thank Dr. Peng Cheng for her advice and technical 

assistance. 

In the period of postgraduate study, I am so lucky to have the friends accompanying 

me in the journey. I would like to express my appreciation to Mr. Zhou Xiuguang, 

Dr. Lan Zhaojue, Ms. Jing Shui, Mr. Zhang Yusong, Dr. Liu Litao, Ms. Tang Yiqing, 

Mr. Wang Chao, Ms. Liu Kun, Mr. Xiang Yuyan, Mr. Li Linhao, Mr. Xu Xiaojian, 

Ms. Li Linyue, Ms. Li Mianhuan, and Ms. Ding Yuwen, as my coach, partner, friend 

and meniscus destroyer. You all are the inspiration and courage of my journey. See 

you around at Runyang Stadium. 

Finally, I am sincerely grateful to the unconditional loves, understanding and 

supports of my parents and family during the study. After the long journey, I am 

finally home. 

  



v 
 

TABLE OF CONTENTS 

DECLARATION ...................................................................................................... i 

ABSTRACT ............................................................................................................ ii 

ACKNOWLEDGEMENTS .................................................................................... iv 

TABLE OF CONTENTS ......................................................................................... v 

LIST OF TABLES ................................................................................................ vii 

LIST OF FIGURES ............................................................................................. viii 

LIST OF ABBREVIATION .................................................................................... ix 

CHAPTER 1 INTRODUCTION ............................................................................. 1 

1.1. Vestibulo-ocular reflex (VOR) ................................................................... 1 

1.1.1. Neural circuit and function of the VOR in zebrafish .......................... 1 

1.1.2. Current methods to track oculomotion and quantify VOR ................. 2 

1.2. KCNQ channels ......................................................................................... 6 

1.2.1. Expression of KCNQ channels in zebrafish ....................................... 8 

1.2.2. KCNQ channel manipulation changes behavioral pattern and 

electrophysiological activities of zebrafish ....................................................... 9 

1.3. Objectives ................................................................................................ 10 

CHAPTER 2 QUANTIFICATION OF VOR ........................................................ 11 

2.1. Introduction .............................................................................................. 11 

2.2. Materials and methods ............................................................................. 12 

2.2.1. Vestibular induction and recording of oculomotor in zebrafish ....... 12 

2.2.2. Analysis and quantification of VOR ................................................. 16 

2.3. Results and discussion ............................................................................. 24 

2.3.1. Torsion .............................................................................................. 25 

2.3.2. Azimuth and elevation calibrated with torsion ................................. 27 

2.4. Conclusion ............................................................................................... 34 

CHAPTER 3 KCNQ CHANNEL REGULATES AMPLITUDE OF VOR IN 

ZEBRAFISH .......................................................................................................... 36 

3.1. Introduction .............................................................................................. 36 



vi 
 

3.2. Materials and methods ............................................................................. 37 

3.2.1. Animal maintenance ......................................................................... 37 

3.2.2. Reagents and preparation of solutions .............................................. 37 

3.2.3. Drug exposure ................................................................................... 40 

3.2.4. VOR and OKR assessment ............................................................... 40 

3.2.5. Data analysis ..................................................................................... 41 

3.3. Results and discussion ............................................................................. 41 

3.3.1. Effects of KCNQ channel activator and blocker on amplitude of VOR 

 ........................................................................................................ 41 

3.3.2. Effects of KCNQ channel activator and blocker on amplitude of OKR 

 ........................................................................................................ 44 

3.4. Conclusion ............................................................................................... 45 

CHAPTER 4 SUMMARY AND GENERAL DISCUSSION ............................... 47 

4.1. Summary .................................................................................................. 47 

4.2. General discussion ................................................................................... 48 

REFERENCES ...................................................................................................... 50 

PUBLICATIONS ................................................................................................... 54 

CURRICULUM VITAE ........................................................................................ 55 

 

  



vii 
 

LIST OF TABLES 

Table 1 Complete option parameter configuration for machine vision pattern match 

Table 2 Preparation of E2 medium 

  



viii 
 

LIST OF FIGURES 

Figure 1 Design and manufacture of fish holder. 

Figure 2 Vestibular induction and video recording of oculomotion in zebrafish. 

Figure 3 Diagram of the principle of torsion extraction based on machine vision 

pattern match. 

Figure 4 Diagram of the principle of azimuth and elevation extraction based on 

traditional threshold segmentation. 

Figure 5 Quantification of torsion in VOR induced with rotation stimulus. 

Figure 6 Detection of pupil center and determination of initial ocular inclination. 

Figure 7 Quantification of torsion in VOR induced with rotation stimulus. 

Figure 8 Effects of KCNQ channel activator and blocker on amplitude of VOR. 

Figure 9 Effects of KCNQ channel activator and blocker on amplitude of OKR. 

  



ix 
 

LIST OF ABBREVIATION 

a.u.   Arbitrary unit 

AON  Anterior octaval nuclei 

BFNC  Benign familial neonatal convulsions 

CCD  Charge-couple device 

CNS  Central nervous system 

CR   Corneal reflection 

ctr   Control 

DFNA2  Deafness autosomal dominant locus 2 

DON  Descending octaval nuclei 

dpf   Days post-fertilization 

EOG  Electrooculography 

FFT   Fast Fourier transform 

HCs  Hair cells 

JLNS  Jervell and Lange-Nielsen syndrome 

KCNQ  Potassium voltage-gated channel, KQT-like subfamily 

LED  Light emitting diode 

LPD  Linopirdine 

LQTS  Long QT syndrome 

MaON  Magnocellular octaval nuclei 

MW  Molecular weight 

N. S.  Not significant 



x 
 

OKR  Optokinetic reflex 

PON  Posterior octaval nuclei 

REM  Rapid eye movement 

ROI   Region of interest 

RTG  Retigabine 

SEM  Standard error of mean 

TON  Tangential octaval nuclei 

TU   Tübingen 

VOG  Video-oculography 

VOR  Vestibulo-ocular reflex 

WT   Wild-type



1 
 

CHAPTER 1 INTRODUCTION 

 

1.1. Vestibulo-ocular reflex (VOR) 

The vestibular system is composed of a group of balance senses in the body 

responsible for the acceleration information. A dysfunction of the vestibular system 

is closely linked to a series of diseases including Parkinson’s disease, Meniere 

disease, Usher syndrome etc. so that an assessment of the function of the vestibular 

organ potentially allows detecting the diseases at an early stage (Casani et al., 2015; 

Lopez-Escamez et al., 2015; Postuma et al., 2015). In the clinical practice, a 

vestibulo-ocular reflex (VOR) test is often employed to assess the function of the 

vestibular organ of a patient (Helmchen et al., 2019; Kobel et al., 2021; Macdougall 

et al., 2013). The reflex mediates a compensatory movement of eyeballs in response 

to the acceleration of the head, and it enables people to maintain a stable gaze. 

 

1.1.1. Neural circuit and function of the VOR in zebrafish 

Zebrafish (Danio rerio) is an emerging animal model for the studies of inner ears 

as the genome of zebrafish has been said to be highly homologous to human. The 

genetic mechanism of otic development and function of the zebrafish is highly 

conservated as well. Mutations that alter the development and function of the inner 

ear have been identified, and some human deafness disorders have been modeled 

on zebrafish. The embryo of zebrafish is fertilized externally and is optically 

transparent, which permits a direct observation on the development of the inner ear 
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at different stages. Another advantage of using zebrafish to study the inner ear is 

that the lateral line system of zebrafish possesses a set of hair cells (HCs) on body 

surface which structurally and functionally resemble to the hair cells in the inner 

ear. This feature enables high-throughput direct manipulation in the hair cells to 

make zebrafish a popular drug screening animal model. 

In zebrafish, the hair cells and peripheral sensory receptor locating at the vestibular 

inner ear sense the acceleration signals and send them to the nuclei of octaval 

column via the octaval nerve. 

The octaval column consists of five primary nuclei: the magnocellular (MaON, 

tangential (TON), posterior (PON), anterior (AON), and descending octaval nuclei 

(DON), to receive the vestibular signals. 

The received signals by the vestibular sense are then integrated and relayed to the 

motor nuclei of extraocular muscles to generate the ocular movements. In cyprinids, 

the motor neurons of the oculomotor nerve innervate four of the six extraocular 

muscles known as rectus superior, inferior, internus and obliquus inferior. The 

trochlear motor neurons innervate the obliquus superior, and the abducens motor 

neurons innervate the rectus externus. 

 

1.1.2. Current methods to track oculomotion and quantify VOR 

The azimuth, elevation and torsion are the spatial variables often used to measure 

the motion of the eyeballs in 3D for the assessment of the VOR function. The 

azimuth depicts the eyeball rotation along the cranial-caudal axis, and the elevation 
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captures the eyeball rotation along the medial-lateral axis while the torsion 

describes the eyeball motion in the ventral-dorsal axis. When the spatial status of 

the eyeball in a certain period is determined using the three spatial variables, the 

mathematical analyses of the eyeball motion can be executed to numerically 

describe the motion and quantify the VOR function accurately. 

The currently gold standard method for tracking oculomotion is the scleral search 

coil method (Robinson, 1963). The method is based on the application of the 

electromagnetic induction principle. In the method, a coil of wire is installed into a 

specifically designed contact lens to attach to the eye under a local anesthesia. The 

magnetic field is applied by two field coils placed either side of the head. Voltage 

signal is induced in the eye coil when the eye, along with coil, moves in the 

magnetic field. Mathematical analyses are then performed to reconstruct the 

movement of the eye. This configuration of the design tracks one of the three spatial 

variables. Using additional two sets of eye coils and magnetic field coils, the 

movement variables of the eyes in other direction can also be tracked. Due to the 

high accuracy, spatial and temporal resolution, so far, the scleral search coil method 

is regarded as the gold standard technique for oculomotor tracking. However, the 

scleral search method is a rather invasive technique that requires attaching coils 

directly on the eye. Therefore, it is not commonly used in the present clinical 

practice. 

Electrooculography (EOG) has been introduced by Fenn and Hursh (Fenn & Hursh, 

1937) and are widely adopted to the clinical applications. In this method, pairs of 



4 
 

electrodes are placed at specific locations on the face to capture the standing 

potentials, the difference of the electrical potential between the anterior and 

posterior part of the eyeball (Constable et al., 2018). This method is relatively more 

user-friendly than the scleral search coil method so that has very good applications 

in clinic diagnoses. 

In comparison to the two methods mentioned above, video-oculography (VOG) is 

a relatively new method. In the VOG method, a camera can be mounted directly on 

the head of an experimental subject or fixed on a desk surface to capture the eye 

motion of the subject whose head is immobilized. The configurations aim to keep 

the camera and the head of subject relatively still for capturing the oculomotor 

videos. An infrared light emitting diode (LED) is usually connected to the camera 

to create a corneal reflection (CR). In the studies where the VOG method is used, 

the eyeball of the experimental subjects (human, rodent) is assumed to be a sphere 

to rotate around the center of the sphere. Therefore, the CR will not move when the 

eyeball rotates. The next step is to find a prominent graphical characteristic of the 

eyeball that moves along when the eyeball rotates, mostly the pupil. With some 

calibration, the azimuth and elevation can be extracted from the distance between 

the CR and pupil (Mestre et al., 2018; Zoccolan et al., 2010). Meanwhile, 

characteristic pigmentation or capillary vessels will be identified and the angle of 

the line connecting to the characteristics will be determined to find the torsion 

variable. The VOG is a completely non-invasive method possessing good accuracy. 

With the aid of high-performance computers and image processing algorithm, the 
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VOG method attracts ever-growing attentions in research and clinic examination of 

the VOR function. 

However, the oculomotor tracking methods discussed above cannot be simply 

adopted for the studies of the VOR function of zebrafish. Due to the small size of 

larval zebrafish eyeball (around 200μm in diameter), the preparation and 

attachment of eyeball coils is challenging. Leung et al (2019) have introduced an 

alternative method to estimate the zebrafish electrooculography (EOG). In this 

method, a transgenic zebrafish line with fluorescence expressed in heart and brain 

is constructed so that the fluorescence reflection from the eye iridescence indicates 

saccades as a proxy for the EOG. The method works well for the detection of rapid 

eye movement (REM) sleep in zebrafish but it is not sufficient for oculomotor 

tracking. The VOG could be a good method for zebrafish oculomotor tracking but 

it is difficult to create a still CR because the shape of larval zebrafish eyeball is not 

uniform enough to be consider as a sphere. There are some methods without 

involvement of still CR reported in the literature but none of the methods allow 

measuring the azimuth, elevation and torsion variables together (Mo et al., 2010; 

Sun et al., 2018). Therefore, improvements are needed for the VOG to measure the 

azimuth, elevation and torsion variables of the eyeballs of zebrafish to numerically 

assess the VOR. This is the motivation of this present study. 

In summary, to quantify the VOR of zebrafish accurately, we need to develop a 

technique in this study to track and measure the azimuth, elevation and torsion 

variables of the 3D movement of the eyeball. 
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There are several oculomotor tracking methods currently available in the research 

and clinics. The Scleral search coil method is the gold standard of oculomotor 

tracking, but is difficult to be adopted in studies of larval zebrafish due to the very 

small eyeball of the fish. The EOG method is widely used clinically and finds good 

application in clinical diagnosis, but similarly, the size of larval zebrafish limits 

placement of sufficient electrodes around the eye. By using a microscope, the VOG 

method can solve the size related issues in studies of the VOR of zebrafish but the 

lack of still CR in zebrafish prevents the use of the classic CR based algorithm for 

the VOR measurement. To solve the problem, a new camera configuration and an 

image processing algorithm have been built up in the present study for oculomotor 

tracking and VOR quantification of larval zebrafish. 

 

1.2. KCNQ channels 

Members of potassium voltage-gated channel, KQT-like subfamily are known as 

KCNQ channels. The KCNQ channels (Kv7.1- Kv7.5 channels) generate a 

subthreshold potassium current, termed the M-current, which regulates the 

excitability of principal central neurons (Chege et al., 2012). KCNQ1-5 channels 

can be specifically blocked by XE-991 [10,10-Bis(4-pyridinylmethyl)-9(10H)-

anthracenone dihydrochloride] and linopirdine (LPD). KCNQ2-5 channels can be 

specifically activated by retigabine (RTG). KCNQ1 (also known as KvLQT1) is 

expressed predominantly in cardiac myocytes where it generates a cardiac-delayed 

rectifier-like potassium current in the presence of subunit KCNE1 (Barhanin et al., 
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1996; Sanguinetti et al., 1996; Wang & Li, 2016). Mutation of KCNQ1 could result 

in cardiac arrhythmia in the dominant long QT syndrome (LQTS) or the recessive 

Jervell and Lange-Nielsen syndrome (JLNS) associated with congenital deafness, 

depending on the extent of loss of the function (Jentsch, 2000). KCNQ1 is also 

found to recycle potassium in colonic crypt cells, which is necessary for intestinal 

chloride secretion, in the presence of another subunit KCNE3 (Jentsch, 2000; 

Schroeder, Waldegger, et al., 2000). KCNQ2 and KCNQ3 are expressed abundantly 

in the central nervous system (CNS), including sympathetic ganglia. The KCNQ2 

and KCNQ3 subunits can coassemble to form heteromers that are thought to 

underlie the M-current (Wang et al., 1998; Wang & Li, 2016). Mutation of either 

KCNQ2/3 can lead to the same phenotype called benign familial neonatal 

convulsions (BFNC) (Charlier et al., 1998; Jentsch, 2000; Singh et al., 1998; Wang 

& Li, 2016), which is characterized by unprovoked partial or generalized clonic 

convulsions, and in some cases companied with ocular symptoms and apnoea 

(Ronen et al., 1993). BFNC typically begins on neonates around 3 days after birth 

and remission can be observed after several weeks. However, about 15% of patients 

have been reported with seizure cases later in life (Jentsch, 2000). KCNQ4 is 

localized to the inner ear, some nuclei and tracts of the brainstem (Kharkovets et al., 

2000; Kubisch et al., 1999). It is less extensively expressed compared to other 

members of KCNQ family (Jentsch, 2000). Its localization at calyx terminals 

ensheathing type I vestibular hair cells is found to be in postsynaptic calyx-forming 

neurons in adult rat (Spitzmaul et al., 2013). Mutation of KCNQ4 underlies 
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deafness autosomal dominant locus 2 (DFNA2). The auditory function of patients 

with abnormal expression of the KCNQ4 appears normal at the early age but 

gradually declines over decades (Jentsch, 2000). The mutation model has been 

established in rat (Spitzmaul et al., 2013). KCNQ5 is expressed extensively in brain 

and sympathetic ganglia (Schroeder, Hechenberger, et al., 2000). Unlike other 

members of KCNQ family, KCNQ5 is also prominently expressed in skeletal 

muscles (Lerche et al., 2000; Schroeder, Hechenberger, et al., 2000) but its function 

in skeletal muscles remains unclear. Diseases associated to the mutation of KCNQ5 

have not been reported yet though epilepsy symptoms have been speculated to be 

linked to the mutation of KCNQ5 (Jentsch, 2000). A study of KCNQ5 knockdown 

rats has shown that the rats presented with a decrease in the gain of the VOR 

(Spitzmaul et al., 2013). 

 

1.2.1. Expression of KCNQ channels in zebrafish 

KCNQ2, KCNQ 3 and KCNQ 5 were reported to express diffusely in regions 

corresponding to the central nervous system (CNS) of zebrafish including 

telencephalon, preoptic area, optic tectum and cerebellum. Temporal expression 

patterns were also investigated. KCNQ2 and KCNQ3 were expressed at stable 

levels in larval zebrafish, while KCNQ5 increased in a linear fashion during 2-7 

days post-fertilization (dpf) (Chege et al., 2012). The expression of KCNQ channels 

were investigated in adult zebrafish, showing the overall expressions of KCNQ1-5 

channel transcripts were similar to that found in mammals (Wu et al., 2014). The 
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study had thoroughly investigated the expressions of KCNQ channel transcripts in 

the brain, heart and ear tissues. The kcnq1 was found being predominantly 

expressed in the heart while it also presented in the ear and brain. The kcnq2 

expression was the lowest in the heart, while kcnq3 was abundantly expressed in 

the brain, heart and ear tissues. The kcnq5 was found to express the highest in the 

ear. It appeared that zebrafish had two kcnq4 genes that produced different mRNA 

species in brain, heart, and ear tissues. 

 

1.2.2. KCNQ channel manipulation changes behavioral pattern and 

electrophysiological activities of zebrafish 

It was reported that bath application of KCNQ channel manipulators changed 

behavioral pattern and electrophysiological activities of zebrafish (Chege et al., 

2012). In that study, bath application of KCNQ1-5 channel blocker, LPD and XE-

991, induced convulsive behavior in freely swimming larval zebrafish (3-7 dpf). 

The stereotyped convulsive behavior of larval zebrafish was characterized before 

when exposed to convulsant drugs (Baraban et al., 2005). Electrophysiological 

analyses found that the bath application of LPD and XE-991 induced abnormal 

burst discharge activity in the larvae. The abnormal behavioral and physiological 

patterns could then be reversed by bath application of KCNQ2-5 opener RTG. 

Besides convulsion, vestibular alterations resulting from KCNQ mutations and 

manipulations had also been reported in human and rodents (De Leenheer et al., 

2002; Spitzmaul et al., 2013). However, studies about KCNQ associated vestibular 
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alterations in zebrafish, especially VOR, had not been investigated. Since VOR had 

found good application in clinical practice as a potential indicator for a series of 

diseases, and KCNQ associated vestibular alterations had been identified and 

reported, it appeared that VOR alteration in zebrafish could be a potential 

behavioral index for KCNQ related drug screening. In the present study, VOR in 

larval zebrafish was proved to be sensitive to KCNQ channel manipulators. The 

amplitude of VOR decreased when KCNQ blocker (LPD and XE-991) was applied, 

respectively. The decrease could be reversed with KCNQ activator RTG. The 

application of RTG without XE-991 or LPD significantly increased the amplitude 

of VOR. 

 

1.3. Objectives 

In the present study, we aim to: 

1) Design an equipment to provoke zebrafish VOR 

2) Develop an oculomotor tracking algorithm to quantitively assess the VOR of 

larval zebrafish 

3) Determine the effect of KCNQ manipulations in the VOR of larval zebrafish 
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CHAPTER 2 QUANTIFICATION OF VOR 

 

2.1. Introduction 

Behavioral observations on larval zebrafish have been extensively performed. 

Some observations are performed on freely swimming larvae (startle response, 

shoaling, etc.) while some are performed on restrained larvae (VOR, 

electrocardiography, etc.). Previous, the larval zebrafish was usually restrained in a 

drop of low melting agarose and the position of the larva needed to be adjusted 

before the agarose solidified. Excavation on solidified agarose was necessary to 

expose the region of interest where operation and observation were performed. The 

restraining of larval zebrafish in a fish holder without involvement of agarose was 

implemented by Sun P (Sun et al., 2018) and appeared convenient and practical. 

The idea was adopted and the fish holder was re-designed to better expose the 

eyeball of larval zebrafish. 

Similar to oculomotor tracking in other species, recognition of pupil edge and iris 

reflection pattern were necessary procedures. Traditional image processing 

techniques such as threshold segmentation are good enough for recognition of pupil 

edge owe to the high contrast between pupil and iris. But the method is insufficient 

for recognition of iris reflection. The low contrast of the iris region and temporary 

artificial pattern resulting from overexposure reflection occur due to the highly 

reflective property of the iris. To deal with the problem, machine vision pattern 

matching with proper tolerance configuration were employed in the present study 
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and appeared to be a good solution. 

In this chapter, a fish holder was designed and manufactured to allow firm fixing of 

the larval zebrafish without injuries during the experimental procedures. An 

equipment was designed and built to apply vestibular stimulus to the larva to 

provoke VOR. An oculomotor tracking algorithm was then designed and 

implemented to extract all the three ocular spatial variables. Finally, Fourier 

transform was performed on the data of spatial variables and the peak around the 

stimulus frequency was considered the amplitude of VOR. 

 

2.2. Materials and methods 

 

2.2.1. Vestibular induction and recording of oculomotor in zebrafish 

To induce vestibular oculomotion, the zebrafish larva needs to be firmly fixed, but 

uninjured, to a rotational platform. The platform rotates to apply a stimulus on the 

vestibular system of the larva. The rotational component and the larva should be 

kept in dark and the larva should be illuminated with infrared light source to avoid 

light induced oculomotion. The camera to record oculomotion should be mounted 

on the rotational platform and stay relatively still to the larva while the platform 

rotates. Following the guidelines proposed above, a customized equipment was 

built up. 

 

2.2.1.1. Fish holder 
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A fish holder was designed (Fig. 1 (a)) with SolidWorks (Dassault Systèmes 

SolidWorks Corp., MA, USA) and manufactured with plexiglass (Fig. 1 (b)). A 

space was carved on the surface of the piece of L-shaped plexiglass. The size of the 

space was determined by the general size of larval zebrafish. The tail and body of a 

zebrafish larva could be loaded into the narrow slit while the head was exposed. 3% 

methyl cellulose (Shanghai Macklin Biochemical Co., Ltd, Shanghai, China) was 

 

Figure 1 Design and manufacture of fish holder. (a) The size of the fish holder 

was 10mm × 9.50mm × 8.05mm. The height of the fish holder was 8.05mm, slightly 

larger than the width of the groove on the rotation platform, where the fish holder 

could then be inserted and firmly fixed. A slit with 0.30mm width was carved on 

(a) 

(b) 
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the surface of the fish holder to immobilize the larva. When the larva was 

immobilized in the slit, its head would be exposed in the larger space next to the 

slit, where a drop of E2 medium was then added to allow breathing of the larva. (b) 

The fish holder manufactured with plexiglass according to the design in (a). The 

transparency of the plexiglass prevented reflection of illumination that might 

interfere with video recording. 

 

used to glue the tail of the larva, preventing it from escaping. A drop of E2 medium 

was added to the head of the larva for breathing. Coverslips were placed onto the 

convex surface of E2 medium to avoid imaging distortion. The larva could survive 

for hours inside the fish holder. The fish holder was then mounted to the rotation 

platform. 

 

2.2.1.2. Rotation platform 

A rotation platform was built up following previous studies (Sun et al., 2018). A 

customized steel panel was hung between 2 pillars via bearings, allowing rotation 

of the panel. A 1-D and a 2-D micro positioning stages were mounted on the panel. 

A piece of plexiglass with a groove was attached to the 2-D micro positioning stage. 

The fish holder could be inserted into and detached from the groove. The fish holder, 

along with the larva in it, was now fixed on the 2-D micro positioning stage to allow 

imaging field adjusting. The rotation of the platform was driven by a stepper motor 

(TSM17Q-3AG, MOONS', Shanghai, China) (Fig. 2 (a)). The setup rotated the 

larval zebrafish in a yawing pattern (Fig. 2 (b)). 
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2.2.1.3. Camera and illumination 

An infrared camera (CM3-U3-13Y3M-CS, Point Gray, Richmond, Canada) was 

installed on the 1-D micro positioning stage to allow focusing. A 10× objective was 

connected to the camera for image magnification. The camera captured a 1024 × 

1280 resolution at 30 fps. Infrared LEDs were soldered on a circular integrated 

 

Figure 2 Vestibular induction and video recording of oculomotion in zebrafish. 

(a) The rotation platform to apply vestibular stimulus. A steel was hung between 2 

pillars via bearings and would be driven to rotate when powered. The location to 

insert the fish holder along with the larva was marked with arrow, closely next to 

the 10× objective equipped camera that captured a 1024 × 1280 resolution at 30 fps. 

(a) 

(b) (c) 
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The larva in the fish holder was rotated in a yawing pattern as illustrated in (b). (c) 

Infrared LEDs were soldered on a circular integrated circuit board to provide 

illumination for the camera. The size of the board was designed to exactly fit the 

tip of the objective so that the light source was constant relative to the larval 

zebrafish eyeball and a uniform ocular illumination was created. 

 

circuit board to provide illumination of the larval eye. The size of the board was 

designed to fit the tip of the objective so that the light source was constant relative 

to the larval zebrafish eyeball to create uniform ocular reflection (Fig. 2 (c)). The 

camera was triggered externally with the same voltage signal that activated the 

rotation platform so that the camera could start capturing at the same moment the 

platform started to rotate. The center of region of interest (ROI) was manually 

adjusted to approximately the center of the pupil. 

 

2.2.2. Analysis and quantification of VOR 

Since a still CR cannot be created in zebrafish larvae, a new VOG algorithm was 

proposed in the present study. Previous VOG methods in rodents usually made two 

key assumptions: the corneal curvature was assumed to be spherical and the pupil 

was assumed to rotate about the center of the corneal curvature. Since the eyeball 

of zebrafish larvae was apparently not spherical, the assumptions in our method 

were modified: the pupil of the zebrafish larva was assumed to be approximately 

circular and the eyeball was assumed to rotate about the center of the pupil. Based 

on these two assumptions, machine vision pattern match algorithm was employed 
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to determine the torsion variable and traditional threshold segmentation calibrated 

by torsion variable was employed to determine the azimuth and elevation variables 

(Fig. 3 (a)). 

When illuminated by an infrared light source, a unique reflection pattern was 

created on the surface of the eyeball, resulting from morphological outline and 

pigmentation. In each oculomotor video, the reflection pattern of the first frame was 

carefully identified and isolated (Fig. 3 (c)), and then fed to the rest of frames as the 

template pattern. The matching result with the highest matching score in each frame 

was accepted and the torsion angle was considered the torsion of the eyeball (Fig. 

3 (d)). The results of torsion were then fed to traditional threshold segmentation for 

azimuth and elevation calibration. 

 

 

Figure 3 Diagram of the principle of torsion extraction based on machine 

vision pattern match. (a) The three spatial variables required for oculomotor 

tracking and their rotation directions. (b) The relative location and orientation of 

the camera and larval zebrafish eyeball. (c) The unique reflection pattern on the 

surface of eyeball in the first frame of an oculomotor video was identified and 

isolated as the template pattern and was fed to the rest of the frames. (d) When a 

(a) (b) (c) (d) 
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torsion of the eyeball with angle θ occurred at a certain moment, torsion of the 

reflection pattern with the same angle occurred as well. The template pattern would 

then find a pattern match with torsion angle approximating θ in that frame. The 

torsion angle of the matched pattern was then considered the torsion angle of the 

eyeball of that frame. 

 

The pupil of zebrafish larvae did not reflect infrared illumination and appeared 

significantly dark compared to the iris. Therefore, the outline of the pupil could be 

detected using traditional threshold segmentation, followed by ellipse fitting. Since 

the pupil was assumed to be circular, the projection of the pupil on the charge-

couple device (CCD, the core component of camera that senses the incoming light 

and transforms the light signal into electrical signal for subsequent imaging process) 

plane should be a circle with a diameter d (eccentricity = 0) when the pupil gazed 

straightly at the CCD, i.e., the pupil plane was parallel to the CCD plane, and 

azimuth and elevation were both zero at this moment (Fig. 4 (b)). When the eyeball 

rotated with an azimuth α, the projection of the pupil transformed from a circle into 

an ellipse (Fig. 4 (c)). With the length of the horizontal line segment that went 

through the geometrical center of the ellipse denoted dhor, we had the following 

equation: 

𝛼 = 𝑐𝑜𝑠−1
𝑑ℎ𝑜𝑟
𝑑

 

When torsion θ existed simultaneously with azimuth, dhor should be measured as 

the line segment of slope θ that went through the geometrical center of the ellipse 

and intersected with the ellipse (Fig. 4 (d)). That was why the torsion variable 
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should be extracted first and fed to azimuth and elevation analyses. The analysis of 

elevation with dver was similar to that of azimuth described above and we had the 

similar equation: 

𝛽 = 𝑐𝑜𝑠−1
𝑑𝑣𝑒𝑟
𝑑

 

However, it was not feasible to determine at which moment the pupil looked 

 

Figure 4 Diagram of the principle of azimuth and elevation extraction based 

on traditional threshold segmentation. (a) The relative location and orientation 

of the camera and larval zebrafish eyeball. (b) When the eyeball of the larval 

zebrafish gazed straightly towards the CCD, the pupil should approximately be a 

circle with diameter d, since the pupil had been assumed to be a circle. In practical 

implementation, the largest axis of the pupil dmax measured in the oculomotor 

videos was considered as diameter d. (c) When an azimuth of the eyeball with angle 

α occurred, the projection of the pupil on CCD plane transformed from a circle into 

an ellipse, and the horizontal diameter d of the circle became the horizontal axis of 

the ellipse dhor. (d) If the azimuth α occurred along with a torsion θ, dhor should be 

(a) (b) (c) 

(d) 
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measured as the axis with slope θ. Following the equation in 2.2.2, the azimuth 

angle could be readily calculated. 

 

straightly at the CCD, and therefore, the diameter d could not be directly measured. 

But mathematically we knew diameter d was always larger than dhor and dver and 

there was a large opportunity that the straight gazing moment did exist in the video 

recording period due to camera-eyeball relative location, the maximal value of dhor 

and dver was considered the diameter d. 

 

2.2.2.1. Machine vision pattern match 

The oculomotor videos were cropped. Unrelated backgrounds were removed to 

save image processing time. A customized program was written in LabVIEW Vision 

Assistant (National Instruments Corp., TX, USA). Uniform regions of the ocular 

reflection resulting from morphological outline and pigmentation in the first frame 

of the oculomotor videos were identified and isolated as matching patterns for the 

rest of frames. Minimal acceptance matching score was set to 700/1000. Occlusion 

tolerance was set to 25% in case the eyeball was too close to the margin of ROI or 

partially out of ROI. The complete option parameter configuration was listed in 

Table 1. 

 

2.2.2.2. Traditional threshold segmentation 

The threshold segmentation was performed on the cropped videos. A customized 

program was written in MATLAB (The MathWorks Inc., MA, USA). There were 
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five parts in the program, each briefly described below. In part 1, fast radial 

symmetry transform algorithm was employed to roughly approximate the center of  

Table 1 Complete option parameter configuration for machine vision pattern match 

General 

 Algorithm Geometric Matching 

 Minimum Match Score 700 

Curve Parameters 

 Extraction Mode Uniform Regions 

 Edge Threshold 15 

 Edge Filter Size Normal 

 Minimum Length 25 

 Row Search Step Size 15 

 Column Search Step Size 15 

 Max Endpoint Gap 10 

 Extract Closed Curves False 

 Subpixel Curve Extraction False 

Matching 

 Compute Correlation Score True 

 Initial Match List Length 200 

 Compute Target Template 

Score 

False 

 Enable Calibration True 
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 Contrast Reversal False 

 Search Strategy Conservative 

 Scoring Method Standard 

Subpixel 

 Enable Subpixel Accuracy True 

 Subpixel Iterations 20 

 Subpixel Tolerance 0 

 Enable Coarse Factor False 

 Refinement Match Factor 0 

 Subpixel Match Factor 0 

Overlap 

 Min Match Separation Distance 20 

 Min Match Separation Angle 10 

 Min Match Separation Scale 10 

 Max Match Overlap 80 

Specifications 

 Number of Matches to Find 1 

 Rotated -30 to 30 (deg) 

 Scaled 90 to 110 (%) 

 Occluded 0 to 25 (%) 

 Overlapping Objects False 

 Low Contrast False 
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 Large Template False 

 Screenshot False 

pupil for the first frame. The algorithm searched a frame of image for circular 

objects basing on pixel value symmetry. The pupil was not the largest circular object 

in oculomotor videos (i.e., the outline of the whole eyeball), but the center 

approximation was acceptable due to the high contrast between the pupil and ocular 

reflection, and partially overlapping of the center of pupil and center of the whole 

eyeball. In part 2, the starburst algorithm was implemented to find the accurate 

center and the edge of pupil. A preliminary estimation was performed for the first 

frame. The center approximation found in part 1 was used as a starting point from 

which a set of rays (n = 36 in the present study) projected a certain distance (initial 

distance = 80 pixels in the present study) towards the edge of the pupil. The pixel 

values along each ray were sampled. In each ray, it was considered the edge of the 

pupil was reached when the pixel value crossed a certain threshold, determined by 

the average of the pixel values in the ray. The mean and standard deviation of the 

center-edge distances were calculated, based on which outliers were ruled out, 

center of pupil was relocated, and the starburst distance was modified for the next 

iteration of starburst searching. The standard deviation of the center-edge distances 

would be brought down along iterations. When the deviation stopped decreasing, 

the iteration loop was broken and it was considered the best edge searching result 

was found. The accurate center found in every frame would be fed to the next frame 

to reduce iteration times of the next frame, therefore the fast radial symmetry 
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transform was performed only once for the first frame. If a single frame iterated too 

many times before the loop was broken (more than 10 times in the present study), 

it was considered bad frame and discarded to avoid endless loop. Interpolation 

would be employed later for the frame. In part 3, ellipse fitting was performed for 

each frame using the edge points found in part 2. The length of the line segment 

that went through the center of pupil (found in part 2) with slope θ + γ (θ: the torsion 

angle found with machine vision pattern match; γ: the initial eyeball inclination 

angle found with general reflection pattern that was present in all oculomotor videos 

in the present study) and intersected with the fitting ellipse was calculated and 

denoted dhor. The similar line segment except for the slope was θ + γ + π/2 yielded 

dver. Find the maximal value among dhor and dver as the diameter d of the assumed 

circular pupil. Following the equations described in 2.2.2, the azimuth and elevation 

were readily calculated. 

 

2.2.2.3. Quantification of VOR 

1-D fast Fourier transform (FFT) was performed on the data of torsion, azimuth, 

and elevation to transform the data from time domain to spectral domain. The peak 

around the stimulus frequency was used to quantify the amplitude of oculomotion 

and VOR. 

 

2.3. Results and discussion 
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2.3.1. Torsion 

The pattern match procedure was illustrated by Fig.5 with an example oculomotor 

 

Figure 5 Quantification of torsion in VOR induced with rotation stimulus. (a) 

The first frame of oculomotor video captured at same the moment when the rotation 

stimulus was applied. Unrelated backgrounds were cropped. (b) The reflection 

pattern on the surface of the eyeball was identified and isolated as the template 

pattern to search in the other frames. (c) The template pattern found a match with a 

score 1000/1000 and a 0° rotation in the first frame as expected since the template 

(a) (b) 

(c) (d) 

(e) (f) 
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pattern was extracted from this frame. (d) The template pattern found a match with 

a score 979.63/1000 and a -6.46° rotation in a randomly picked frame of the same 

video. Minimal acceptance matching score was set to 700/1000. The matching 

result of the frame was accepted. Occlusion tolerance was set to 25% in case the 

eyeball was too close to the margin of ROI or partially out of ROI. Refer to Table 

1 for complete option parameter configurations. (e) The torsion data of a single 

rotation test. The torsion angles of the matching results were considered the torsion 

angles of the eyeball. (f) Fast Fourier transform was performed to transform the 

torsion angle from time domain to frequency domain. The peak (noted with arrow) 

around the stimulus frequency (0.67Hz) was found as the amplitude of the torsion 

(amplitude = 6.15 at 0.61Hz). 

 

video. The camera captured the first frame at the same moment the platform was 

powered and started to rotate (Fig. 5 (a)). The 10× objective mounted on the camera 

provided sufficient optical magnification for high-quality video recording and 

subsequent image processing. In the frame, the bright reflection and the non-

reflective dark regions due to morphological outline and pigmentations could be 

clearly observed. The pigmentation speckles were noted with arrows. The reflection 

pattern was extracted (Fig. 5 (b)) as the template pattern to match. Note that 

artificial pattern signals due to reflection overexposure had already been manually 

ruled out from the pattern. And dim reflection without clear edges were not 

extracted neither. The template pattern found a match with a score 1000/1000 and 

a 0° rotation in the first frame as expected since the template pattern was extracted 



27 
 

from this frame (Fig. 5 (c)). Another frame in the same video was randomly picked 

as an example, where the template pattern found a match with a score 979.63/1000 

and a -6.46° rotation (Fig. 5 (d)). The rotation angle of the pattern match found in 

the frame was then considered as the torsion, one of the three eyeball spatial 

variables, of the frame. The torsion curve was obtained after all the frames in the 

video were matched (Fig. 5 (e)). Blanks in the curve resulting from match failure 

in some certain frames, either due to illumination flashing or motion artifacts, were 

filled through linear interpolation. FFT was then performed on the interpolated 

torsion curve to transform the data from time domain to spectral domain (Fig. 5 (f)) 

and the peak around the stimulus frequency (noted with arrow) was used to quantify 

the amplitude of torsion. 

 

2.3.2. Azimuth and elevation calibrated with torsion 

The process of extraction and quantification of azimuth and elevation was 

illustrated by Fig. 6. The starburst rays (n = 36) were spread from the approximate 

center found with fast radial symmetry transform towards the edge of pupil (Fig. 6 

(a)). When a single ray crossed a pixel value determined by the average of the pixel 

values in the ray, the pixel was considered the edge of pupil and recorded (Fig. 6 

(b)). Note the lens reflection that was present inside the pupil and was located 

closely to the pupil. The edge threshold should be modified carefully to avoid 

interference from the lens reflection. In some cases, the average of a single ray did 

not reach a minimal threshold (set to 45 in the present study), it was considered bad 
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reflection in that direction and edge finding in that direction was skipped. When the 

iteration of edge finding broke after stable condition was reached, ellipse fitting was 

performed on the edge pixels (Fig. 6 (c)). 

The inclination of the initial dhor was determined by a line that went through the 

pupil center and a characteristic reflection pattern due to morphological outline of 

the eyeball in the first frame (Fig. 6 (d)). Note the triangle-like dark region at bottom 

right of the eyeball and the farthest angle from the pupil center was chosen to be 

the characteristic point. The characteristic reflection pattern was present in all the 

oculomotor videos captured in the present study and the inclination of the line 

usually approximated the major axis of the whole eyeball outline in the first frame. 

The line intersected with the fitting ellipse at two locations and the length of the 

line segment that connected the two locations was the dhor in the first frame. Another 

line segment that went through the pupil center, perpendicular to the initial dhor line 

segment, and intersected with the fitting ellipse was found, the length of which was 

then the dver in the first frame. When the eyeball started to rotate in the subsequent 

frames, dhor and dver of those frames no longer depended on the characteristic 

triangle-like reflection pattern but depended on the more precise pattern match data. 

For each frame, the dhor and hver were the length of line segments that rotated a 

certain angle (the torsion angle of the frame found previously with pattern match) 

along the pupil center relative the initial dhor and hver and intersected with the fitting 

ellipse. 
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Figure 6 Detection of pupil center and determination of initial ocular 

inclination. (a) In the first frame of the oculomotor video, the approximate center 

found with fast radial symmetry transform was used as the seed of starburst method. 

A series of rays (n = 36) radiated towards the edge of pupil and the pixels along the 

rays were sampled. When a single ray crossed a pixel value determined by the 

average of the pixel values in the ray, the pixel would be considered the edge of 

pupil and recorded. (b) The discrete pupil edge found with starburst method 

(marked with blue circles, and red circle represented pupil edge data that were 

considered outliers and ruled out from subsequent processing). Note the total 

number of circles (blue and red altogether) was less than the number of rays. This 

was because the average of some rays was lower than a threshold (set to 45 in the 

present study). It was considered bad reflection at that direction and edge searching 

for the direction was skipped. (c) Ellipse fitting was performed on the edge data 

(a) (b) 

(c) (d) 
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found in the final iteration. The geometrical center of the fitting ellipse was 

considered the pupil center. (d) A general triangle-like reflection pattern that was 

present in all the oculomotor videos recorded in the present study was identified 

(bottom right of the eyeball image). The angle that was farthest from the pupil 

center was considered the characteristic point. The inclination of the line connecting 

the pupil center and the characteristic point was considered the initial ocular 

inclination, based on which the initial inclination of dhor and dver in the first frame 

was determined. The inclinations of dhor and dver in the following frames were 

determined based on the initial inclination and the torsion angles found with 

machine vision pattern match. 

 

The curves of dhor and dver were recorded (Fig. 7 (a), (b)), among which the maximal 

value was found (noted with arrow) and considered the theoretical diameter d of the 

pupil when the zebrafish gazed straightly towards the CCD plane. Following the 

equations in 2.2.2, the angles of azimuth and elevation could be readily calculated 

(Fig. 7 (c), (d)). Note the elevation at around 35s reached 0°, corresponding to the 

maximal value found in Fig. 7 (b). Similar to the torsion analysis, FFT was then 

employed to transform the azimuth and elevation data from time domain to spectral 

domain (Fig. 7 (e), (f)), and the peaks around the stimulus frequency (noted with 

arrows) were used to quantify the azimuth and elevation. 

There were several limitations existing in the extraction of oculomotor tracking. 

Firstly, the whole method was based on the two key assumptions: the pupil of the 
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zebrafish larva was assumed to be approximately circular and the eyeball was 

assumed to rotate about the center of the pupil. Although similar assumptions were 

 

Figure 7 Quantification of torsion in VOR induced with rotation stimulus. (a) 

(b) dhor and dver were recorded for the whole video. dmax, the maximal value of dhor 

and dver was found as the diameter d of the theoretical pupil circle when the larva 

gazed directly towards the CCD plane (marked with arrow, dmax = 128.5 pixels at 

34.97s). (c) (d) The horizontal and vertical (torsion calibrated) ocular rotation angle 

(a) (b) 

(c) (d) 

(e) (f) 



32 
 

was calculated according to equations in 2.2.2. The results were the azimuth and 

elevation angles that we were trying to obtain. (e) (f) Fast Fourier transform was 

performed to transform the azimuth and elevation angle from time domain to 

frequency domain. The peak (noted with arrows) around the stimulus frequency 

(0.67Hz) was found as the amplitudes of the azimuth and elevation (amplitude = 

1.56 and 5.67 at 0.59Hz and 0.59Hz, respectively). 

 

made in oculomotor tracking in rats, they were well supported by geometric 

measurements of rat eyeball. The support from geometric measurements for the 

assumptions in the present study was lacking and needed to be further investigated. 

Secondly, it was assumed previously that there was a large possibility the zebrafish 

looked straightly at the CCD plane at some certain moments during the VOR 

recording period. The maximal value of dhor and dver was chosen to represent the 

straightly looking moment. But the operation brought risk of accuracy loss in the 

resulting azimuth and elevation. This situation could happen when the resting 

posture of larva in the fish holder before rotation stimulus was inappropriate. 

Rolling of the larva was the most likely to occur since there was little space in the 

fish holder for pitching or yawing. When the rolling occurred, the intersection angle 

of the pupil plane and the CCD plane was large and the rotation stimulus was 

insufficient to bring the pupil plane back to be parallel to the CCD plane (i. e. 

looking directly towards the CCD plane). In this way the accuracy of the method 

would be reduced. To prevent the situation, loading of the larva into the fish holder 

should be performed carefully to properly pose the larva, and the methyl cellulose 
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to glue the body and tail of the larva should be applied quickly to avoid rolling 

resulting from struggling of the larva. The methyl cellulose to glue the larva should 

be changed every 30 minutes to ensure sufficient viscosity. 

Thirdly, the inclination of initial dhor was determined by the line going through the 

pupil center and the angle, that was furthest from the pupil center, of a general 

triangle-like reflection pattern that was present in all the oculomotor videos 

captured in the present study. And the inclination of initial dver was then determined 

as perpendicular to the initial dhor. In fact, the inclination of dhor in all the frames 

including the first frame should be determined by the line that went through the 

locations where the rectus internus and rectus externus inserted on the surface of 

eyeball, respectively. And the inclination of dver in all the frames including the first 

frame should be determined by the line that went through the locations where the 

rectus superior and rectus inferior inserted on the surface of eyeball, respectively. 

However, the extraocular muscle inserting locations in live larvae with freely 

moving eyeballs were difficult to detect in the present study. Therefore, the method 

based on the pupil center, general reflection pattern, and machine vision pattern 

match was employed in the present study to determine the inclination of dhor and 

dver. The alternative method brought similar risk of accuracy loss as well. The 

problem could be solved with calibration which was, however, the final limitation 

discussed below. 

Accuracy is always one of the most important criteria when a method is assessed. 

The criterion describes how close a measured value is to the true value. In previous 
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VOG based oculomotor tracking implementation in rodents, a validation step was 

usually performed. In the validation step, formalin fixed eyeball or artificial eyeball 

model would be positioned with a series of preset orientation angles (referred to as 

true value). Recording and analysis were then performed to obtain results for each 

orientation (referred to as measured value). The difference between the true value 

and measured value was then used to assess the accuracy of the implementation. 

Usually, a calibration function would be obtained through function fitting with 

appropriate fitting methods. The calibration function was then be used to calibrate 

the measured value in the following experiments. However, the optical reflective 

properties of the larval zebrafish eyeball altered quickly when fixed with formalin, 

resulting in failure of uniform reflection pattern creation, and the pupil lost the 

approximately circular shape. As a result, the validation method with formalin fixed 

eyeball was difficult to performed. An artificial model of such small size (around 

200μm) was also difficult to manufacture. In summary, accuracy loss existed in the 

method developed in the present study due to lacking of validation. Nevertheless, 

the results did reflect the relative amplitude of VOR. 

 

2.4. Conclusion 

In this chapter, a VOG method for quantification of VOR in larval zebrafish was 

established, consisting of a fish holder to firmly immobilize the larvae without 

injuries, a rotation platform to provoke VOR in the larvae, a camera set for 

recording of oculomotion with magnification, and several programs written in 



35 
 

different software. The method provided more information than previous VOG 

methods. The method would be used in the next chapter to access the effects of 

KCNQ manipulators in larval zebrafish VOR. 
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CHAPTER 3 KCNQ CHANNEL REGULATES AMPLITUDE OF 

VOR IN ZEBRAFISH 

 

3.1. Introduction 

KCNQ channels are expressed extensively in brain, heart, and ear tissues. 

Mutations of kcnq genes lead to diseases and some of the diseases are associated 

with vestibular dysfunction. Zebrafish exhibits similar KCNQ channel transcript 

expression to human, and has been proved a good drug screening model animal. 

Symptoms of BFNC resulting from mutation of KCNQ2/3, convulsive behaviors 

and abnormal electrophysiological activities, have been observed in KCNQ 

manipulated wide-type zebrafish and morphants. Alteration in VOR associated with 

KCNQ mutation and manipulation that has been observed in human and rodents, 

however, has not been reported in zebrafish. In this chapter, KCNQ blocker XE-

991 and LPD, opener RTG, were applied to 5-7 dpf larval zebrafish, followed by 

VOR analyses with the method established in the previous chapter. The amplitude 

of VOR in zebrafish decreased after exposure to XE-991 and LPD, which could be 

reversed by RTG. The application of RTG without XE-991 or LPD significantly 

increased the amplitude of VOR. Optokinetic reflex (OKR) test was performed as 

well and no statistically significant difference was found, implying that the 

alteration of VOR following application of KCNQ channel manipulators was 

vestibular, rather than general oculomotor dysfunction. The results proved that 
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VOR in larval zebrafish was sensitive to KCNQ manipulators and indicated larval 

zebrafish could be a potential animal model for KCNQ associated drug screening. 

 

3.2. Materials and methods 

 

3.2.1. Animal maintenance 

Wild-type (WT) zebrafish (Tübingen, TU) were maintained under standard 

conditions (Westerfield, 1993). Embryos and larvae were raised in E2 medium at 

30℃ with a 12h-12h light-dark cycle. 0.002% methylene blue (Shanghai Macklin 

Biochemical Co., Ltd, Shanghai, China) was supplied to prevent fungal growth. The 

larvae were feed daily from 5 dpf with dry food (Zeigler Bros Inc., PA, USA). 5-7 

dpf larvae were used in the present study. The use of animals followed the 

guidelines approved by the Ethical Committee of Animal Experimentation of 

Southern University of Science and Technology. 

 

3.2.2. Reagents and preparation of solutions 

E2 medium was prepared for regular raising of larval zebrafish. Among the reagents 

required for preparation of E2 medium, NaCl, Na2HPO4, CaCl2, and NaHCO3 were 

purchased from Shanghai Macklin Biochemical Co., Ltd, Shanghai, China. KCl 

was purchased from Xilong Scientific Co., Ltd, Guangdong, China. MgSO4 was 

purchased from Damao Chemical Reagent Factory, Tianjin, China. KH2PO4 was 

purchased from Aladdin Industrial Corp., Shanghai, China. 10L E2 medium was 
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prepared every week and the protocol was listed in Table 2. 

Table 2 Preparation of E2 medium 

E2A Buffer Mix 1.021g KH2PO4 

0.355g Na2HPO4 

Step 1: Dissolve the salts above in 8mL dH2O in sequence. 

Step 2: The latter should be added after the former was 

completely dissolved. 

Step 3: Add dH2O to adjust the volume of solution to 

10mL precisely. 

E2A (100×) 4.375g NaCl 

0.1875g KCl 

0.6025g MgSO4 

1mL E2A Buffer Mix 

Step 1: Dissolve the salts above in 40mL dH2O in 

sequence. 

Step 2: The latter should be added after the former was 

completely dissolved. 

Step 3: Add 1mL E2A Buffer Mix 

Step 4: Add dH2O to adjust the volume of solution to 

50mL precisely. 

E2B (500×) 0.5549g CaCl2 

Step 1: Dissolve the salts above in 8mL dH2O in sequence. 
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Step 2: Add dH2O to adjust the volume of solution to 

10mL precisely. 

E2C (500×) 0.147g NaHCO3 

Step 1: Dissolve the salts above in 8mL dH2O in sequence. 

Step 2: Add dH2O to adjust the volume of solution to 

10mL precisely. 

Final E2 medium 50mL 100× E2A 

10mL 500× E2B 

10mL 500× E2C 

Step 1: Add the solutions above in 9L dH2O in sequence. 

Step 2: The latter should be added after the former was 

thoroughly agitated and mixed. 

Step 3: Add dH2O to adjust the volume of solution to 10L 

precisely. 

Step 4: Adjust pH to 7.2-7.6 with HCl/NaOH and store at 

room temperature. 

Among the KCNQ manipulators used in the present study, XE-991 was purchased 

from Abcam Plc, Cambridge, UK. LPD and RTG was purchased from Target 

Molecule Corp., MA, USA.  

10mg XE-991 dihydrochloride (MW = 449.40) was dissolve in 222.5μL dH2O to 

make a 100mM stock. The stock was then stored as aliquots at -20℃ for later use. 

5mg LPD dihydrochloride (MW = 464.39) was dissolve in 1.077mL DMSO to 
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make a 10mM stock. The stock was then stored as aliquots at -20℃ for later use. 

5mg RTG dihydrochloride (MW = 376.25) was dissolve in 1.329mL DMSO to 

make a 10mM stock. The stock was then stored as aliquots at -20℃ for later use. 

 

3.2.3. Drug exposure 

XE-991, LPD, and RTG stocks were allowed to equilibrate to room temperature for 

1h, and were then diluted with E2 medium to working concentration, 100μM. Four 

exposure groups were set in the present study: XE-991 group, LPD group, RTG 

group, and XE-991-RTG co-application group. In each group, 5-7 dpf zebrafish 

larvae were transferred into the solution and exposed for 1h. The working 

concentration and exposure time (100μM for 1h) were widely used in KCNQ 

related drug screening with larval zebrafish and validated in the present study. The 

solution was then removed and the larvae were rinsed with E2 medium for 3 times. 

Oculomotion of the larvae were then recorded. 

 

3.2.4. VOR and OKR assessment 

Single larva was loaded into the fish holder, which was then loaded onto the 

rotational platform. The platform rotated ±60° at 0.67Hz. The camera was triggered 

at the same moment when the rotation started via external triggering. 

An OKR assessment was adopted following previous paper (Scheetz et al., 2018; 

Sun et al., 2018) to determine whether the oculomotor changes resulting from drug 

exposure was vestibular. 5-7 dpf larvae were placed inside a hollow cylinder. The 
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inner surface was covered with black and white stripes. White LEDs were imbedded 

inside the cylinder wall behind white stripes. The larvae stayed still as the cylinder 

rotated. In this way a pure visual stimulus was applied to invoke OKR. The cylinder 

rotated at 0.1 Hz. A customized MATLAB image analysis program was written to 

extract oculomotor amplitudes. 

 

3.2.5. Data analysis 

Results were presented as mean ± SEM. The unpaired two-tailed t-test was 

performed in MATLAB to assess the statistical significance between the control 

group and drug exposure groups. P < 0.05 was considered significant. 

 

3.3. Results and discussion 

 

3.3.1. Effects of KCNQ channel activator and blocker on amplitude of VOR 

The amplitudes of oculomotion in XE-991 group, LPD group, RTG group, and XE-

991-RTG co-application group induced by 0.67Hz rotation stimulus were shown in 

Fig. 8. Each drug application group was performed simultaneously with a control 

group. In each control-drug group pair, significance analyses were performed 

between the same spatial variable. Significance analysis results were noted on top 

of histograms of drug application group (***p < 0.001, **p < 0.01, *p < 0.05, and 

N. S. for Not Significant). The plot represented mean ± SEM. The application of 

XE-991 (Fig. 8 (a), n = 9, exposed for 1h) significantly reduced the amplitude of 
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elevation and torsion (1.49 ± 0.29 and 1.19 ± 0.14, respectively) relative to control 

(2.53 ± 0.35 and 2.63 ± 0.25, respectively) while the application of LPD (Fig. 8 (b), 

n = 10, exposed for 1h) only significantly reduced the amplitude of torsion (1.09 ± 

0.23) relative to control (1.88 ± 0.22). The application of RTG (Fig. 8 (c), n = 7, 

exposed for 1h) significantly increased the amplitude of torsion (2.36 ±0.29) 

relative to control (1.49 ± 0.09). Neither of the amplitudes of the three spatial 

variables was altered by co-application of XE-991 and RTG. The XE-991-RTG co-

application group (Fig. 8 (d), n = 9, exposed for 1h) were not significantly different 

relative to control group, implying the effect of XE-991 was reversed by RTG. The 

results suggested that the rotation provoked torsion was possibly more sensitive to 

KCNQ channel manipulators than elevation and azimuth, since the torsion was 

altered in XE-991, LPD, and RTG groups while only application of XE-991 altered 

elevation. The difference in sensitivity may be due to the different neural circuits of 

the extraocular muscles used in azimuth, elevation and torsion, respectively. The 

obliquus superior and obliquus inferior that are responsible for torsion are 

innervated by the motor neurons of oculomotor nerve and trochlear nerve, while the 

rectus superior, rectus inferior, rectus externus, and rectus internus that are 

responsible for azimuth and elevation are innervated by the motor neurons of the 

oculomotor nerve and abducens. The difference in sensitivity of the three spatial 

variables may possibly suggest that the motor neurons of the three nerves are 

different in sensitivity to KCNQ manipulations. 
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Figure 8 Effects of KCNQ channel activator and blocker on amplitude of VOR. 

(a) The amplitudes of elevation and torsion were significantly reduced by 41.3% 

and 54.8% respectively after exposure to 100μM XE-991 for 1h. The amplitude of 

azimuth was not significantly different. (ctr amplitude: 2.53 ± 0.35, 1.94 ± 0.31, 

2.65 ± 0.25; XE-991 amplitude: 1.49 ± 0.29, 1.42 ± 0.37, 1.19 ± 0.14) (b) The 

amplitude of torsion was significantly reduced by 42.1% after exposure to 100μM 

LPD for 1h. The amplitudes of elevation and azimuth were not significantly 

different. (ctr amplitude: 2.35 ± 0.65, 2.81 ± 0.47, 1.88 ± 0.22; LPD amplitude: 2.05 

± 0.36, 2.52 ± 0.53, 1.09 ± 0.23) (c) The amplitude of torsion was significantly 

increase by 58.2% after exposure to 100μM RTG for 1h. The amplitudes of 

elevation and azimuth were not significantly different. (ctr amplitude: 3.32 ± 0.72, 

3.28 ± 0.58, 1.49 ± 0.09; RTG amplitude: 2.13 ± 0.48, 3.47 ± 0.79, 2.36 ± 0.29) (d) 

The amplitudes of elevation, azimuth, and torsion were not significantly different 

(c) (d) 

(a) (b) 
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after simultaneous exposure to 100μM XE-991 and 100μM RTG for 1h. (ctr 

amplitude: 2.49 ± 0.56, 2.05 ± 0.51, 2.13 ± 0.36; XE-991-RTG amplitude: 2.06 ± 

0.31, 1.66 ± 0.34, 1.38 ± 0.29) Plots represent mean ± SEM. ***p < 0.001, **p < 

0.01, *p < 0.05, and N. S. for Not Significant. 

 

3.3.2. Effects of KCNQ channel activator and blocker on amplitude of OKR 

The amplitudes of oculomotion in XE-991 group, LPD group, RTG group, and XE-

991-RTG co-application group induced by 0.1Hz visual stimulus were shown in Fig. 

9. Similar to VOR group setups, each drug application group was performed 

simultaneously with a control group and significance analyses were performed 

between the same eye (between the left eyes or between the right eyes) in each 

control-drug pair. Significance analysis results were noted on top of histograms of 

drug application group (N. S. for Not Significant). The plot represented mean ± 

SEM. In the four drug application groups, neither of the visually provoked 

oculomotion was altered by KCNQ channel manipulators. No statistical 

significance was found between any control-drug pairs, implying the application of 

the KCNQ channel manipulators did not alter the oculomotor functions of the larvae. 

The results suggested that the alteration of VOR following application of KCNQ 

channel manipulators was vestibular, rather than general oculomotor dysfunction. 
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Figure 9 Effects of KCNQ channel activator and blocker on amplitude of OKR. 

The amplitudes of elevation, azimuth, and torsion of both eyes were not 

significantly different after exposure to 100μM XE-991, 100μM LPD, 100μM RTG, 

or co-application of 100μM XE-991 and 100μM RTG for 1h. (a) ctr amplitude: 

22.80 ± 1.22, 22.39 ± 1.27; XE-991 amplitude: 24.63 ± 1.89, 23.83 ± 1.64. (b) ctr 

amplitude: 33.95 ± 1.55, 33.41 ± 1.62; LPD amplitude: 32.76 ± 0.79, 32.94 ± 0.87. 

(c) ctr amplitude: 27.16 ± 2.11, 27.06 ± 2.06; RTG amplitude: 28.10 ± 2.48, 28.28 

± 2.57. (d) ctr amplitude: 36.43 ± 1.89, 36.19 ± 1.94; XE-991-RTG amplitude: 

30.26 ± 2.68, 29.80 ± 2.72. Plots represent mean ± SEM. N. S. for Not Significant. 

 

3.4. Conclusion 

In this chapter, KCNQ blocker XE-991 and LPD, opener RTG, were applied to 5-7 

dpf larval zebrafish, followed by VOR analyses with the method established in the 

(c) (d) 

(a) (b) 
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previous chapter. The amplitude of VOR in zebrafish decreased after exposure to 

XE-991 and LPD, which could be reversed by RTG. The application of RTG 

without XE-991 or LPD significantly increased the amplitude of VOR. OKR test 

was performed as well and no statistically significant difference was found, 

implying that the alteration of VOR following application of KCNQ channel 

manipulators was vestibular, rather than general oculomotor dysfunction. The 

results proved that VOR in larval zebrafish was sensitive to KCNQ manipulators 

and indicated larval zebrafish could be a potential animal model for KCNQ 

associated drug screening. 
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CHAPTER 4 SUMMARY AND GENERAL DISCUSSION  

 

4.1. Summary 

In the present study, we: 

1. Design and manufacture fish holder to firmly immobilize larval zebrafish 

without injuries; 

2. Design and build up a rotation platform to apply vestibular stimulus to larval 

zebrafish; 

3. Design and implement a camera illumination setup to create unique reflection 

pattern on zebrafish eyeball; 

4. Develop a MATLAB based program for oculomotor tracking and quantification 

of ocular elevation and azimuth in larval zebrafish; 

5. Develop a LabVIEW based program for oculomotor tracking and quantification 

of ocular torsion in larval zebrafish; 

6. Investigate the effect of KCNQ channel manipulators (XE-991, LPD, RTG) in 

larval zebrafish VOR. 

The hardware equipment built up and software program developed in the present 

study should improve the VOG based oculomotor tracking in larval zebrafish. The 

findings of VOR sensitivity to KCNQ manipulators provide supports for larval 

zebrafish as a potential animal model in KCNQ related drug screening. 

The present study may increase the efficiency of KCNQ related drug screening and 

contribute to KCNQ related drug discovery. 
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4.2. General discussion 

VOG based oculomotor tracking has been extensively used in human and rodents 

for clinical practice and research for decades. Since the method cannot be directly 

adopted for zebrafish, modifications and progress have been made. However, the 

results are still limited. In chapter two, a method consisting of a rotation platform 

and a set of programs was built and developed for induction, recording, analysis 

and quantification of VOR in larval zebrafish. The method extracted all the three 

spatial variables (azimuth, elevation, and torsion) that were necessary for 

oculomotor tracking. The extraction of azimuth and elevation was based on the 

change of pupil edge, which was obtained from threshold segmentation. The 

extraction of torsion was based on matching of unique reflection pattern on the 

surface of zebrafish eyeball with machine vision. The method established in the 

present study was simple and efficient. That only one camera was required for the 

method avoided complicated optical framework and lower the cost of the method. 

Since extraocular muscles required for elevation was innervated by oculomotor 

nerve, extraocular muscles required for azimuth was innervated by oculomotor and 

abducens nerves, and extraocular muscles required for torsion was innervated by 

oculomotor and trochlear nerves, the method could potentially contribute to studies 

related to the activities of the three corresponding nuclei. 

KCNQ channels are expressed extensively in brain, heart, and ear tissues. 

Mutations of kcnq genes lead to diseases and some of the diseases are associated 

with vestibular dysfunction. Zebrafish has been proved to be a brilliant drug 
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screening model animal with advantages including high homology to human, 

external fertilization, transparent embryo and larvae, etc. The overall expression of 

KCNQ channel transcripts in zebrafish is also similar to human. Behavioral and 

neural symptoms caused by mutation of kcnq genes in human such as convulsive 

behaviors and abnormal electrophysiological activities have also been observed in 

KCNQ manipulated larval zebrafish. VOR alteration associated with KCNQ 

mutation and manipulation has been observed and reported in human and rodents, 

but it is not observed in zebrafish. In chapter three, the effects of KCNQ blocker 

(XE-991, LPD) and opener (RTG) in larval zebrafish VOR were assessed with the 

method established in chapter two. The amplitude of VOR in zebrafish decreased 

after exposure to XE-991 and LPD, which could be reversed by RTG. The 

application of RTG without XE-991 or LPD significantly increased the amplitude 

of VOR. XE-991 and LPD specifically blocked KCNQ1-5 channels while RTG 

specifically activated KCNQ2-5 channels. KCNQ1 channel predominantly plays a 

role in cardiac functions and has little influence in oculomotion, consistent with the 

results that the decrease of VOR amplitude caused by XE-991 and LPD could be 

reversed with RTG. The results proved that VOR in larval zebrafish was sensitive 

to KCNQ manipulators and indicated larval zebrafish could be a potential animal 

model for KCNQ associated drug screening along with the VOR quantification 

method developed in the present study. 
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