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ABSTRACT

INVESTIGATING MOTION DETECTION OF AGING
ZEBRAFISH WITH OPTOMOTOR RESPONSE

Ay³enur Karaduman

Ph.D. in Neuroscience

Advisor: Hac� Hulusi Kafal�gönül

July 2021

Various aspects of visual functioning including motion perception have been

shown to be signi�cantly altered throughout aging. Contrary to the traditional

view focusing on structural changes in the eye and retina, accumulating evidence

suggests that subtle alterations in neural circuitry and functioning are respon-

sible for the age-related changes in visual sensitivity and perception. However,

the mechanisms underlying age-related changes in motion perception are still

poorly understood. This thesis was aimed to investigate the detection of �rst-

and second-order motion direction during aging by using zebra�sh optomotor re-

sponses (OMR). Furthermore, exposure-based visual learning was investigated by

repeated presentation of �rst-order motion. The studies included both wild-type

and achesb55/+ zebra�sh with decreased levels of acetylcholinesterase which has

been previously shown to delay age-related cognitive decline. In this way, it was

also aimed to explore the possible functional links between cholinergic functioning

and age-related changes in visual motion processing. The results indicated that

adult zebra�sh mainly exhibit negative OMR (i.e., position shift in the opposite

direction of visual motion) to drifting �rst-order gratings which is signi�cantly

dependent on spatial frequency and contrast level of the motion. Rather than an

overall e�ect of aging, the results revealed a three-way interaction between the

contrast level of �rst-order motion, genotype, and age. Therefore, the �ndings

pointed out a complex relationship between the physical characteristics of �rst-

order motion stimulation and the cholinergic system during neural aging. Con-

trary to the �rst-order motion, the second-order motion did not induce strong

optomotor responses in adult zebra�sh. Although young and old zebra�sh ex-

hibited OMR with di�erent polarities (negative and positive OMR, respectively),

future work revealing robust responses will be informative to better understand

and characterize age-related changes. Lastly, passive exposure of repeated �rst-

order motion induced signi�cant improvements in negative OMR of young and

old zebra�sh, suggesting that adult zebra�sh can be used as a model organism
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to study passive forms of visual perceptual learning. Overall, these behavioral

results pave the way for a detailed investigation of the functional links between

the physical motion characteristics and the cholinergic system in the zebra�sh

aging model which will ultimately have important implications for developing

interventions to improve human visual performance during aging.

Keywords: Aging, motion detection, direction, �rst-order motion, second-order

motion, zebra�sh, acetylcholine, visual perceptual learning.



ÖZET

YA�LANAN ZEBRA BALI�INDA HAREKET
TESP�T�N�N OPTOMOTOR YANIT �LE

�NCELENMES�

Ay³enur Karaduman

Nörobilim, Doktora

Tez Dan�³man�: Hac� Hulusi Kafal�gönül

Temmuz 2021

Ya³lanma ile birlikte görsel hareketin i³lenmesi de dahil olmak üzere görsel al-

g�n�n birçok farkl� boyutunda önemli ölçüde de§i³ikliklerin meydana geldi§i gös-

terilmi³tir. Göz ve retinadaki yap�sal de§i³ikliklere odaklanan geleneksel görü³ün

aksine, her geçen gün artan bulgular, sinirsel devre ve i³levdeki ufak de§i³imlerin,

görsel hassasiyet ve alg�da ya³a ba§l� olu³an de§i³imlere yol açt�§�n� göstermekte-

dir. Bununla birlikte, ya³lanmaya ba§l� hareket alg�s�nda olu³an bu de§i³ikliklerin

alt�nda yatan mekanizmalar hala tam olarak anla³�lamam�³t�r. Bu tezde, ilk- ve

ikinci-seviye görsel hareketin yönünün tespitinde ya³lanma ile olu³an de§i³im-

lerin, zebra bal�klar�n�n optomotor yan�tlar� (OMY) kullan�larak ara³t�r�lmas�

amaçlam�³t�r. Ayr�ca, ilk-seviye hareketin tekrarl� ³ekilde sunulmas�yla maruz

b�rakma temelli görsel ö§renme ara³t�r�lm�³t�r. Çal�³malarda, hem yabani-tip

hem de daha önce ya³a ba§l� bili³sel gerilemeyi geciktirdi§i gösterilmi³ olan dü³ük

asetilkolinesteraz seviyelerine sahip achesb55/+ zebra bal�klar� kullan�lm�³t�r. Bu

sayede kolinerjik i³lev ile görsel hareket alg�s�nda ya³a ba§l� olu³an de§i³iklik-

lerin aras�ndaki olas� i³levsel ba§lant�lar�n ara³t�r�lmas� amaçlanm�³t�r. Sonuçlar,

yeti³kin zebra bal�klar�n�n, ilk-seviye sürüklenen �zgaralara, hareketin uzamsal

frekans ve kontrast seviyesine önemli ölçüde ba§l� olacak ³ekilde, negatif OMY

(görsel hareket yönünün tersinde pozisyon de§i³imi) sergiledi§ini göstermi³tir.

Ya³lanman�n genel bir etkisinden ziyade, ilk-seviye hareketin kontrast seviyesi,

genotip ve ya³ aras�nda üçlü etkile³im oldu§u gösterilmi³tir. Bu nedenle bulgu-

lar, ilk-seviye hareket uyaran�n�n �ziksel özellikleri ile kolinerjik sistem aras�nda,

sinirsel ya³lanma sürecinde karma³�k bir ili³ki oldu§una i³aret etmektedir. �lk-

seviye hareketin aksine, ikinci-seviye hareket, yeti³kin zebra bal�klar�nda güçlü

optomotor yan�tlar olu³turmam�³t�r. Genç ve ya³l� zebra bal�klar� farkl� yönlerde

(s�ras�yla negatif ve pozitif) OMY sergilese de, gelecekte güçlü yan�tlar� ortaya
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ç�karan çal�³malar ya³lanmaya ba§l� de§i³imlerin daha iyi anla³�lmas� ve karak-

terize edilmesi için bilgilendirici olacakt�r. Son olarak, zebra bal�klar�n�n tekrar-

layan ilk-seviye görsel harekete pasif bir ³ekilde maruz b�rak�lmas� ile genç ve

ya³l� bal�klar�n negatif optomotor yan�tlar�nda önemli ölçüde art�³ sa§lanm�³t�r.

Bu sonuç da yeti³kin zebra bal�klar�n�n pasif görsel alg�sal ö§renmenin incelen-

mesi için bir model organizma olarak kullan�labilece§ini göstermektedir. Genel

olarak, bu davran�³sal sonuçlar, zebra bal�§� ya³lanma modelinde görsel hareketin

�ziksel özellikleri ile kolinerjik sistem aras�ndaki fonksiyonel ba§lant�lar�n ayr�nt�l�

³ekilde ara³t�r�lmas�n�n önünü açmaktad�r. Bu yöndeki ara³t�rmalar, nihayetinde,

ya³lanma sürecinde insanlar�n görsel performans�n� iyile³tirmek için çe³itli müda-

halelerin geli³tirilmesi ad�na önemli kazan�mlar sa§layacakt�r.

Anahtar sözcükler : Ya³lanma, hareket tespiti, yön, ilk-seviye hareket, ikinci-

seviye hareket, zebra bal�§�, asetilkolin, görsel alg�sal ö§renme.
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Chapter 1

Introduction

Average age of population has been increasing world-wide, especially in the devel-

oped countries, due to the longer life expectancies accompanied by the decreasing

birth rates [10]. Consequently, the research on understanding the needs of the

older individuals and investigating the functional changes during aging has gained

signi�cance over the last decades. A large proportion of the aging studies however,

have focused on revealing the changes in the cognitive functioning and disease-

related processes, giving rise to the need of a more comprehensive perspective

which can be achieved by a better understanding of perceptual changes during

healthy aging [11].

Healthy aging is notably accompanied by changes in visual functioning. These

changes severely in�uence daily activities and have been associated with several

dangerous situations such as motor vehicle crashes [12, 13] and increased risk

of falls due to troubles with balance [14]. Accordingly, these life-threatening

problems highlight the importance of characterizing age-related changes in visual

functioning and further understanding of the underlying neural mechanisms [15].

Motion perception is one of the mostly studied aspects of visual functioning

and provides an ideal framework to study perceptual changes across lifespan [11].
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The main focus of the current thesis is the age-related changes in �rst- and second-

order motion perception and exposure-based visual learning. Moreover, how the

alterations in cholinergic system interact with age-related perceptual changes was

investigated to better understand the role of acetylcholine in visual functioning

during aging. Zebra�sh was used as a model organism in the experiments. In the

following sections of the thesis, a general background on the �rst- and second-

order motion perception and how they are a�ected by aging, the use of zebra�sh as

a model organism to study aging and vision, and lastly, information on exposure-

based visual learning were given. Afterwards, the three studies conducted within

the scope of this thesis were introduced in separate chapters.

1.1 First- and second-order motion perception

The human visual system is sensitive to di�erent types of motion including �rst-

order (Fourier) and second-order (non-Fourier) motions [16, 17, 18, 19]. First-

order motion is de�ned by spatiotemporal changes in the luminance of retinal

image while second-order motion is characterized by variations in stimulus prop-

erties other than luminance such as contrast, �icker or spatial frequency [17, 20].

Our natural visual environment has been suggested to contain both types of stim-

uli abundantly, which makes processing of both types of information essential in

our daily lives (Figure 1.1) [21, 22].

Baker [3] have explained the processing of �rst- and second-order stimulus

within the framework of a receptive �eld. In Figure 1.2A, a �rst-order image (a

luminance-de�ned sine-wave grating) is shown with a receptive �eld of a simple

cell located in primary visual cortex (V1). This cell strongly responds to such

stimulus since the excitatory and inhibitory regions of its receptive �eld overlaps

with the light and dark regions of the grating and hence, the linear sum of the

stimulation produces a strong response. However, in the second-order stimulus

consisting of high spatial frequency carrier whose contrast is modulated by a

drifting low spatial frequency envelope (Figure 1.2B), excitatory and inhibitory

regions of the receptive �eld receive equal amounts of luminance so that the linear
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Figure 1.1: Examples for the �rst-and second-order visual information from a
natural setting and commonly used stimulus examples from motion studies. (A)
The di�erence in luminance levels between the cactus and the sky separates the
two while branches of the cactus and the bushes behind can only be separated
due to having distinct textures/patterns (Adapted with premission from Springer
Nature, ref. [1]). (B) A luminance-de�ned sine-wave grating is given as an
example of �rst-order stimulus (left). The second-order grating consists of a
static gray-scale noise carrier (right). The contrast of the carrier is modulated
by a sine-wave grating having the same spatial frequency level with that of the
�rst-order grating (Adapted with permission from ARVO, ref. [2]).
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Figure 1.2: Luminance-de�ned �rst-order sine-wave grating (A) and second-order
stimulus consisted of high spatial frequency carrier grating whose contrast is
modulated by a drifting low spatial frequency envelope (B). Excitatory (areas
marked with plus sign) and inhibitory (areas marked with minus sign) regions
of a V1 neuron's receptive �eld is drawn on top of the stimuli (Adapted with
permission from Elsevier, ref. [3]).

summation of the stimulation would not produce a net response. Therefore,

these kinds of stimuli are considered as �second-order� in terms of spatial scale

of the cell's receptive �eld and require more processing steps involving non-linear

computations in order to be detected by the visual system.

Psychophysical evidence suggests that the visual system processes �rst- and

second-order motion by distinct mechanisms and along di�erent pathways. For

instance, Nishida et al. [23] showed that increase in the thresholds for iden-

tifying drift direction of a �rst-order or second-order stimulus is observed only

after adapting to the stimuli with the same type of order. Similarly, at near-

threshold levels, detection of luminance-modulated static �rst-order stimuli is

facilitated by the luminance modulated background while detection of contrast-

modulated second-order stimuli is facilitated by contrast-modulated background

but not vice-versa [19]. Smith and Ledgeway [24] also reported that temporal

contrast sensitivity characteristics of two kinds of motion is distinct such that

the sensitivity function for �rst-order motion peaks at medium temporal frequen-

cies while the function is low-pass for second-order motion, peaking at much lower

frequency levels. In addition, the developmental trajectories have been shown to

be di�erent for two types of stimuli. Ten-month-old infants were found to have
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higher sensitivity to �rst-order motion than second-order motion, suggesting a

later development of second-order processing [25].

Several functional magnetic resonance imaging (fMRI) studies support the

psychophysical evidence suggesting di�erent motion systems and relatively com-

plicated processing for the second-order motion which may require additional

brain areas. For example, Smith et al. [26] showed that V1 and most extrastriate

visual areas respond to both second- and �rst-order stimuli and there is middle

temporal area (V5/MT, a key neural substrate of visual motion processing; see

[27, 28] for reviews) activation in response to second-order stimulation, as strong

as the responses produced by �rst-order motion. More importantly, areas V3

and VP showed stronger fMRI responses to second-order motion compared to

�rst-order motion, suggesting that they might be the �rst visual areas special-

ized for encoding second-order motion while area V5 might combine and further

process both kinds of motion stimuli. In another fMRI study, V1 and V2 were

found to be more responsive to �rst-order motion, while second-order motion is

represented by a later occipital area posterior to hMT + [29]. Distinct processing

pathways for �rst- and second-order stimulus have been further supported by the

�ndings that dorsal pathway in the occipital lobe is responsible for �rst-order

motion computations while second-order motion processing is performed mostly

by the ventral pathway [30]. Consistent with the psychophysical evidence show-

ing order-speci�c threshold elevation after adapting to either type of motion [23],

an fMRI study reported reduced BOLD responses to the adapted stimulus with

speci�c direction of the same type of motion (luminance- vs. contrast-modulated)

in areas MT, MST and V3A [31].

There has been opposing evidence to the �ndings supporting anatomical segre-

gation for processing �rst- and second-order motion stimuli as well. Second-order

motion has been shown to elicit robust activations in similar areas with those

activated by �rst-order motion and no speci�c area has been found that selec-

tively responds to second-order motion. The activations are largely-distributed

in the cortex including V1 and extrastriate areas such as V2, V3, VP, V3A,

V4v, and MT+; showing that second-order motion processing starts as early

as in V1 [32, 33]. These �ndings reveal cortical areas commonly activated by
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di�erent motion types, and hence emphasize common mechanisms rather than

distinct/separate systems. Interestingly, another line of research shows that al-

though the second-order motion usually regarded as `higher level' motion and to

necessitate an elaborate visual cortex, non-mammals such as larval zebra�sh and

Drosophila are able to perceive second order motion, which will be further elabo-

rated on the following sections [34, 35]. Therefore, although separate processing

pathways for both stimulus types have been well established by the psychophysical

studies on humans, whether �rst- and second-order motion processing is anatom-

ically segregated and second-order processing requires activation of specialized

higher brain regions still remains controversial.

1.1.1 Age-related changes in �rst-order motion perception

Aging causes various problems in many aspects of vision. One of the main re-

search areas investigating age-related visual decline is contrast sensitivity since

this measure has been commonly used to assess the overall performance and acu-

ity of the visual system. A contrast threshold is de�ned as the level of contrast

that is needed to detect a visual target and reciprocal of this value is called con-

trast sensitivity. The contrast sensitivity function is obtained by plotting these

values as a function of spatial frequency. Human contrast sensitivity function

peaks at intermediate spatial frequencies (3-6 c/deg), then declines sharply as

spatial frequency increases and more gradually as spatial frequency decreases

[36, 15]. It has been shown that contrast sensitivity deteriorates at intermediate

and high spatial frequencies with aging and the de�cit becomes more prominent

with increasing age (Figure 1.3) [36, 15].

Given that motion perception is essential to survival in a dynamic world,

most of the previous studies on de�cits associated with the aging visual system

have particularly focused on �rst-order motion. Psychophysical studies revealed

de�cits in motion detection, direction and speed discrimination in older adults

[37, 38, 39, 40, 41]. One of the important points to highlight, especially em-

phasized more by the recent studies is that, instead of an overall decline in the
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Figure 1.3: Contrast sensitivity for di�erent age groups. Sensitivity declines
for each advanced decade of age at intermediate and high spatial frequencies
(Adapted with permission from Elsevier, ref. [4]).

motion perception performance due to aging, studies have shown that age-related

performance changes strongly depend on the stimulus parameters [11, 42, 43, 44].

For instance, Ball and Sekuler [37] investigated whether aging a�ects the discrim-

ination of motion direction by asking the participants to judge whether direction

of moving dots in two sequentially presented patterns on each trial were the

same. The performance of younger individuals were better than that of the older

adults only when the angular separation of the directions was at the intermediate

levels (4° and 6°), but not at the smallest or largest levels (2° and 8°). Older

adults also performed worse than younger adults at discriminating the direction

of moving dots with low contrast levels [45]. In addition, Atchley and Andersen

[46] have shown that, only at certain eccentricities and speeds, older adults had

higher coherence thresholds (i.e., higher proportions of coherently moving dots)

to detect the direction of horizontal motion, compared to younger adults. In

particular, when tested with the faster speed, older adults were found to have el-

evated thresholds at almost all eccentricities; whereas their threshold levels were

higher than the younger participants only at 0° of retinal eccentricity when tested
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with the slower motion. They also showed that radial motion did not induce age-

related e�ects on the discrimination performances suggesting that the type of

motion is also a�ective in whether aging would lead signi�cant decreases in the

performance. In line with this �nding, the ability to discriminate cardinal versus

oblique direction and horizontal versus vertical direction of motion have been

shown to be di�erentially a�ected by aging [44, 47]. Moreover, for discriminating

the direction of vertical motion, Snowden and Kavanagh [41] have reported dete-

riorated performance in older adults compared to younger individuals at slower

speeds at all spatial frequency levels tested. However, age-related contrast sensi-

tivity decline was found only for motion with high spatial frequencies but not for

low spatial frequencies. These results together indicate that older adults show

di�erent sensitivities for motion with speci�c directions, types, contrasts, spatial

frequencies, speeds and eccentricities, rather than experiencing a global deterio-

ration in motion processing.

A growing body of literature suggests that age-related de�cits in visual mo-

tion perception are mainly due to the alterations at low- and mid-level cortical

processing rather than those at the sensory organ stage such as optical or retinal

problems [48, 49, 50, 51]. Previous neuroimaging studies on humans have shown

that a decrease in low-level radial motion processing with aging is accompanied by

the increased activation in the temporal and frontal areas (i.e., middle temporal

gyrus, inferior frontal gyrus) of older adults, which was interpreted as a possible

compensatory mechanism for the deteriorated perceptual performance [52]. The

hemodynamic response over the V5/MT was found to be greater for older adults

who had decreased performance in global motion perception [53]. These stud-

ies overall support the view that additional compensatory cortical recruitment

is needed to process motion information in older individuals. Moreover, invasive

neurophysiological recordings in the visual cortex of old macaque monkeys, with-

out damaged optic nerve or retinal pathology, have shown that the cells in V1

and area MT, had lower contrast sensitivity, decreased orientation-, direction-

, and speed-selectivity, increased spontaneous activity and decreased signal to

noise ratio [54, 49, 55, 56, 50, 51, 57]. Moreover, the declines in optimal spatial

and temporal frequencies of V1 cells and an overall decrease in preferred speed
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of MT cells have also been reported [56, 51]. Functional deterioration in visual

motion processing without major changes in neuron number, size or density in

the retino-geniculo-striate pathway [58, 59, 60, 61, 62] also suggest that there may

be, rather, more subtle alterations in synaptic structure or composition, such as

changes in synaptic protein levels, likely to contribute to changes in perceptual

processes in the aging brain as it was previously shown for cognitive processing

[63, 64, 65]. However, within the context of visual motion, the functional links

between age-related changes in behavior and key synaptic targets are still poorly

understood.

1.1.2 Age-related changes in second-order motion percep-

tion

Given that the cortical processing of the second-order stimuli requires additional

steps and involves more complex computations and circuitry than those of the

�rst-order stimuli, increase in perception thresholds for second-order stimuli is

expected to be more severe during aging [66]. Consistent with these predictions,

Habak and Faubert [67] showed that the increase of contrast thresholds in older

individuals compared to the younger group is higher for the second-order stimuli

than that of the �rst-order stimuli whether the stimuli are moving or stationary.

In addition, age-related sensitivity decline was observed at low and high temporal

frequencies for the �rst-order motion while the sensitivity loss was evident across

all temporal frequencies for the second-order motion. Tang and Zhou [2] also

reported that the age-related decay in contrast sensitivity for both static and

moving stimuli starts earlier for the second-order stimuli (around the ages of 42)

compared to the �rst-order stimuli (around the ages of 62 and 56 respectively),

yet the rate of decline is relatively slower. These �ndings support the view that

these two motion types might show distinct patterns of alterations throughout

aging.

The studies by Habak and Faubert [67] and Tang and Zhou [2] used a single

and intermediate level of spatial frequency value (1 and 2 c/deg, respectively). In
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a recent study, Reynaud et al. [1] investigated how sensitivities to di�erent types

of second-order stimuli (orientation-, motion- or contrast-modulated) changes as

a function of a broad range of spatial frequency levels (0.25-3.54 c/deg). They

reported sensitivity loss for all spatial frequency levels of the second-order motion

while age-related deterioration in orientation- and contrast-modulated second-

order stimuli was only observed in high spatial frequencies. They argued that

di�erent types of second-order stimuli might be processed in distinct cortical

areas which have di�erential vulnerabilities to aging. In line with this view,

Billino et al. [68] suggested distinct patterns of changes during the course of

aging for di�erent types of motion (e.g., biological motion, translational motion

and expanding radial �ow). Based on the �ndings of several studies, they further

proposed that these motion-speci�c alterations might not necessarily depend on

the complexity level of the motion as Faubert [66] has suggested, but rather may

be the product of having di�erent susceptibilities to age-related physiological

deterioration in the specialized neural mechanisms processing di�erent types of

motion.

Contrary to these �ndings, Billino et al. [69] reported that motion detection

thresholds of luminance-modulated and contrast-modulated gratings are equally

elevated due to aging and argued that both motion types share common neural

resources. Allard et al. [70] have suggested that this seemingly contradictory

results might arise from the contrast-de�ned second-order stimuli that was used

in these studies [69, 67, 2]. They argued that sensitivity to this type of stimuli

changes depending on the stimulus parameters such as contrast level. In addition,

this type of stimulus contains texture (i.e., carrier) with high spatial frequencies.

Considering that age-related sensitivity loss mainly occurs in high spatial fre-

quencies, it is also possible that the observed deterioration in the performance

might be resulted from failing to perceive high spatial frequencies rather than the

motion itself. Therefore, Allard et al. [70] used `fractal rotation' stimulus to avoid

high spatial frequency features, which have no local luminance translation cues

and therefore cannot be detected by �rst-order motion system. The behavioral

�ndings supported age-related and order-speci�c performance decline and pro-

vided further evidence that age-related sensitivity loss in direction discrimination
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of second-order motion occurs at all temporal frequencies while for the �rst-order

motion the decline is only at low and high temporal frequencies [67, 2].

Taken together, although studies generally report more profound age-related

changes in the perception of second-order stimuli than �rst-order stimuli, careful

consideration must be given to the stimulus parameters and stimulation types

used in the studies in order to reach more comprehensive conclusions. Moreover,

similar to �rst-order motion, possible neural origins of the perceptual de�cits seen

in second-order motion processing still remain to be explored.

1.2 Zebra�sh as a model organism to study age-

related changes in visual perception

A variety of animal models has been used to reveal the mechanisms underly-

ing cognitive aging, ranging from monkeys to Drosophila [71, 72]. The zebra�sh

(Danio rerio) has also become an appealing model for studying both age-related

cognitive and biological changes. This model has been proven to be highly useful

in studying various aspects of cognitive decline associated with aging. However,

there have been limited knowledge on how perceptual processes, including visual

perception, are a�ected throughout aging in zebra�sh, even though this model

o�ers great potential in terms of general and aging-speci�c advantages for ex-

perimentation as well as studying the visual system [73]. As mentioned in the

previous sections, the neural mechanisms underlying age-related changes in visual

perception are still poorly understood and zebra�sh model provides an important

framework to uncover the processes responsible for these perceptual changes. In

the following sub-sections, the use of zebra�sh model in cognitive aging studies

will be brie�y reviewed. Then, information on the general organization of ze-

bra�sh visual system, �ndings regarding the visual functioning and methods to

quantify zebra�sh behavior will be provided.
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1.2.1 Zebra�sh and cognitive aging

Zebra�sh o�er many advantages for studying cognitive aging. They are inexpen-

sive to maintain, very fertile and develop extremely rapidly, becoming sexually

mature in 3 months. The median life span of zebra�sh is 42 months and the

maximum life-span is reported as 66 months [74]. Relatively shorter median and

maximum life spans have also been reported (31 and 45 months, respectively),

suggesting that di�erences in strains or housing conditions may have an e�ect

on the longevity of zebra�sh [75, 76]. Although longer lifespan of zebra�sh com-

pared to other animal models such as rodents or Drosophila can be considered

as a disadvantage for studying aging, it enables researchers to observe gradual

decline in various functions in the process of aging [77, 78]. In addition, com-

pared to invertebrates which can be also genetically manipulated like zebra�sh,

having a longer life-span makes zebra�sh more comparable model to mammals

[77]. Zebra�sh brain and nervous system also develop similarly compared to

those of other vertebrates [79]. Ease of genetic manipulation, high degree of sim-

ilarity between zebra�sh and human genes, the availability of multiple mutant

and transgenic phenotypes and identi�ed biomarkers of aging make zebra�sh a

highly valuable model for genetic analyses and studying biological aging processes

[80, 77, 81, 82, 83].

Several phenotypes in aging zebra�sh have been identi�ed which are similar

to those develop in mammals with aging. A biomarker of aging, senescence

associated β-galactosidase and oxidized protein levels have been found to increase

in aged zebra�sh [80, 84]. They also develop spinal curvature with age which is

suggested to be resulted from muscle degeneration [74]. Moreover, studies have

been reported a decrease in mechanical function of tendons, reduction in heart

rate and arrhythmias in aged zebra�sh [85, 86]. These studies provide evidence

that zebra�sh can be used as a model organism to study age-related processes

or diseases that are also seen in humans such as osteoarthritis or cardiovascular

disease.
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Another important age-related change observed in the zebra�sh brain is alter-

nations in the expression of genes that are associated with processes such as neu-

rogenesis, cell di�erentiation, growth and cell proliferation [87]. It has been also

shown that there is a decrease in neurogenesis with aging [80, 88]. More impor-

tantly, as in humans, zebra�sh exhibit age-related declines in cognitive functions

(e.g., learning and memory) starting from two years of age [78, 89] and accu-

mulating evidence suggests that subtle changes in cellular and synaptic integrity

underlie these changes [73, 90]. Of particular relevance to the current thesis, one

of these subtle age-related changes has been thought to be alterations in cholin-

ergic transmission whose role in age-related cognitive and perceptual decline will

be discussed in detail in the following section. To understand the cholinergic in-

volvement in cognitive aging, a previous study used achesb55/+ mutants in various

learning paradigms [78]. These mutants have impaired acetylcholinesterase func-

tion which hydrolyzes and inactivates acetylcholine (ACh), and thus resulting in

increased ACh levels [91, 92]. Compared to their wild-type siblings, age-related

de�cits in several cognitive abilities such as spatial learning, food entrainment,

conditioned stimulus generalization were delayed in these animals, which is con-

sistent with the hypothesis that ACh levels a�ect age-related changes in cognitive

functioning. These mutants have been considered as a delayed model of cognitive

aging.

Age-related decrease in associative and spatial learning in zebra�sh has been

also shown to be accompanied with increased levels of oxidized proteins and lipo-

fuscin in learning-related telencephalic brain areas, suggesting that elevated ox-

idative stress leads to de�cits in cognitive performance in old zebra�sh [93]. More-

over, the performance decrease of old zebra�sh in inhibitory avoidance learning

is associated with lower telencephalic gene expression levels (e.g., brain-derived

neurotrophic factor, proliferating cell nuclear antigen) which are related to neural

plasticity and learning [94]. Another study has shown that the primary circadian

hormone melatonin levels are decreased in aged zebra�sh brain and age-related

decrease in cognitive performance, which includes generalization of a previously

learned conditioned stimulus to a di�erent environment, is improved by melatonin

treatment [89]. Working memory and cognitive �exibility have also been recently
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shown to decline during healthy aging in zebra�sh and working memory can be

improved via manipulations in dopaminergic system [95].

These studies together provide strong evidence that the zebra�sh is a useful

model organism to study neural mechanisms underlying age-related cognitive

changes. The question as to whether this powerful model organism is also suitable

for studying deterioration in perceptual abilities throughout aging still remains

to be investigated.

1.2.2 Zebra�sh visual system

Zebra�sh visual system is similar to those of other vertebrates in terms of retinal

circuitry, overall organization of retino-tectal projections and pathways [96, 97,

98]. As in canonical vertebrate retina, zebra�sh retina has three nuclear and two

plexiform layers, which are composed of photoreceptors (i.e., rods and cones) and

di�erent retinal neuron types including horizontal cells, bipolar cells, amacrine

cells, and ganglion cells. The arrangement of these layers and also the lateral and

vertical information �ow between these cell classes are similar to the mammalian

visual system (Figure 1.4A). The visual signals elicited by the photoreceptors in

the outer plexiform layer is transmitted to the bipolar cells which further relay

the information to the ganglion cells in the inner plexiform layer [5, 96, 99]. The

ganglion cell axons, as the output cells of the retina, form the optic nerve and

then the optic tract in the central brain, through which most of the information is

sent to the main higher-order brain region for visual processing in zebra�sh called

�optic tectum�. This area, situated in the dorsal midbrain, has been considered

as the mammalian homolog of the superior colliculus which plays important roles

in various visual functions including controlling the eye movements and spatial

attention [100, 101, 102]. There is a complete crossover of the ganglion cell axons

from the retina to the contralateral tectum and, as in other vertebrates, the

projections are sent in an orderly fashion so that a retinotopic representation of

the visual �eld is created in the optic tectum (Figure 1.4B) [103, 104].

One of the major di�erences between zebra�sh and mammalian visual system
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Figure 1.4: Retinal anatomy of zebra�sh larvae at 7 days post fertilization (dpf)
(A). The outer nuclear layer (ONL) is composed of photoreceptor cell bodies and
inner nuclear layer (INL) has the cell bodies of bipolar (BC), horizontal (HC) and
amacrine cells (AC). The ganglion cell layer (GCL) consists of ganglion cells (GC)
whose axons form the optic nerve to send the visual information to the brain. The
connections among the photoreceptors, bipolar and horizontal cells form the outer
plexiformlayer (OPL) and the connections among bipolar, amacrine and ganglion
cells form the inner plexiform layer (IPL). Retionotectal projections in zebra�sh
visual system (B). Retinal ganglion cells in the nasal-dorsal region of the retina
(in red) and retinal ganglion cells in the temporal-ventral region of the retina (in
blue) send their axons to the posterior-ventral and to the anterior-dorsal regions
of the contralateral tectum, respectively. The visual stimuli are represented in
the contralateral tectum topographically by cell clusters in the periventricular
layer (Adapted with permission from Annual Reviews, ref. [5]).
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concerns the main target of the retinal ganglion cells at higher level regions. In

mammals, the majority of retinal output is sent to the lateral geniculate nucleus

(LGN), located in the thalamus [105]. LGN projects to the primary visual cortex

which transmits the visual information to higher order visual cortices for further

processing. This pathway is referred to as geniculate visual pathway (Figures 1.5

and 1.6A). A small proportion of the retinal output in mammalian visual sys-

tem follows another route called extra-geniculate pathway [106, 107]. This route

consists of the direct retinal projections to superior colliculus which has connec-

tions to a group of thalamic structures (pulvinar/lateroposterior complex) which

further project to extrastriate cortical regions (Figures 1.5 and 1.6A). Contrary

to the mammalian organization of the visual connections, the visual system of

teleost �sh does not have a homologous thalamic structure to LGN for relaying

visual information to form a geniculate visual pathway. As mentioned above, in

teleost �sh including zebra�sh, the main retinal output is received by the optic

tectum which is homologous to mammalian superior colliculus [102]. The optic

tectum projects to telencephalon via preglomerular nucleus which is considered

as the only sensory relay nucleus similar to thalamus. The retinal projections

in teleost �sh cannot be considered as similar to the extrageniculate pathway

either since superior colliculus in mammalian visual system targets thalamic nu-

clei which projects to extrastriate areas, whereas in teleost, the thalamic nucleus

that possibly receives signals from optic tectum (dorsoposterior thalamic nucleus)

does not project to pallial regions (topological correspondent of the mammalian

cortex) (Figure 1.6B) [7].

Studies investigating the response properties of neurons at di�erent stages of

zebra�sh visual system have shown selectivity to di�erent visual features such

as stimulus orientation and size [5, 108]. The zebra�sh visual system also relies

on similar principles underlying motion processing to those commonly found in

humans and other vertebrates. Many neurons at di�erent stages of the visual

system have selective responses to motion direction as well. The retinal gan-

glion cells with distinct directional tuning properties project to di�erent layers in

the zebra�sh tectum, suggesting that higher stimulus features are processed in a

layer-speci�c manner in the tectal neuropil [109]. Besides the optic tectum, the
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Figure 1.5: In humans and other primates, the majority of retinal signals are sent
to the lateral geniculate nucleus (LGN) which projects to primary visual cortex
(V1). From V1, the information is transmitted to the higher level extrastriate
cortical areas for further processing. A small proportion of retinal projections
follow another pathway to target two connected regions, superior colliculus (SC)
and the pulvinar (Pulv), which project directly to the extrastriate areas (Adapted
with permission from Springer Nature, ref. [6]).
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Figure 1.6: Ascending connections in the (A) rodent and (B) cyprinid �sh (e.g.,
zebra�sh and gold�sh) visual systems. In mammals, the main target of retinal
output is the dorsal lateral geniculate nucleus (dLGN) which transmits visual
information to primary visual cortex (V1). These connections constitute the
geniculate pathway represented with red. The minority of the retinal projections
is received by the superior colliculus (SuCo) which projects to V2 via the latero-
posterior dorsal thalamic complex (LP) in rodents. This pathway, represented in
orange, is called extrageniculate pathway. In teleost �sh however, these pathways
could not be found. The visual signals are projected to a number of structures
including Optic tectum (TeO), mammalian counterpart of SuCo. Although the
�ndings are not conclusive, TeO is thought to relay signals to dorsoposterior tha-
lamic nucleus (DP), yet this nucleus does not found to project to any pallial
region. Preglomerular nucleus (PGI) is the only structure that is considered to
be similar to a thalamic relay nucleus as in the mammalian brain which transmits
the signals from TeO to telencephalic regions (purple) (Adapted from ref. [7]).
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pretectum also receives direct retinal visual input from direction selective gan-

glion cells and responds selectively to direction of motion [110, 111, 112]. Studies

indicated that motion sensitive neurons located in the tectum and pretectum of

zebra�sh have distinct functional properties. For instance, tectal neurons have

been shown to process visual information mainly in the upper nasal visual �eld,

have smaller receptive �elds than pretectal neurons and respond selectively to

small-sized motion stimuli [110]. This is consistent with previous �ndings that op-

tic tectum is involved in hunting behavior which requires identifying and tracking

small moving visual stimuli [113, 114, 115]. In contrast, caudal pretectal neurons

with large receptive �elds have been shown to be mostly situated in the lower

visual �eld and process wide-�eld optic �ow information which is required for

stabilizing the position of the body relative to the environment [110]. These �nd-

ings support the previous work showing that pretectum encodes and integrates

optic �ow information to drive optomotor and optokinetic responses in zebra�sh

[116, 117, 112], which will be further discussed in the following sub-section.

1.2.2.1 Quantifying visual stimulus driven behavior in zebra�sh

Several procedures have been developed to quantify a wide range of stimulus-

and motion-driven zebra�sh behaviors such as optomotor responses (OMR) and

optokinetic re�exive eye movements (OKR). OKR is stereotyped eye movements

in response to whole-�eld visual motion induced by self- or world-motion. OKR

is composed of two phases which include smooth eye movements tracking the

perceived direction of visual motion, followed by rapid saccadic movements in

the opposite direction. By stabilizing the visual scene on the retina, this re�ex-

ive behavior helps animals to maintain high visual acuity which is necessary for

self-protection, orienting and hunting [118, 99]. Several visual functions including

visual acuity and contrast sensitivity have been determined in adult and larval

zebra�sh (as early as 5 dpf) by using OKR assays (see Figure 1.7) [119, 8, 120].

OMR is also a position-stabilizing re�ex to whole-�eld visual motion and has

been widely used to quantify various visual functions of di�erent species. How-

ever, it includes eye, head, or whole-body movements to visual motion [116, 121].
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Figure 1.7: (A) A schematic representation of OKR assay. Sine-wave gratings
are presented from the walls of a cube chamber via computer screens. The �sh is
placed in a small chamber and the eye movements elicited by moving gratings are
recorded from a camera placed above. (B) A close view of the examination cham-
ber in which the �sh is restrained with a constant �ow of fresh water (Adapted
from ref. [8]).

Through this re�exive behavior, for instance, �ying insects can maintain �ight

control or �sh can avoid drifting in water currents and control its orientation by

stabilizing the displacement of the visual image on the retina (see [122, 121] for

reviews). The paradigms based on OMR have been well established for studying

visual motion processing in various species. Of particular relevance to this thesis,

OMR provides reliable behavioral metrics for various aspects of visual motion

processing in zebra�sh such as �rst- and second-order motion perception [35], the

spatio-temporal characteristics of motion detection [123, 112], the contributions

of di�erent cone types to motion detection [124, 125] and motion aftere�ects [126].

In optomotor studies using larval zebra�sh (5 to 8 dpf), visual stimulus (typi-

cally moving sine- or square-wave gratings) is usually presented from the bottom

of the test tank via a computer monitor facing upwards and a camera is placed
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above the test tank to record the movement of the �sh (Figure 1.8). Since larval

�sh do not show schooling behavior (i.e., forming groups that move together)

yet and each �sh determine their own swimming direction to visual stimuli, they

can be either tested individually or in large groups of 50 to 200 [127, 35, 125].

In these studies, generally, the average position of the �sh before and after the

stimulus presentation is identi�ed to calculate the average distance swum by all

the �sh in response to visual motion stimuli, which gives the optomotor index.

Besides the bottom stimulation, in OMR studies using adult zebra�sh, the visual

motion is usually presented from the sides of the test tank. In these studies,

the �sh is either placed in a rectangular test tank and the stimulus is presented

via a computer screen which is placed next to the testing tank, or alternatively,

the �sh is placed into a round testing arena surrounded by a rotating drum with

black and white stripes attached to it (Figure 1.8) [128, 124, 123, 126]. In the

studies using a rectangular test tank, similar to those using larval �sh, OMR is

calculated based on the position shift along the longer side of the test area in

response to motion while those with the rotating drum base their analyses on

the number of clockwise or counterclockwise turns of the �sh in response to the

visual motion. Unlike larval zebra�sh, adult �sh is tested alone to avoid schooling

behavior. Although zebra�sh larvae typically exhibit this shift in the direction of

physical motion (positive OMR), previous research also indicated that it can be

in the opposite direction (negative OMR) for adult zebra�sh (e.g., [128]).

Compared with other similar re�exive behaviors, the OMR testing proce-

dures provide additional important advantages for studying motion processing

in adult zebra�sh. For instance, OMR and OKR methods yield similar results

and conclusions on rodent vision, such as visual acuity and contrast sensitivity

[129, 130, 131, 132]. However, in contrast to OKR, OMR procedure is easy to ap-

ply, and it does not require con�nement of the animal, which can be challenging

especially for the adult zebra�sh (e.g., [8]), thereby allowing the animal to move

freely in the testing arena. In this way, zebra�sh can also acquire the necessary

amount of oxygenation by the water �ow from their gills which is hard to achieve

when restrained in a small dish (Figure 1.7) [9, 8]. This is particularly important

to minimize stress, especially in old animals, during behavioral testing and to
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Figure 1.8: Schematic representation of optomotor assays for zebra�sh. (A) Lar-
val zebra�sh swim in narrow `racetracks' in large number of groups. The visual
stimulus is presented from below via a computer screen and the responses are
recorded by a camera located above the testing arena (not shown here). (B) One
of the ways of measuring adult zebra�sh OMR is by using a round aquarium. The
apparatus contains a drum with black and white stripes attached on its walls that
rotates clockwise or counterclockwise around the aquarium. (C) OMR of adult
zebra�sh can also be tested by using a rectangular aquarium and the visual stim-
ulus is presented from the sides (D) or from below via a computer screen while
the responses are recorded from above with a camera (A and B is adapted with
permission from John Wiley and Sons, ref. [9]).

identify abnormal behavior easily at the end.

Studies investigating the origin of motor commands for OMR, which use dif-

ferent techniques such as calcium imaging, optogenetics and laser ablations, have

shown that nucleus of the medial longitudinal fasciculus, a group of spinal pro-

jection neurons in the zebra�sh midbrain, and spinal projection neurons in the

hindbrain control postural positioning of the tail, turning behavior and forward

swimming during OMR [133, 134, 135]. In terms of the sensory aspect, successful

execution of optomotor response requires integration of motion information from

both eyes. Binocular neurons encoding optic �ow directions have been found in

both optic tectum and pretectum of zebra�sh [111]. However, the role of tectal
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binocular neurons is not yet well understood in stabilization behaviors as an in-

tact optic tectum has been reported to be unnecessary for generation of OMR

in larval zebra�sh [136]. Wang et al. [111] speculated that binocular neurons in

optic tectum might still contribute to controlling some aspects of OMR or other

behaviors necessitating binocular input. Although the exact circuity has not been

well established yet, an emerging view focuses on the role of the pretectum as

the main area in the zebra�sh brain responsible for computation of whole-�eld

visual motion signals to produce OMR [117, 112, 110, 116, 137]. A combination

of whole-brain imaging, behavioral analysis, and modeling revealed that pretectal

circuits process retinal inputs and integrate monocular motion cues of direction

of motion which subsequently play a critical role in the generation of command

signals for the OMR. Moreover, it has been shown that the activity pro�les of

pretectal neurons do not exactly agree with the behavioral outputs of OMR and

further modi�cation of pretectal output by the subpopulations of the hindbrain

is required [117]. This �nding is challenged by a recent study suggesting that the

activity of binocular neurons in the pretectum alone, which encode the necessary

rotational and translational optic �ow cues, is su�cient for appropriate OMR

behavior, hence an additional downstream sensory processing is not needed [111].

While most of the studies investigating the neural substrates of zebra�sh OMR

have used drifting gratings, a recent study by Bahl and Engert [138] employed

random dot motion stimuli, which do not have strong local motion cues. They

showed that pretectal neurons respond rapidly and involved in spatial integration

of local motion cues while delayed responses of anterior hindbrain neurons are re-

sponsible for temporal integration of the visual information. Pretectum has been

also shown to integrate naturalistic higher-level motion cues (e.g., reverse-phi and

glider stimuli) which subsequently drive OMR in larval zebra�sh [112].

Previous research has provided essential information on capabilities of zebra�sh

visual system by using OMR and OKR paradigms over the last couple of decades.

They revealed qualitatively similar visual acuity and contrast sensitivity functions

for zebra�sh compared to that of humans [8]. The best visual acuity achieved for

adult zebra�sh was around 0.59 c/deg with an angular velocity of 25 deg/s while

in larval zebra�sh, the best visual acuity was lower than that of the adult zebra�sh

23



Figure 1.9: Contrast sensitivity function of adult zebra�sh. Two curves repre-
sent sensitivities at angular velocity of 10 deg/s and 25 deg/s as a function of
spatial frequency. The highest sensitivities were at 0.05 c/deg and at 0.1 c/deg
spatial frequencies for an angular velocity of 10 deg/s and 25 deg/s, respectively.
Although these values are lower than the peak of human contrast sensitivity func-
tion, the overall shape (inverted U-shape) of the curves are qualitatively similar
to that of humans (Adapted from ref. [8])

as it was 0.16 c/deg achieved with an angular velocity of 15 deg/s. In adults, the

contrast sensitivity curve followed an inverted U-shape and the highest sensitivity

value of 20.5 was observed at 0.05 c/deg with an angular velocity of 10 deg/s and

the highest sensitivity value of 25.2 was achieved at 0.1 c/deg with an angular

velocity of 25 deg/s (See Figure 1.9). The contrast sensitivity of adult zebra�sh

seems to be higher than that of larval zebra�sh as Rinner et al. [120] measured

the best contrast sensitivity value of 16.4 at 0.04 c/deg with angular velocity of

7.5 deg/s. However, although the shape of the contrast sensitivity curve for adult

zebra�sh, peaking at intermediate spatial frequencies and declining at the lower

and higher frequencies, is similar to that of humans which peaks at 3-6 c/deg

[36], the sensitivity is much lower in zebra�sh.

It has been shown that besides �rst-order motion, zebra�sh larvae show both

OMR and OKR to di�erent types of second-order motion stimuli (e.g., contrast-
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and �icker-de�ned) [35, 136]. They even exhibit OMR to stimuli with third-order

motion cues (e.g., glider stimuli as in [112]). These �ndings are particularly in-

teresting since these higher order motion types are considered to require complex

computations and circuits in order to be processed and yet larval zebra�sh is able

to see them without an �elaborate cortex�. Therefore, zebra�sh visual system has

the neural mechanisms capable of processing higher-order motion. Moreover, the

bilateral ablation of optic tectum, which is considered to be the highest brain re-

gion in zebra�sh to process majority of visual information, does not abolish OKR

or OMR to second-oder motion in larval zebra�sh [136]. Based on these �nd-

ings, it has been argued that contrary to the studies indicating that second-order

motion processing necessitates higher order cortical areas, second-order motion

processing might be processed as early as in the retinal circuits in larval zebra�sh.

Zebra�sh also experience various motion illusions commonly used in human

studies such as reverse-phi, motion aftere�ect, and rotating snakes illusions [139,

126, 35]. In contrast to second-order motion perception, the percept of motion

aftere�ect has been associated with the habituation of optic tectum neurons and

ablation of optic tectum negatively a�ected motion aftere�ect behavior [140].

Gori et al. [139] also speculated that although zebra�sh do not have a cortex, they

might be able to process global illusory motion through the activity of direction

selective neurons with large receptive �elds located in zebra�sh tectum. They

further suggested that being able to perceive illusions without a cortex do not

necessarily con�ict with the previous �ndings on humans. Rather, it might be

inferred that the overall mechanisms of motion perception developed early in the

course of evolution of vertebrates and have been preserved in mammals even after

various visual processes started to take place in the neocortex.

Taken together, studies on the visual system, motion processing and age-

related cognitive decline in zebra�sh provide strong evidence that this organism

can be an optimum model to study age-related alterations in visual processing.

Furthermore, zebra�sh is also well suited to examine underlying changes in cellu-

lar and synaptic mechanisms that are known to be involved in visual processing,

such as cholinergic signaling.
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1.3 The role of acetylcholine in age-related

changes in cognitive and perceptual perfor-

mance

Contrary to the earlier �ndings (e.g.,[141, 142]) more recent studies have shown

that neuronal death or synaptic loss are not the reasons of age-related cognitive

decline [143, 144], rather, more subtle alterations in synaptic structure or compo-

sition, such as changes in synaptic protein levels likely to contribute to changes

in cognitive processing in the aging brain [63, 64, 65].

One of the key molecular targets that have been investigated with regards

to age-related cognitive decline is acetylcholine (ACh), which is a cortical neu-

romodulator playing important roles in various cognitive functions such as at-

tention, learning and memory [145, 146, 147, 148, 149]. Several studies have

shown that antimuscarinic agents such as atropine and scopolamine can lead to

de�cits in learning and memory while acetylcholinesterase inhibitors and several

muscarinic receptor agonists restore and enhance performance in these cogni-

tive functions [150, 151]. Selective loss of cortical cholinergic signaling interferes

with di�erent attentional processes as well, such as sustained and divided at-

tention [152, 153]. Moreover, nicotine improves attentional processes in humans

[154, 155]. It also enhances short-term memory performance in monkeys through

nicotinic-muscarinic interaction mechanisms and the improved performance can

be blocked by administration of scopolamine [156]. Age-related changes in the

cholinergic system (i.e., the loss of ACh levels) have been suggested to contribute

to cognitive decline in healthy aging [157, 158, 159]. For instance, temporarily

blocking nicotinic and muscarinic cholinergic receptors in young healthy adults

results in de�cits in learning and memory, similar to those observed with aging

[160, 161]. In addition, healthy older adults have been shown to be selectively

a�ected by blocking nicotinic cholinergic receptors compared to younger adults,

as they exhibit signi�cant learning impairments with small doses of nicotinic an-

tagonist which does not have an e�ect on the performance of younger individuals

[162]. Nicotine administration in healthy older adults also improves the cognitive
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functions such as verbal learning, object learning, word retrieval and delayed re-

call, and the positive e�ects of nicotine is more evident in the individuals having

lower performance on the tested cognitive tasks [163, 164]. As already discussed

in the previous sections, age-related cognitive decline has also been reported to be

delayed in zebra�sh with impaired acetylcholinesterase function (i.e., achesb55/+

mutants) compared to their wild-type siblings [78].

ACh plays a key role in visual processing and perception as well. Choliner-

gic innervation is distributed throughout the layers of primary visual cortex,

suggesting that ACh is likely to contribute to almost each processing stage

[165]. Several studies suggest that ACh dynamically controls the information

�ow through suppressing lateral intracortical connectivity by muscarinic recep-

tor activity while enhancing the feed-forward/thalamocortical transmission by

nicotinic receptor activity, which decreases center-surround interactions in V1

neurons [166, 167, 168, 169]. Consistent with these �ndings, ACh application to

V1 neurons of macaque monkeys improves spatial tuning as the summation area

and the preferred length of neurons decrease [169]. In humans, the application of

cholinesterase inhibitor donepezil, which enhances the cholinergic transmission in

the brain, has been shown to reduce the spatial extent of excitatory responses in

the early visual cortex, supporting the �ndings that ACh decreases the excitatory

part of receptive �elds [170]. ACh also increases responsiveness by decreasing con-

trast thresholds and hence enhances response gain, resulting in better detection

of visual stimuli [171, 172]. Using other species, it has also been shown that ACh

improves orientation, direction selectivity and contrast sensitivity of V1 neurons.

Of particular relevance to the current thesis, an increase in ACh level leads to

improvements in the direction selectivity of MT neurons and hence the detection

and discrimination of direction while decreasing noise correlations [173]. Also,

increasing the levels of ACh via donepezil in humans improves visual perceptual

learning (which will be discussed in detail in the following section) and leads to

better motion discrimination of the trained stimuli [174, 175]. It has been sug-

gested that such ACh e�ects on visual processing mimic the e�ects of attention

since attention similarly decreases noise correlations and increases sensitivity in

visual cortices [176, 177, 178].
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ACh leads to long-term enhancement of synaptic responses through experience-

dependent synaptic plasticity which shares common principles with long term

potentiation mechanisms. For instance, ACh induced facilitation of the visual

responses have been shown to be dependent on NMDA receptor activity in the

visual cortex, similar to long term potentiation [179]. ACh causes a slow mem-

brane depolarization which facilitates NMDA receptor activation and enhances

responses to visual glutamatergic input. In addition, muscarinic ACh receptor ac-

tivity a�ects intracellular second messenger pathways which lead to long-lasting

improvements in the visual responses through enhancing the down-stream re-

sponses of NMDA receptors (e.g., gene expression) [180]. It is also suggested that

the cholinergic system may induce plasticity in the visual cortex by changing the

excitatory and inhibitory balance through favoring the excitatory transmission

over inhibition [165].

Surprisingly, despite the evidence demonstrating the various contributions of

the cholinergic system to visual processes, its speci�c roles in age-related changes

in visual motion perception have not been studied extensively. Using genetic

variations in the alpha 7 subunits of cholinergic nicotinic receptor (CHRNA7),

a recent study investigated the relationship between cholinergic system in hu-

mans and age-related changes in motion perception [43]. The behavioral �ndings

suggested that genetic variations are associated with perceptual performance on

direction discrimination, but these associations seemed to be unrelated to age-

related changes. Although this study provides an important step along this di-

rection, it is critical to evaluate the modulations of perceptual performance under

a rich repertoire of stimulus features because age-related alterations can also be

dependent on speci�c motion characteristics and parameters as mentioned previ-

ously.

1.4 Exposure-based visual learning

In addition to the physical stimuli provided to the sensory systems, previous ex-

periences are highly in�uential in our perceptual interaction with the external
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world [181]. It has been argued that repeated presentation of a stimulus is one of

the simplest procedures to study learning, to understand the role of previous ex-

periences in shaping perception and underlying neural mechanisms. The studies

investigating various learning types such as habituation, sensitization and percep-

tual learning all use this simple experimental method [182, 183, 184]. In visual

perceptual learning, repeated practice or experience of a visual task sharpens per-

ception and increases visual sensitivity by improving the ability to discriminate

stimuli from one another [185]. This kind of learning e�ect has been shown in sev-

eral visual features such as orientation [186, 187], speed [188], contrast [189, 190]

and spatial frequency [186, 190]. Several studies have also reported that, like

many other visual features, ability to di�erentiate direction of motion gradually

improves with training [191, 192, 188].

As numerous studies emphasize age-related decline in various aspects of vision

(e.g., [193, 38, 194, 195, 55]), researchers have been trying to develop training

procedures to improve visual performance of older individuals. The use of pro-

tocols employed in perceptual learning studies has been discussed as a promising

approach [196]. While improvements in discrimination of motion direction after

training have been reported in young individuals [191, 192, 188, 197], there have

been few studies investigating the e�ect of perceptual learning in older adults

(e.g., [198, 37, 196]). In a pioneering study, Ball and Sekuler [37] showed that,

prior to any training, older observers performed poorly than the young group in

a direction discrimination task. After the training, although younger individuals

still outperformed the older group, both groups' performance equally improved.

In other words, both groups' ability to discriminate motion directions bene�tted

equally from perceptual learning. The performances of both older and younger

observers in di�erent motion perception tasks were also reported to improve, sug-

gesting that plasticity of motion processing mechanisms is preserved throughout

aging [196, 199]. Moreover, the improved performance of older subjects in a

texture discrimination task due to training was found to be comparable to that

of a younger control group who did not receive any training and the improved

performance of older participants lasted for three months [198]. These �ndings

indicate that perceptual learning may restore the age-related visual de�cits and
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the results may be long-lasting.

Perceptual learning paradigms typically involve training in a speci�c task with

a feedback on the response (i.e., providing feedback to the subjects as to whether

they give the right answer or not), but simple forms of learning engaging rapid

recalibration of processing have also been demonstrated by pure exposure and

without any feedback, even only with mental imagery in the absence of stimulus

exposure for various visual performances including motion direction discrimina-

tion [200, 201, 202, 203]. It has been shown that the absence of feedback does not

cause any weakening for discrimination of cardinal directions. For discrimination

of oblique directions, learning can be achieved without feedback as well but ob-

servers still bene�t from feedback [200]. In addition, perceptual learning occurs

without attention, awareness and even when the learned feature is not directly

relevant with the main task that the subjects were trained in [204, 184].

Although previous research mostly provide perceptual learning in di�erent

animal models in relation to associative learning, training-independent exposure-

based learning procedures have also been used to examine stimulus-selective re-

sponse potentiation (SRP) which is thought to re�ect the neural substrates of

perceptual learning (e.g., [205, 206]). The researchers have been focused on the

plasticity of responses in primary visual cortex neurons while searching for the

underlying mechanisms of perceptual learning, based on the behavioral �ndings

that the improvement in the visual performance is usually speci�c to the stimulus

parameters (e.g., orientation, motion direction, spatial frequency) used during the

training. Therefore, the neural changes have been suggested to take place in a

stage of visual processing in which these basic properties of the visual information

are processed selectively, such as V1 where the neurons have small receptive �elds

and such response speci�city [186, 207, 208]. Consistent with these expectations,

previous results have indicated that repeated presentations to a visual stimulus

(e.g., sine-wave gratings) with a speci�c feature (e.g., orientation) selectively en-

hance the amplitude of visually evoked potentials in V1 of mice [205, 206]. On

the other hand, there is still an ongoing debate as to whether perceptual learning

mostly takes place in V1 or higher level visual areas and/or regions involved in
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decision making [207, 209]. Similar protocols to those used to assess SRP that in-

cludes high-frequency repetitive passive exposure to visual stimuli have been also

shown to lead to behavioral improvements in visual tasks which require human

subjects to detect changes in luminance levels [210].

Over the last two decades, a growing body of literature has indicated that

zebra�sh exhibit various types of associative and non-associative learning. Given

that the main structures and the neurotransmitters of the central nervous system

(CNS) in zebra�sh are the same as those found in mammals and also the general

organizations of both CNS share great similarities, zebra�sh have become a great

alternative to rodents in learning studies [211, 212, 213]. In addition, the advan-

tages of working with zebra�sh (e.g., high fertility rate, ease of maintenance) over

rodents as discussed earlier, have made this animal a popular model to study dif-

ferent types of learning over the recent years [214, 211]. Many of the associative

learning protocols that have been developed for zebra�sh are the aquatic versions

of the already-existing rodent tasks (e.g., plus maze, T-maze, conditioned place

preference) which generally use classical and operant conditioning protocols (see

[215, 216] for reviews). For testing non-associative visual learning in zebra�sh,

studies have typically used habituation protocols in which the �sh learn to de-

crease their response (e.g., usually startle response induced by abrupt sensory

stimulation) after inconsequential repeated stimulation [217, 218, 182]. Previous

studies have shown that larval zebra�sh exhibit both short-term and long-term

habituation to repetitive visual stimuli (e.g., sudden changes in whole-�eld illu-

mination or a gray bouncing disk), suggesting that larval �sh are able to store

and retrieve visual information for at least one day [218, 182]. The �ndings of the

habituation studies on larval zebra�sh are important as they show that learning

induced by inconsequential repeated stimulation leads to signi�cant behavioral

and sensory plasticities in the early stages of life in zebra�sh. Furthermore, they

demonstrate that the basic cellular and molecular mechanisms which are found

in mammals and other organisms are also conserved in zebra�sh, suggesting that

zebra�sh can be used as a reliable model system alternative to rodents in non-

associative learning studies [218, 219, 220].
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1.5 Speci�c Aims

Several aspects of visual motion perception have been shown to deteriorate in the

course of aging. Yet, the neural mechanisms underlying these perceptual changes

still remain unclear. Zebra�sh is a powerful model organism to study not only

visual functioning and age-related cognitive decline, also associated cellular and

molecular processes [73]. However, the e�ects of aging on visual perception have

not been investigated in zebra�sh. The current thesis aims to characterize the

changes in the detection of �rst- and second-order motion direction and exposure-

based visual learning in aging zebra�sh by using optomotor responses. Another

main and general objective of the thesis is to investigate the role of ACh in

these processes, as it is one of the key neurotransmitters that has been shown

to enhance various aspects of visual functioning and delay age-related decline in

certain aspects of cognitive processing (e.g., [78, 171]).

1.5.1 Study 1: First-order motion detection of aging ze-

bra�sh

Previous research on the motion processing of zebra�sh mainly used larval �sh

(e.g., [119, 125, 136, 110, 112, 117]) and consequently, there is limited information

on motion detection of adult zebra�sh and more importantly no systematic inves-

tigation on how aging a�ects visual processes in this important animal model. In

the �rst study, we aimed to characterize the changes in the detection of �rst-order

motion direction for aging zebra�sh. As discussed earlier, the e�ects of aging on

motion perception highly depends on stimulus parameters including contrast and

spatial frequency [45, 41]. Thus, rather than causing an overall change in the

OMR of zebra�sh to �rst-order motion, aging is expected to di�erentially in�u-

ence the responses depending on the contrast or spatial frequency levels of the

motion.

Although ACh plays an important role in various visual processes, surprisingly,

studies have mainly focused on the e�ects of ACh on the age-related changes in
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cognitive functions [157, 158, 159] while there is only limited research on how

cholinergic manipulation a�ects vision during aging (e.g., [43]). In addition to

wild-type/AB-strain zebra�sh, the study also included achesb55/+ mutants with

impaired acetylcholinesterase function which results in increased levels of ACh

[91, 92]. By inclusion of this mutant line, this study was designed to shed light on

how the age-related changes in the detection of �rst-order motion direction would

be a�ected from altered ACh levels. Genotype of the zebra�sh is also expected to

signi�cantly interact with the age-related changes in OMR of zebra�sh to �rst-

order motion.

1.5.2 Study 2: Second-order motion detection of aging ze-

bra�sh

Although there is limited research on second-order motion processing of larval

zebra�sh (e.g., [35]), to date, adult zebra�sh has not been shown to process this

type of stimuli. Therefore, besides �rst-order motion, it is important to test

whether adult zebra�sh can also be used as a model organism to investigate the

second-order motion processing. Therefore, in the second study, we aimed to

characterize the detection of second-order motion direction in adult zebra�sh and

investigate the age-related alterations in the performance. As in the �rst study,

using achesb55/+ zebra�sh in addition to wild-type/AB strain �sh, this study fur-

ther aimed to reveal whether cholinergic alteration would interact with the possible

changes in the detection of second-order motion direction during aging. Age-

related changes in the second-order motion processing seem to be present across

wider range of spatial frequencies and also more profound compared to the e�ects

of aging on �rst-order motion processing which have been shown to be mostly re-

stricted to certain range of motion parameters [70, 67, 1]. Therefore, age-related

changes in the responses to second-order motion is anticipated to be seen across

the spatial frequency values in the current study. In addition, the genotype of

the zebra�sh is expected to interact with the age-related changes in perceptual

performances since ACh plays important roles in both visual motion perception

and age-related changes in cognitive processes.
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1.5.3 Study 3: Exposure-based visual learning in aging ze-

bra�sh

Perceptual learning has been discussed as a way to improve the visual perfor-

mance of older adults. However, there has been limited research on how motion

perception changes through this type of learning in older adults [37, 199, 196].

Moreover, non-associative learning in zebra�sh has been mostly focused on ha-

bituation in larval �sh and age-related changes in exposure-based visual learning

have not been studied in zebra�sh yet. The third study aimed to see whether

zebra�sh can also be used as a model organism to study exposure-based visual

learning, particularly during aging.

This study used optomotor responses of adult zebra�sh to the �rst-order mo-

tion and was focused on revealing the age-related alterations in the detection of

�rst-order motion direction in response to repeated exposure. Previous studies on

humans have shown that, even if their initial behavioral performances were dif-

ferent, the performances of young and old groups signi�cantly improve in motion

perception tasks through visual perceptual learning [37, 199]. Based on these �nd-

ings, the detection of �rst-order motion direction is expected to be signi�cantly

improved in both of the age groups through repeated presentation of motion. In

addition, the study aimed to shed light on possible functional links between al-

tered ACh levels and exposure-based visual learning by using both achesb55/+ mu-

tants and wild-type/AB strain �sh. ACh attenuates age-related cognitive decline

and improves visual processing including discriminating the direction of motion

[173, 78]. Moreover, it enhances the e�ects of perceptual learning in motion di-

rection discrimination tasks [174, 175]. In light of these �ndings, it is predicted

that the e�ect of genotype will interact with the e�ects of perceptual learning

and age of the zebra�sh. In particular, the performance improvement due to

passive and repeated exposure to motion is expected to be more profound in the

old achesb55/+ mutants compared to old wild-types.
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Chapter 2

First-order motion detection of

aging zebra�sh

This chapter is based on the publication by Karaduman, A., Karoglu-Eravsar,

E.T., Kaya, U., Aydin, A., Adams, M. M. Kafaligonul, H. The optomotor re-

sponse of aging zebra�sh reveals a complex relationship between visual mo-

tion characteristics and cholinergic system. Neurobiology of Aging, 98, 21-

32. https://doi.org/10.1016/j.neurobiolaging.2020.10.018. Reproduced (or re-

produced in part) based on the author rights provided by Elsevier Publications.

2.1 Introduction

Understanding the principles underlying age-related changes in motion perception

is paramount for improving the quality of life and health of older adults. However,

the mechanisms underlying age-related alterations in this aspect of vision, which

is essential for survival in a dynamic world, still remain unclear.

Using the zebra�sh model which o�ers an ideal framework for both aging and

visual motion, this study was focused on characterizing the detection of motion
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direction during aging. To generate stimulus-driven optomotor responses, sine-

wave gratings with varying contrasts (1%�75%) and spatial frequencies (0.01�0.8

c/deg) were used to assess the motion detection of young (7�10 months) and

old animals (24�43 months). Previous motion studies were mainly focused on

zebra�sh larvae (e.g., [35]). To date, there is limited information on motion

detection of adult zebra�sh and no systematic investigation of age-related changes

in the detection of motion direction. Speci�cally, this study aimed to �ll this

important gap in the literature.

Although earlier research on humans revealed an overall age-related decline

of motion detection and direction discrimination performance, relatively recent

studies indicated that motion parameters also play a critical role in age-related

changes and thus emphasize interaction with speci�c stimulus parameters rather

than an overall e�ect of age (e.g., [42, 44]). Building on these �ndings, it was

anticipated that there will be an interaction between aging and other factors (i.e.,

contrast or spatial frequency). More importantly, the design of the experiment

also included young and old achesb55/+ mutants. As mentioned previously, the

cholinergic system and ACh levels are signi�cantly involved in both aging and

visual motion processing. Therefore, it was predicted that there will be a di�er-

ential e�ect of genotype (i.e., wild-type vs. achesb55/+ mutants) on age-related

changes in the detection of motion direction. In this way, this study was aimed

to provide additional key insights into the functional link between visual motion

processing and ACh levels during neural aging.

The results of this study pointed out negative optomotor responses that signi�-

cantly depend on the spatial frequency and contrast level of stimulation, providing

supporting evidence for the visual motion-driven aspect of this behavior mainly

exhibited by adult zebra�sh. Although there were no signi�cant main e�ects of

age and genotype, a signi�cant three-way interaction was found between con-

trast level, age, and genotype. In the contrast domain, the changes in optomotor

responses and thus in the detection of motion direction were age- and genotype-

speci�c. Accordingly, these behavioral �ndings suggest a strong but complicated

relationship between visual motion characteristics and the cholinergic system dur-

ing neural aging.
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2.2 Methods

2.2.1 Animal husbandry

A total of 62 adult zebra�sh (young: 7-10 months and old: 24 - 43 months) who

have met the criteria of inclusion (i.e., the zebra�sh who did not show abnormal

behaviors frequently during all experimental sessions) were used in this study

(see Data processing and quanti�cation). Thus, the data of 28 wild-type (AB

strain: 16 young and 12 old) and 34 mutant (achesb55/+: 19 young and 15 old)

zebra�sh were used in the analyses. The mutants were originally obtained from

the European Zebra�sh Resource Center-Karlsruhe Institute of Technology. All

�sh were raised in standard conditions and maintained at a constant temperature

of 28.5oC on a 14:10 hours light:dark cycle in the Bilkent University Zebra�sh

Facility. The �sh were fed twice a day with standard �sh �akes (Sera, Germany)

and once a day with fresh artemia in a recirculating tank system (Tecniplast,

Italy). The stocking densities were kept as approximately 10 �sh in 4-L tanks, and

the �sh with the same birthdates were housed in the same tank. Animals were

maintained with minimal disturbance to prevent any unnecessary stress. Two

�sh were taken from the facility system each week and kept together in an 8.5-L

holding aquaria (Petstore, Ankara, Turkey) for a week during the experiments

(see Behavioral testing procedure). The protocol for the behavioral experiments

in this study was in accordance with the international guidelines for the care and

use of laboratory animals and approved by the Bilkent University Local Animal

Ethics Committee with the following approval date and number: August 5, 2015

and no: 2015/44.

2.2.2 Experimental set-up and stimuli

The experimental design of the study was based on measuring zebra�sh optomo-

tor response, a position-stabilizing re�ex to whole-�eld visual motion (see Data

processing and quanti�cation). Accordingly, the behavioral set-up consisted of
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an elongated test tank located in front of an LCD monitor, a video camera, and

a computer to control stimulus presentation and recording (Figure 2.1A; see also

Appendix B for the pilot measurements for optimization of the experimental set-

up and testing procedure). The test tank (4 Ö 30 Ö 20 cm) was �lled with 10 cm

of water. To exclude external visual cues and light, white shields were attached

to the empty sides. The camera (Logitech HD Pro Webcam C920, 60 frames per

second) was placed above the test tank, and it was used to record the behavioral

activity of zebra�sh for o�ine analyses. Some preliminary measurements were

made using the set-up to optimize the recording settings and position of the cam-

era in terms of image quality. The visual stimuli were presented via an 18.5-inch

LCD monitor (HP V196, 1366 Ö 768 pixel resolution and 60 Hz refresh rate).

A SpectroCAL (Cambridge Research Systems, Rochester, Kent, UK) photome-

ter was used for the luminance calibration and the linearization of the display. The

minimum and maximum luminance values of monitor were 0.3 and 175.31 cd/m2,

respectively. The mean luminance of stimulation (i.e., grating and background)

was 20 cd/m2. Stimulus presentation and video recording times were controlled

using MATLAB 2016a (The MathWorks, Natick, MA, USA) with Psychtoolbox

3.0 [221, 222]. To generate �rst-order motion, drifting sine-wave gratings with

varying contrasts (1%, 1.5%, 10%, 25%, 45%, and 75%) and spatial frequencies

(0.01, 0.05, 0.1, 0.2, 0.4, and 0.8 c/deg) were used. The range of the contrast

levels and spatial frequency values and other stimulus parameters (e.g., speed)

was determined as per previous research with zebra�sh [128, 223, 123, 8]. At the

beginning of each trial, the drifting grating was static for 3 seconds (Figure 2.1B)

and then, it drifted in a speci�c direction (rightward or leftward) for 5 seconds

with a speed of 20 deg/s. After a variable (4-6 seconds) intertrial interval, the

next trial began. Visual angles were calculated based on a 1.5 cm distance from

the LCD monitor screen.
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Figure 2.1: (A) Schematic representation of behavioral set-up to quantify ze-
bra�sh activity and optomotor response. The test tank was located in front of
an LCD monitor. The camera placed above the tank recorded �sh movements.
During the experiments, the white shields were attached to the empty sides of the
tank to prevent any external visual stimulation (not shown here). The timing of
stimulation and video recordings were controlled by a computer. (B) Timeline of
each trial. On each trial, the sine-wave grating was static for 3 seconds and then
moved in a speci�c direction (rightward or leftward) for 5 seconds. A variable (4-6
seconds) intertrial interval was used. The contrast level (1%, 1.5%, 10%, 25%,
45%, and 75%) and spatial frequency (0.01, 0.05, 0.1, 0.2, 0.4, and 0.8 c/deg) of
the grating were varied across trials.

39



2.2.3 Behavioral testing procedure

Two zebra�sh were taken from the system tanks and transferred to the holding

tank in which the �sh were held during the testing week. Data were collected for 6

di�erent contrast levels at each of the 6 di�erent spatial frequency levels, making

36 conditions in total. These conditions were presented in 6 di�erent sessions such

that the gratings with the same contrast level were presented in a single session.

In other words, the contrast level of the grating was �xed during each session,

and only the spatial frequency was varied across trials. In each session, a grating

with a speci�c contrast and spatial frequency was pseudorandomly presented 30

times (15 times for each motion direction). Thus, each session consisted of 180

trials (6 spatial frequencies Ö 30 trials) and lasted around 40 minutes in total.

Data were collected between 9:30 am - 4:00 pm and the measurements lasted

3 days (typically 2 contrast levels/sessions per day) in total. The zebra�sh has

a light/dark activity cycle such as humans, and this time range corresponds to

the active phase of �sh [89]. On each day, each �sh was tested separately in the

test tank and completed 2 randomly selected contrast levels via 2 consecutive

experimental sessions. The order of the testing sessions for the �sh was counter-

balanced across days. On the �rst day of the behavioral testing, a habituation

session lasting around 40 minutes and consisting of only the highest contrast level

grating (75% contrast level, 6 spatial frequencies Ö 30 trials) was presented be-

fore the main experimental sessions to get the �sh acclimated to the testing tank,

light conditions, and stimulation. On the following days, the same procedure was

followed, but the habituation session was shorter (lasting approximately 20-30

minutes).

2.2.4 Data processing and quanti�cation

OMR was used to assess motion detection and the perceived direction of adult

zebra�sh. As in the previous motion studies using a rectangular test tank for

OMR paradigm, the position shift of �sh along the longer side of the tank was
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used to quantify OMR. Accordingly, in each video frame, the position of �sh in

the test tank was tracked o�ine via MATLAB Video Processing Toolbox (The

MathWorks, Natick, MA, USA) and our own custom scripts. Brie�y, the video

recordings for each trial were �rst converted to grayscale, and the average of

the whole trial was computed for a representative background model. The region

where the �sh could be present (i.e., the inside of the test tank) was cropped based

on the background model, and then, the background subtraction was applied for

each frame. The determinant of Hessian was used for blob detection, and the

locations of blob centers in each frame were recorded as horizontal and vertical

positions of �sh in the test tank [224]. Finally, a 5th order median �lter was

applied for smooth movement pattern estimations. To optimize this tracking

procedure and to validate the position shift as a behavioral metric of OMR,

pilot studies were conducted before starting the main experiment. With a small

number of trials during these studies, the drifting gratings elicited reliable and

robust position shifts in adult zebra�sh. These preliminary results also indicated

that the position shifts were mainly in the opposite direction of motion and

hence pointed to robust negative OMR for adult zebra�sh. Overall, the tracking

procedure was highly successful in terms of locating the �sh position during both

pilot studies and the main experimental sessions (See Supplementary Videos 1

and 3 in Karaduman et al. [225]).

During the main experimental sessions, several zebra�sh showed speci�c be-

haviors that have been associated with stress/ fear or escape response such as the

increased speed of movement, diving, rapid directional changes, or freezing [122].

It was observed that the frequent display of such behaviors was highly likely to

overshadow the true OMR response. Accordingly, before the calculation of OMR,

these trials, sessions, or complete data sets of some �sh that had included these

behaviors throughout all experimental sessions were excluded (Figure 2.2). One

of the most frequent abnormal swimming pattern observed was also swimming

in circles at one of the corners while repeatedly diving to the bottom and then

back toward the surface (See Supplementary Video 2 in Karaduman et al. [225]).

Those behaviors were detected by �nding the trials with the mean �sh location of

less than 5 cm away from the corners with a standard deviation lower than 3 cm.
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This method was successful at identifying most of these trials. In rare cases, as for

other types of abnormal behaviors (e.g., freezing and fast swimming), the trials

were manually detected by examining the position coordinates of the �sh in the

test tank and such instances were con�rmed by watching the recorded videos in

detail. A trial was excluded when any of these abnormal behaviors were present

in more than half of the trial. On average, 97.3% of the trials (SEM = 0.26%)

were retained per behavioral testing session.

The swimming patterns of �sh within di�erent time windows of 8 seconds

of visual stimulation (3 seconds of stationary and 5 seconds of drifting grating)

were examined to �nd the time period which correctly re�ects the robust OMR

response. These preliminary analyses revealed that the horizontal position of

zebra�sh (i.e., the elongated axis of the test tank parallel to the drifting stim-

ulation on the display) within the �rst 3 seconds stimulation of drifting grating

re�ects reliably the sudden and re�exive response (i.e., OMR) to motion. In ad-

dition, because the zebra�sh move quickly, after a sudden OMR response to the

moving stimulus, they come to the end of the test tank before the stimulus ends

and often swim back again. A similar timeline has been recently reported for

the OMR of larval zebra�sh [226]. Therefore, the average of horizontal position

within the �rst 3 seconds of motion stimulation (i.e., 0-3 second time window)

was used for further analyses of main experimental sessions. Preliminary analyses

and observations also highlighted the importance of using the last 2 seconds of

the stationary period (i.e., -2 to 0 seconds time window) to get rid of any con-

founding factor due to the startle response to the appearance of grating after the

gray background presented between the trials. The average position within this

time range were used as the baseline level right before the motion stimulation.

For each zebra�sh in an experimental condition, the horizontal position values

were referenced based on the physical motion direction in each trial and the posi-

tive and negative values corresponded to a position shift in the same and opposite

direction to that of the drifting grating, respectively. These values were then av-

eraged across all trials of each speci�c condition. This led to an average position

estimate of individual zebra�sh throughout the presentation of an experimental

condition (3 seconds of stationary and 5 seconds of drifting grating stimulation).
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The mean position within the �rst 3 second time window of drifting grating

stimulation was computed and then the mean position within the 2 second time

window right before the onset of motion stimulation (i.e., baseline position level)

was subtracted from this value. Thus, the OMR values of all conditions were

calculated in centimeters. Some of the basic locomotor properties (e.g., speed)

can a�ect the raw position shifts in centimeters. For instance, a faster swimming

speed can overall lead to larger position shifts within a �xed amount of time (i.e.,

3 seconds). In accordance with previous research (e.g., [227]), we used a common

normalization procedure to limit the contribution of such potential confounds due

to basic locomotor properties. For each zebra�sh, the baseline-corrected position

shifts were divided by the di�erence between the maximum and minimum of these

values [i.e., (max-min) corresponding to the observed range for an individual �sh].

This basic approach allowed us to circumvent potential confounding factors and

hence to have a fair comparison across di�erent zebra�sh groups. It should be

noted that the experimenter was blind to the conditions and groups in all phases

of the data analyses.

2.2.5 Statistical analysis

Normalized OMR values were used to compute group-averaged OMR responses

for each condition and in further statistical tests. The statistical tests were per-

formed with SPSS version 25 (IBM SPSS Statistics, Armonk, NY, USA). Al-

though the data were collected for all the contrast and spatial frequency condi-

tions from each zebra�sh, the criteria used in data processing and quanti�cation

led to missing data at speci�c conditions. Therefore, the linear mixed-e�ects

model procedure was used for the statistical analyses given its e�ciency in dealing

with missing data [228]. This statistical procedure has the advantage of allowing

for the inclusion of all subjects in the analysis without losing power compared

with the standard general linear models and allows combinations of both �xed

and random e�ects [229]. The model included the main e�ects and interactions

of age, genotype, and repeated measurements of spatial frequency and contrast as

�xed e�ects. The model also had a subject-speci�c random intercept to account
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Figure 2.2: Examples of the most frequently observed types of stressful behaviors
are shown for two di�erent zebra�sh who were eliminated from further analyses.
Each graph shows the location of the �sh in the test tank (relative to the longer
side) during an 8-second trial. The horizontal and vertical axes represent the time
in seconds and the location in the test tank in cm (0 = left corner, 30 = right
corner), respectively. (A) Sample trials are given from the testing session of an
old wild-type zebra�sh. The �sh rapidly and repeatedly changed its swimming
direction and swam fast throughout the experimental session. (B) Sample trials
from a young achesb55/+ zebra�sh exhibiting freezing/inactivity behavior for most
of the experimental session are given.
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for intraindividual correlation among the measurements collected from a speci�c

�sh [230, 231]. To understand the nature of a main e�ect or a signi�cant interac-

tion, post hoc simple e�ect analyses were conducted. Multiple comparisons were

corrected using the false discovery rate procedure [232, 233]. The threshold for

signi�cance was set at p < 0.05.

2.3 Results

Figure 2.3 shows the normalized OMR values (i.e., baseline-corrected and normal-

ized position shifts) for each age (young, old) and genotype (wild-type, achesb55/+)

group across 6 contrast levels and 6 spatial frequency conditions. The positive

and negative values correspond to position shifts in the same (i.e., positive OMR)

and opposite (i.e., negative OMR) direction of physical motion, respectively. As

indicated by these contour plots, the negative OMR was dominant beyond the

10% - 25% contrast level and 0.05 - 0.1 c/deg spatial frequency values. The over-

all pattern of these negative position shifts also di�ered for each zebra�sh group.

That is to say, the optimum combination of contrast and spatial frequency was

distinct in terms of normalized magnitudes. This can also be observed in plots

displaying OMR values at each contrast level and spatial frequency separately

(see Figure B.2 and Figure B.3 in Appendix B). The averaged OMR were high

at 75% contrast level for both wild-type young (local peak at spatial frequency

= 0.4 c/deg, M = -0.195, SEM = 0.048) and old (spatial frequency = 0.2 c/deg,

M = -0.205, SEM = 0.093) groups. Achesb55/+ old group had a peak response at

similar conditions (contrast = 75%, spatial frequency = 0.2 c/deg, M = -0.180,

SEM = 0.035). On the other hand, the responses of achesb55/+ young group had

a narrow range, and the highest amplitude was observed at 25% contrast and 0.4

c/deg spatial frequency (M = -0.223, SEM = 0.073). Figure 2.4 displays sam-

ple trajectories of individual �sh at these contrast and spatial frequency values.

These trajectories were along the longer side of the test tank parallel to the mo-

tion stimulation on the display. The visual motion elicited position shifts up to

6 cm in the opposite direction of physical motion. It is important to note that

a systematic comparison across di�erent groups is not possible with these raw
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values. First, they were not normalized and confounded with the basic locomotor

properties (e.g., speed). Second, even in terms of normalized group averages,

these optimum experimental conditions resulted in a similar range of values.

Table 2.1: The number of �sh for each experimental condition. The rows
and columns correspond to contrast level and spatial frequency conditions, re-
spectively. In each cell, the subject numbers are listed as follows: wild-type
young/wild-type old/achesb55/+ young/achesb55/+ old.

A linear mixed-e�ects model was performed to evaluate the changes in the

normalized responses. The model reported that contrast (F5,1769 = 10.627, p <

0.001) and spatial frequency (F5,1715 = 4.293, p = 0.001) signi�cantly a�ected

the zebra�sh OMR to drifting gratings. These statistical results suggest that

zebra�sh (negative) OMR is signi�cantly dependent on low-level visual motion

parameters, and hence highlighting the stimulus-driven nature of this behavior.

On the other hand, there was no signi�cant main e�ect of age (F1,58 = 0.028, p

= 0.867) or genotype (F1,58 = 0.025, p = 0.875). Interestingly, the linear mixed-

e�ects model indicated only a signi�cant interaction between contrast, age, and

genotype (F5,1769 = 2.616, p = 0.023). The interaction between spatial frequency,

age, and genotype was not signi�cant (F5,1715 = 1.473, p = 0.195). Moreover,

the test did not reveal any other two-way, three-way, or four-way interactions

(Table 2.2). In each group, each stimulation condition were also compared with

the baseline zero level. These follow-up tests revealed robust negative OMR

at the highest 75% contrast level for wild-type young (0.05 c/deg, p = 0.023;

0.4 c/deg, p = 0.026) and achesb55/+old (0.2 c/deg, p = 0.005) groups. The
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Figure 2.3: Mean normalized optomotor responses of wild-type (A) and achesb55/+

(B) zebra�sh for di�erent contrast and spatial frequency levels. The values of dif-
ferent age groups are displayed in separate contour plots (young: left plots and
old: right plots). In each plot, the contrast and spatial frequency values are
marked by horizontal and vertical gridlines. The positive and negative values
correspond to baseline-corrected and normalized position changes in the same
(positive OMR) and opposite (negative OMR) direction to that of the physical
motion, respectively. The color scale shows the range of mean position shifts.
Scaling was arranged as per the maximum absolute value. The direction of posi-
tion shift is represented by negative (blue) and positive (red) values on the color
scale. The number of zebra�sh (wild-type young n = 10-14, wild-type old n =
9-12, achesb55/+ young n = 12-15, achesb55/+ old n = 11-15) for each experimental
factor is listed in Table 2.1.
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Figure 2.4: Sample position trajectories of individual wild-type (A) and achesb55/+

(B) zebra�sh. The data of young and old zebra�sh are displayed in the left
and right plots, respectively. In each plot, baseline-corrected but raw (i.e., not
normalized) position shifts are shown as a function of time. The grating was
static in the baseline period (-2 to 0 s), and it started drifting at 0 sec. The
positive and negative values correspond to position shifts in the same (positive
OMR) and opposite (negative OMR) direction to that of the physical motion.
The thick blue curve indicates the mean position values, and the shaded area
corresponds to the standard error (±SEM) across trials.

48



Table 2.2: The outcome of linear mixed-e�ects model analysis on OMR of ze-
bra�sh to �rst-order motion stimulation. The numerator (dfNum), and denomi-
nator degrees of freedom (dfDen), F and p values are shown in separate columns.
Signi�cant p values (p < 0.05) are highlighted in bold.
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outcome of these tests is in line with age- and genotype-speci�c alterations in

the contrast domain (i.e., the signi�cant three-way interaction), supporting the

original prediction about the di�erential e�ects of age and genotype based on

visual motion characteristics.

To further understand the dependency of negative OMR on the contrast level

and spatial frequency, data was combined across di�erent age and genotype

groups (Figure 2.5A). The contrast in�uenced the responses such that higher

contrast levels elicited stronger and more negative (opposite to the physical mo-

tion direction) OMR. This also demonstrates that the position shift of zebra�sh

increased as the visibility of motion was increased. Such dependency on contrast

(Figure 2.5B, left plot) has been typically reported by motion detection studies

on humans and other vertebrates. In the spatial frequency domain, the strongest

OMR was elicited by 0.4 c/deg. Up to this spatial frequency, the negative OMR

became stronger as the spatial frequency was increased. However, the negative

OMR got weaker beyond this value, indicating that 0.4 c/deg spatial frequency

was optimal to elicit an optomotor response. Given that OMR was signi�cantly

a�ected by visibility (i.e., contrast), this also suggests that zebra�sh had the

overall highest sensitivity to motion at this spatial frequency. This U-shaped

dependency (Figure 2.5B, right plot) is also consistent with the contrast sensi-

tivity functions identi�ed by previous OKR studies on adult zebra�sh [223, 8].

Using the merged data shown in Figure 2.5, whether the elicited OMR was signif-

icantly di�erent from zero baseline level was tested at each contrast and spatial

frequency condition (see also Figure B.4 in Appendix B for a separate represen-

tation of contrast and spatial frequency). The results indicated signi�cant OMRs

at contrast levels above 10% (i.e., 25%, 45%, and 75%) and/or spatial frequency

values greater than 0.01 c/deg (0.05, 0.1, 0.2, 0.4, and 0.8 c/deg; see also Ta-

ble 2.3 and Figure 2.5B). The outcome of these additional tests revealed that the

dependency of negative OMR on contrast level and spatial frequency is morpho-

logically similar to those identi�ed by previous motion studies. Moreover, they

also provide the optimum combinations of contrast level and spatial frequency to

elicit signi�cant negative OMR in adult zebra�sh.

To disentangle the sources of three-way interaction in the contrast domain, the
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Figure 2.5: (A) The combined optomotor responses across di�erent groups (i.e.,
population average for adult zebra�sh, n = 43-53) for each contrast and spatial
frequency conditions. The signi�cant (FDR corrected, p < 0.05) deviations from
the baseline zero level are highlighted in Table 2.3. Other conventions are the
same as those in Figure 2.3. (B) The optomotor responses for di�erent spatial
frequencies were merged to have a single mean response at a speci�c contrast
level. Then, the population average (n = 43-53) was displayed as a function of
contrast level on the left plot. Using the same procedure, the average response (n
= 62) values were displayed as a function of spatial frequency on the right plot.
Error bars correspond to ±SEM. The dotted line corresponds to baseline zero
level, and a signi�cant deviation from this level was marked with asterisk signs
(FDR corrected p values, *p < 0.05, **p < 0.01, ***p < 0.001).
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Table 2.3: One sample t-tests to assess whether the OMR elicited by each con-
dition was signi�cantly di�erent than the baseline zero level. The p values for
each contrast level and spatial frequency condition are shown in separate rows
and columns, respectively. False Discovery Rate (FDR) was applied to correct
for multiple comparisons. Signi�cant p values (p < 0.05) are highlighted in bold.

data was combined across di�erent spatial frequencies and additional post hoc

comparisons were performed on the merged data. As shown in Figure 2.6, the

wild-type young group had stronger and more negative OMR compared with the

young achesb55/+ mutants at 45% and 75% contrast levels. For the old groups,

the overall e�ect of genotype at high contrast levels (e.g., 25%, 75%) was in

the opposite direction, and the achesb55/+ group had relatively stronger OMR.

Of note, the visual motion at these contrast levels elicited signi�cant OMRs

(Figure 2.5B). Pairwise comparisons between di�erent groups at each of the 6

contrast levels (Table 2.4) indicated that the OMR of young achesb55/+ group at

75% contrast level was signi�cantly di�erent from those of old achesb55/+ mutants

(p = 0.004, Cli�'s δ = 0.53) and young wild-types (p = 0.003, Cli�'s δ = 0.47).

In addition to this contrast level, the achesb55/+ old had stronger OMR than the

old wild-types at 25% contrast (p = 0.048, Cli�'s δ = 0.53). Comparing each

contrast condition with the baseline zero level revealed that the negative OMR

values at 45% and 75% contrast were signi�cantly di�erent than this level for

both wild-type groups (Table 2.5). For the achesb55/+ young group, only the 45%

contrast level was signi�cantly di�erent. The OMR values of contrast above 10%

percent were signi�cantly di�erent than the baseline level in the achesb55/+ old
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Table 2.4: The follow-up pairwise comparisons at each contrast level to further
understand the signi�cant three-way interaction between contrast, genotype, and
age (F5,1769 = 2.616, p = 0.023). p and Cli�'s δ values are given in the same cell,
respectively, separated with �/�. Signi�cant p and associated Cli�'s δ values are
highlighted in bold.

group, supporting the observation that this group exhibited stronger OMR. The

outcome of these additional tests on the merged data suggests that the di�erential

e�ects of age and genotype are mainly due to changes at high (i.e., >10%) contrast

levels.
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Figure 2.6: Mean normalized optomotor responses of wild-type (left plots) and
achesb55/+ mutants (right plots). In each plot, the �lled and open symbols corre-
spond to values from the young and old groups, respectively. The positive and
negative values on the ordinate represent the position shifts in the same and
opposite direction to that of the drifting grating, respectively. The dotted line
represents the baseline zero level. Error bars correspond to ±SEM. (A) The op-
tomotor responses for di�erent spatial frequencies were merged to have a single
mean response at a speci�c contrast level. Then, the group average (wild-type
young n = 10-14, wild-type old n = 9-12, achesb55/+ young n = 12-15, achesb55/+

old n = 11-15) was displayed as a function of contrast level. The results of all pair-
wise comparisons are summarized in Table 2.4. The signi�cant (FDR corrected
p < 0.05) deviations from the baseline zero level are highlighted in Table 2.5.
(B) Using the same procedure, the average response values were displayed as a
function of spatial frequency (wild-type young n = 16, wild-type old n = 12,
achesb55/+ young n = 19, achesb55/+ old n = 15).
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Table 2.5: One sample t-tests on the data shown in Figure 2.6A to assess whether
the OMR elicited by each condition were signi�cantly di�erent than the baseline
zero level. The p values for each contrast level are shown in separate columns.
Signi�cant p values (FDR corrected, p < 0.05) are highlighted in bold.
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2.4 Discussion

This study investigated age-related changes in the �rst-order motion detection

and direction perception of wild-type and achesb55/+ zebra�sh. Using zebra�sh

OMR to visual motion, this study aimed to characterize these changes by sys-

tematically varying the contrast level and spatial frequency of drifting sine-wave

gratings. The results mainly showed negative OMR (position shift in the oppo-

site direction of visual motion) and the amount of this response was signi�cantly

a�ected by contrast and spatial frequency. More importantly, the analyses re-

vealed a signi�cant interaction between contrast, age (old vs. young), and geno-

type (wild-type vs. achesb55/+ mutants). In other words, the e�ects of contrast

on OMR values varied across di�erent age and genotype groups. On the other

hand, there was no such interaction in the spatial frequency domain.

The zebra�sh OMR has been mostly demonstrated using larvae (around 5-8

dpf) and found to be in the direction of visual motion (i.e., positive OMR). On the

other hand, research on adult zebra�sh also pointed out a response in the opposite

direction of visual motion (i.e., negative OMR). Using a drum that rotates clock-

wise/counterclockwise to generate optic �ow, Maaswinkel and Li [123] reported

that the proportion of trials, in which the positive and negative OMRs of adult

zebra�sh is observed, depends on the speed, spatial and temporal frequencies of

�rst-order visual motion. Although these �ndings did not provide a relationship

between the negative OMR magnitude and visual motion parameters (e.g., spa-

tial frequency), they revealed that adult zebra�sh can exhibit negative OMR on

the signi�cant number of trials. Relatively more comparable experimental design

in terms of both visual stimulation and motion speed to the present study was

used by Bak-Coleman et al. [128]. They systematically investigated OMR using

di�erent zebra�sh groups. Interestingly, they showed that young larval zebra�sh

(9-11 dpf) exhibit positive OMR, whereas older larval zebra�sh (16-18 dpf) and

adults show negative OMR to �rst-order motion. Consistent with these �nd-

ings, in the current study, although positive OMR was observed in some trials

of speci�c conditions, the results highlight negative OMR to �rst-order drifting

gratings.
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Adult zebra�sh in this study showed robust OMR to �rst-order motion with

contrast levels of higher than 10% suggesting that increased visibility of motion

produced stronger OMR in zebra�sh as expected. The spatial frequency tun-

ing curve of negative OMR revealed by the measurements is also in agreement

with zebra�sh contrast sensitivity functions. Using apparatus generating clock-

wise/counterclockwise moving gratings and optokinetic re�exive eye movements

elicited by those gratings, previous research estimated the sensitivities of zebra�sh

for di�erent spatial frequencies [223, 8]. The contrast sensitivity functions were

inverted U-shaped and peaked at an optimum frequency (typically around 0.1-

0.2 c/deg). Given that an increase in the visibility (contrast) leads to greater

negative OMR, our �ndings suggest that the sensitivity peaks around 0.4 c/deg

and declines when the spatial frequency was decreased or increased. In other

words, this U-shaped spatial frequency dependency of negative OMR is quali-

tatively consistent with zebra�sh sensitivity functions estimated with a di�erent

experimental design and another re�exive behavior.

The �ndings indicated no evidence of a general age-related decline in the de-

tection of �rst-order motion direction which is also consisted with the previous

�ndings on visual motion in humans showing that the perceptual di�erences be-

tween the younger and older individuals depend heavily on the stimulus parame-

ters such as contrast, speed or spatial frequency [45, 41]. In agreement with the

previous literature, the results revealed that age-related changes in the detection

of motion direction depend on contrast level of the motion and genotype of the

zebra�sh. Achesb55/+ old group had stronger OMR at high contrast levels and

hence suggesting an increased performance in the detection of motion direction.

Interestingly, contrary to the expectations, the results did not indicate a similar

improvement in the young group. In fact, the young achesb55/+ group had smaller

responses to visual motion at high contrast levels. A lack of improvement in the

performance of young achesb55/+ �sh might be due to the altered course of de-

velopment in their visual system. Besides slowing down cognitive aging [78], it

is reasonable to hypothesize that this mutation may have also delayed the de-

velopment of neural circuits essential to motion processing. Given that zebra�sh

larvae and adults elicit positive and negative OMR, respectively, the time frame
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of switching from positive OMR to negative OMR may be extended for young

achesb55/+ mutants and thus they may not be mature enough to have a strong

negative OMR to visual motion. Studies have previously shown that the increase

of glutamate release from thlamocortical terminals through presynaptic nicotic

ACh receptor activation is responsible for the enhancement of the responses of

V1 neurons in monkeys, especially at high stimulus contrast levels [171, 172].

It has been also suggested that activation of muscarinic receptors, particularly

M1 receptor subtype, enhance depolarization in response to visual stimulation

through its e�ects on the postsynaptic intracellular pathways [180]. Similarly, in

zebra�sh, cholinergic a�erents that terminate in the optic input layers of tectum

and pretectum are responsible for the retinotectal augmentation and facilitation

of visual input and the cholinergic input is required for normal contrast sensitivity

in zebra�sh [234, 235]. So alternatively, it can be speculated that ACh levels may

be especially higher in the young mutant animals as a result of impaired acetyl-

cholinesterase functioning and the responses to the condition with the highest

contrast level, which would cause the strongest signaling at the optic cells, may

not be improved any further because of desensitization of the receptors due to

prolonged cholinergic activity at these synapses.

Previous studies have indicated that cholinergic activation increases perfor-

mance in various visual functions such as visual acuity [236], contrast sensitivity

[237], and motion direction discrimination [173]. The �ndings of this study sug-

gest that the performance increase due to cholinergic activation is speci�c to cer-

tain stimulus parameters (i.e., contrast) and age groups. Although these �ndings

are in agreement with the behavioral studies on humans reporting that choliner-

gic transmission plays an important role in motion processing (e.g., [43]), they

also emphasize that there is a complex relationship between visual stimulation

and cholinergic system during neural aging.

In addition to the problems in cortical visual areas, aging undoubtedly can lead

to several eye conditions and diseases such as macular degeneration, glaucoma

or cataract [238]. Therefore it is important to control for such problems while

studying age-related changes in vision. One of the limitations of the present study

was that the zebra�sh were not examined for optical or retinal problems that
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would impair visual functions such as acuity and contrast sensitivity. Although

there are methods to measure some optical properties of the eyes in zebra�sh

such as focal length or lens radius for understanding the refractory errors, the

standard pre-screening tests (e.g., retinoscopy) used in the studies of age-related

changes in visual performance in other animals (e.g., monkeys) were shown to be

impossible to implement on �sh due the small eye size and �xed pupil diameter

[239]. It is also worthwhile to mention that deteriorated visual acuity due to

optical factors and alterations in retinal structure [240, 241, 242] cannot simply

explain the behavioral results presented here. Such an interpretation of data

implies that there should be an overall age-related decline in the amplitude of

negative OMR. However, as mentioned previously, we only observed changes in

the contrast domain rather than spatial frequency. Moreover, these changes were

restricted to high contrast levels and genotype-speci�c. Therefore, the signi�cant

three-way interaction on the behavioral measure cannot be due to just those

low-level structural alterations.
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Chapter 3

Second-order motion detection of

aging zebra�sh

3.1 Introduction

As the population of older adults increases, identifying the changes in visual

functioning during adulthood and underlying mechanisms have become more

important. The research on age-related changes in visual perception has been

primarily focused on �rst-order motion that typically includes the processing of

spatiotemporally modulated sinusoidal gratings. Visual system is also sensitive

to second-order stimuli that are de�ned by changes in features such as texture

or contrast and does not contain modulation in luminance contrary to �rst-order

stimuli [16, 17, 243]. Since we encounter both types of information in our daily

lives frequently, understanding how aging a�ects processing of second-order stim-

uli and neural mechanisms underlying these changes are highly important as well

[21, 22]. In addition, the �ndings on age-related alterations in second-order mo-

tion perception are not conclusive as to whether the vulnerability to aging is

comparable with that to �rst-order motion since the results highly depend on the

type and parameters of the stimuli used [69, 67, 2]. Therefore more research is

needed to reach stronger conclusions.
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Although second-order motion usually regarded as `higher level' motion and to

necessitate an elaborate visual cortex, non-mammals such as larval zebra�sh and

Drosophila are able to detect second-order motion [34, 35]. However, whether

adult zebra�sh show visually driven responses to second-order motion has not

been shown yet. This study aimed to investigate whether, along several other

visual functions, adult zebra�sh can also be used as a model organism to ex-

amine the changes in second-order motion perception, especially during aging.

Additionally, the studies investigating the e�ects of manipulations of cholinergic

neurotransmission on perception of motion direction have focused on �rst-order

motion stimuli (e.g., [173]) and how the changes in cholinergic levels a�ect the

detection of second-order motion still remains unclear.

In this study, young (7�10 months) and old (24�43 months) zebra�sh were

used to study the e�ects of aging on detection of second-order motion direction.

In addition to wild-type/AB strain, achesb55/+ mutants with decreased acetyl-

cholinesterase levels were used to provide further information on the relationship

between cholinergic alterations and second-order motion processing during aging,

and to shed light on the underlying neural mechanisms. A recent study on humans

emphasized the importance of testing age-related changes in second-order motion

perception as a function of varying spatial frequency values [1]. Yet, the studies

on the e�ects of aging on second-order motion processing have mainly investi-

gated the temporal aspect while using a single level of spatial frequency [67, 2].

Therefore, this study used second-order motion with di�erent values of spatial

frequencies to generate stimulus-driven optomotor responses. As second-order

motion stimuli, random dots whose �icker frequency was modulated by a drifting

square-wave (half-wave recti�ed, 50% duty cycle) were used. Spatial frequency

values and the speed of the second-order motion stimuli were the same with those

of �rst-order motion stimuli used in the �rst study of the thesis (0.01-0.8 c/deg

and 20 deg/s, respectively). Second-order motion perception has been generally

shown to be more vulnerable to aging compared to the �rst-order motion and

aging seems to have an overall e�ect on perception across motion parameters

including spatial frequency [70, 67, 1]. Therefore, OMR to second-order motion

is expected to elicit changes depending on the age of zebra�sh across all spatial
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frequency levels. In addition, as in the �rst study, the genotype of zebra�sh is

predicted to interact with other variables (i.e., age and spatial frequency) given

that ACh in�uences the visual motion perception as well as age-related cognitive

processes.

The results of this study showed that the direction of OMR (i.e., whether ze-

bra�sh shows OMR in the same or in the opposite direction compared to the

direction of stimulus motion), depends on the age of the zebra�sh. The second-

order motion resulted in negative OMR in young zebra�sh, as shown in the �rst

study that used �rst-order motion to induce OMR. On the other hand, the polar-

ity of OMR was reversed for the old zebra�sh as they showed optomotor responses

in the same direction of the visual motion. The responses of both groups were

weak and not robust enough to cause signi�cant shifts compared to the baseline

levels across varying spatial frequencies. Moreover, the genotype of the zebra�sh

or spatial frequency of the stimulus did not have signi�cant in�uence on the

strength of the responses.

3.2 Methods

3.2.1 Animal husbandry

A total of 41 adult zebra�sh (young: 7-10 months and old: 24-43 months) who

have met the criteria of inclusion (i.e., the zebra�sh who did not show abnormal

behaviors frequently during the testing session) were used in the study (see Data

processing and quanti�cation). Thus, the data of 19 wild-type (AB strain: 9

young and 10 old) and 22 mutant (achesb55/+: 9 young and 13 old) zebra�sh were

used in the analyses. Animal husbandry and maintenance conditions, and the

ethical approval information were the same as those described in Chapter 2.
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3.2.2 Experimental set-up and stimuli

The experimental design was based on measuring optomotor response as in the

�rst study and the same behavioral set-up was used to test the zebra�sh OMR

(Figure 2.1A). The second-order motion stimuli were consisted of random dots

and were �icker-frequency-modulated. The �icker frequency of the static random

dots was modulated by a drifting square-wave (half-wave recti�ed, 50% duty

cycle). That is to say, the luminance polarity of the pixels within the drifting

square-wave reverse from �white� to �black� or from �black� to �white� to create

moving bars consisted of �ickering dots (See Video 3 in Karaduman [244] for

an example video of the second-order stimulus). The spatial frequency values

of motion stimuli were 0.01, 0.05, 0.1, 0.2, 0.4 or 0.8 c/deg. In this stimulation

type, there was no spatiotemporal change in luminance or motion energy unlike

the �rst-order stimuli. Flicker-frequency-modulated noise was chosen as a second-

order stimulus rather than contrast-modulation, to avoid �rst-order components

induced by the problems in gamma correction of the monitor [245, 26].

At the beginning of each trial, static random dots were displayed for 3 seconds

and then, second-order motion in a speci�c direction (rightward or leftward) is

given for 5 seconds with a speed of 20 deg/s (See Video 3 in Karaduman [244]).

The next trial started after a variable (4-6 seconds) intertrial interval. The visual

angles were calculated as described in the previous chapter.

3.2.3 Behavioral testing procedure

The behavioral testing procedure was the same as described in Chapter 2 except

that there was only one session consisted of 180 trials (6 spatial frequencies x 30

trials) which was randomly presented before or after a �rst-order motion session.

Before the experimental session, a habituation session lasting around 40 minutes

consisted of second-order stimulation was given to get the �sh accustomed to the

testing environment and the stimuli.
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3.2.4 Data processing and quanti�cation

The procedures for the identi�cation of the position of the zebra�sh for OMR cal-

culation and the subsequent elimination of the trials or sessions (hence the whole

data of the zebra�sh for all spatial frequency conditions) in which zebra�sh show

abnormal behaviors (i.e., stress/fear or escape related behaviors) were the same

as those described in the previous chapter. The abnormal behaviors observed in

this study were also similar to those identi�ed in the �rst one such as freezing,

bottom diving and fast swimming (Figure 3.1). On average, 95.94% of the trials

(SEM = 1.23%) were retained per behavioral testing session.

Overall, compared to the �rst-order motion, the �icker-frequency modulated

second-order stimulation is weaker. Therefore, it is expected to elicit a weaker

OMR. Based on the �ndings that the processing of second-order stimuli, including

the direction discrimination of motion, requires longer stimulation durations than

�rst-order stimuli [246, 247], it was reasoned that longer durations of second-

order stimulation might be needed to induce more robust OMR that also re�ect

the di�erences in OMR patterns between groups more accurately. Hence, to

calculate OMR in centimeters, the mean position of the �sh within the whole 5

seconds of drifting grating stimulation were calculated and then baseline position

levels (i.e., the mean position within the last 2 seconds of the stationary period)

were subtracted from this value. To normalize the responses, for each zebra�sh,

the baseline-corrected position shifts were divided by the di�erence between the

maximum and minimum of these values [i.e., (max-min) corresponding to the

observed range for an individual �sh]. Although the overall pattern of responses

for each group is highly similar with the initial results obtained with calculating

the OMR based on the �rst 3 seconds of moving stimulation, the OMR were

more robust for certain conditions. Therefore, the results were reported only for

5 seconds time window (see the details in the Results section).
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Figure 3.1: Examples of the most frequently observed types of stressful behaviors
are shown for two di�erent zebra�sh who were eliminated from further analyses.
Each graph shows the location of the �sh in the test tank (relative to the longer
side) during an 8-second trial. The horizontal and vertical axes represent the time
in seconds and the location in the test tank in cm (0 = left corner, 30 = right
corner), respectively. (A) Sample trials are given from the testing session of an
old wild-type zebra�sh. The �sh rapidly and repeatedly changed its swimming
direction and swam fast throughout the experimental session. (B) Sample trials
from a young achesb55/+ zebra�sh exhibiting freezing/inactivity behavior for most
of the experimental session are given.
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3.2.5 Statistical analysis

Normalized OMR values were used to compute group-averaged responses for each

condition and in further statistical tests. The statistical tests were performed with

SPSS version 25 (IBM SPSS Statistics, Armonk, NY, USA). The sample sizes were

unbalanced across groups (Wild-type young: 9; wild-type old: 10; achesb55/+

young: 9; achesb55/+ old: 13) and Levene's test showed that the variances for

the spatial frequency level of 0.05 c/deg were not equal across groups (F3,37 =

3.61, p = 0.022). Thus, the homogeneity of variance assumption needed for

ANOVA was violated. These factors would result in mixed-ANOVA to not to

yield the accurate results. Therefore, mixed-e�ects model procedure was used for

the statistical analyses since this procedure successfully deals with unbalanced

data with heterogeneous variances [228]. The model included the main e�ects and

interactions of age, genotype and repeated measurements of spatial frequency as

�xed e�ects. The model also had a subject-speci�c random intercept to account

for intra-individual correlation among the measurements collected from a speci�c

�sh [230, 231]. The threshold for signi�cance was set at p < 0.05.

3.3 Results

Figure 3.2 shows the normalized OMR values (i.e., baseline-corrected and normal-

ized position shifts) for each age (young, old) and genotype (wild-type, achesb55/+)

groups across 6 spatial frequency levels. The positive and negative values on the

vertical axis correspond to position shifts in the same (i.e., positive OMR) and

opposite (i.e., negative OMR) direction of physical motion, respectively. Unlike

the responses to �rst-order motion in Figure 2.3, zebra�sh showed both nega-

tive and positive OMR to the second-order motion stimulation. The negative

responses were mostly exhibited by young zebra�sh while the positive responses

were especially evident in the old groups. The averaged OMR peaked at the

0.4 c/deg spatial frequency level for the young wild-types (M = -0.246, SEM =

0.197) and at the 0.2 c/deg for the old wild-types (M = 0.118, SEM = 0.124).
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Figure 3.2: Normalized average OMR of wild-type (left) and achesb55/+ (right)
zebra�sh to second-order motion. In each plot, the �lled and open symbols cor-
respond to values from the young and old groups, respectively. The positive and
negative values correspond to position changes in the same and opposite direc-
tion to that of the physical motion, respectively. The dotted line represents the
baseline zero level. The error bars correspond to ±SEM.

Both young and old achesb55/+zebra�sh exhibited the strongest responses at a

lower spatial frequency level (spatial frequency = 0.05 c/deg, M = -0.192, SEM

= 0.097 and M = 0.279, SEM = 0.125, respectively). Figure 3.3 displays sample

trajectories of individual �sh from each group at these spatial frequency values.

These trajectories were along the longer side of the test tank parallel to the mo-

tion stimulation on the display. The visual motion elicited position shifts up

to 4 cm. As emphasized in Chapter 2, a systematic comparison across di�erent

groups is not possible with these raw values without normalization since the basic

locomotor properties might confound the outcomes.

To investigate the changes in the responses, a linear mixed-e�ects model analy-

sis was performed on the normalized responses. The model showed no signi�cant

main e�ect of genotype (F1,41 = 1.096, p = 0.301) and spatial frequency (F5,205 =

0.642, p = 0.668) or any two- or three-way interactions (ps > 0.05) (Table 3.1).

As seen in Figure 3.4 left plot which shows the combined responses across geno-

type and age groups (i.e., population average) at each spatial frequency condition,

spatial frequency of the second-order motion do not have a signi�cant in�uence

on the OMR of zebra�sh. One-sample t-tests investigating whether the elicited
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OMR across zebra�sh was signi�cantly di�erent from zero baseline level indicated

no signi�cant results either (Figure 3.4, left plot). The reason why the overall re-

sponses across zebra�sh were not robust enough to cause signi�cant shifts might

be that the young and old zebra�sh groups do not show OMR in the same di-

rection (Figure 3.4, right plot). Indeed, the mixed-e�ects model analyses showed

that the age of the zebra�sh signi�cantly a�ected the responses (F1,41 = 5.024,

p = 0.03). The polarity of OMR was signi�cantly di�erent in age groups such

that young zebra�sh swim in the opposite direction of second-order motion (M

= -0.08, SE = 0.049), while old zebra�sh swim in the same direction (M = 0.066,

SE = 0.043). This �nding is particularly interesting since in Chapter 2 young and

old zebra�sh typically showed negative OMR to �rst-order motion. When the re-

sponses of age groups separately examined at each spatial frequency (Figure 3.4,

right plot), OMR of zebra�sh were still not robust compared to the baseline levels

(FDR corrected ps > 0.05).
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Figure 3.3: Sample position trajectories of individual young (A) and old (B)
zebra�sh. The data of wild-type and achesb55/+ zebra�sh are displayed in the
left and right plots, respectively. In each plot, baseline-corrected but raw (i.e.,
not normalized) position shifts are shown as a function of time. The grating was
static in the baseline period (-2 to 0 s), and it started drifting at 0 sec. The
positive and negative values correspond to position shifts in the same (positive
OMR) and opposite (negative OMR) direction to that of the physical motion.
The thick blue curve indicates the mean position values, and the shaded area
corresponds to the standard error (±SEM) across trials.
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Figure 3.4: The combined optomotor responses across di�erent groups (i.e., pop-
ulation average) for each spatial frequency condition are shown on the left. The
responses for the young and old zebra�sh groups are shown in separate lines on
the right �gure. The �lled and open symbols correspond to values from the young
and old groups, respectively. The positive and negative values correspond to po-
sition changes in the same and opposite direction to that of the physical motion,
respectively. The dotted line represents the baseline zero level. The error bars
correspond to ±SEM.

Table 3.1: The outcome of linear-mixed-e�ects model procedure on OMR of ze-
bra�sh to second-order motion stimulation. The numerator (dfNum), and denom-
inator degrees of freedom (dfDen), F and p values are shown in separate columns.
Signi�cant p values (p < 0.05) are highlighted in bold.
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3.4 Discussion

In this study, age-related changes in the second-order motion detection and per-

ceived direction of wild-type and achesb55/+ zebra�sh were investigated. As in the

previous study, optomotor responses of zebra�sh to visual motion were used to

examine the perceptual changes in the second-order motion with a varying spatial

frequency. Interestingly, the behavioral �ndings showed age-dependent polarity

shift in OMR to second-order motion such that the young zebra�sh exhibit neg-

ative OMR while the old zebra�sh show positive OMR (i.e., position shift in

the opposite and same direction of visual motion, respectively). Although the

amount of divergence between the OMR of the age groups was signi�cant, the

responses were still not robust compared to the baseline-levels. In other words,

the second-order motion stimuli used were relatively a weaker stimulation than

the �rst-order drifting gratings. It should be noted that the signi�cantly di�erent

negative and positive OMR values observed in young and old zebra�sh respec-

tively also led the average magnitude of OMR across zebra�sh (i.e., population

average) to be close to the baseline levels.

There have been only few studies in the literature that investigated second-

order motion perception in zebra�sh. Previous studies showed that zebra�sh

exhibit both OMR [35, 136, 112] and OKR [136] to second-order motion, yet

these studies all used larval �sh. Larval zebra�sh have been shown to exhibit

positive OMR to di�erent types of second-order motion, including �icker-de�ned

motion, similar to the stimulus used in the current study [35]. Orger et al. [35]

further reported that in larval zebra�sh, contrast-modulated second-order mo-

tion elicits weaker OMR compared to luminance modulated �rst-order motion at

high spatial frequencies while it induces somewhat stronger responses at lower

spatial frequency levels. This is consistent with the �ndings that spatial resolu-

tion of the second-order motion processing is lower than that of the �rst-order

motion system [248, 249]. In the current study, the spatial frequency levels of

second-order motion were the same as those used in the �rst-order stimulation in

Chapter 2 (Figure 2.5B, right plot), which induced strong negative OMR at all

of the spatial frequency conditions except the lowest one (0.01 c/deg). Although
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directly comparing the two studies would not be possible because of some impor-

tant methodological di�erences (e.g., number of trials), one might argue that the

weak OMR observed in response to second-order motion might stem from using

spatial frequency values that are higher than those of which adult zebra�sh visual

system is able to detect for second-order motion. However, this explanation seems

unlikely to be the main cause of the weak responses since the spatial frequency

values used in this study covers a wide range of values including the ones that

have been shown to produce strong OMR in larval zebra�sh [35, 136].

Another reason behind why adult zebra�sh did not show robust responses to

second-order stimuli unlike larval �sh in the previous studies might be the na-

ture of the adult optomotor response to visual motion. It has been shown that

larval zebra�sh exhibit clearer and robust positive OMR to �rst-order motion

compared to adult zebra�sh showing more or less negative OMR, tested under

the same circumstances. Larval �sh exhibit burst-and-coast swimming (i.e., in-

termittent swimming consisted of two-phase sequence including acceleration and

passive gliding) from one side of the tank to the other end, following the direc-

tion of stimulus motion starting right after stimulus onset [128]. This was also

supported by the observations in the pilot studies with larval �sh that they show

clear OMR from one side to the other side of the tank and tend to stay there

until the reversal of stimulus direction (See Video 1 and 2 in Karaduman [244]).

However, OMR of adult �sh is not that readily observable, rather it is more com-

plex and requires averaging the position of zebra�sh over trials or during long

stimulus durations, and subsequent analyses to understand the direction and the

magnitude of the response. In addition to that, certain aspects of OKR (i.e.,

saccade rate and tracking velocity) have been reported to be lower in zebra�sh

larvae for second-order motion stimuli, consisted of a random dot pattern with

moving rows of dots, compared to �rst-order motion (i.e., drifting high contrast

sine-wave grating) having the same spatial frequency and velocity levels with the

second-order stimulus [136]. As already mentioned, larval zebra�sh also show

weaker OMR to second-order motion than to �rst-order motion [35]. Therefore,

in the current study, adult zebra�sh which have been previously shown to exhibit

weaker OMR than larval zebra�sh to �rst-order motion, might fail to exhibit
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strong OMR to second-order motion because this type of motion might induce

even weaker optomotor responses. Considering these factors and the fact that the

signi�cant responses in the contrast and spatial frequency domains in Chapter 2

with �rst-order motion were mostly obtained by averaging more number of trials,

increasing the motion exposure durations or number of trials might have helped

the responses to become stronger in the current experiment as well.

It is important to note that the weak responses to the �icker-de�ned second-

order motion in the current study do not necessarily mean a general lack of ability

to perceive or less sensitivity to second-order motion in adult zebra�sh. Visual

system has di�erent spatio-temporal sensitivities to di�erent types of second-order

motion, rather than having a homogenous group of detectors that are responsi-

ble for second-order motion processing [243, 250, 248, 251, 252]. Therefore, it

is expected that the type of second-order stimulus used in the current study

may also have an e�ect on the weak responses. Flicker-de�ned motion was cho-

sen speci�cally because it has been suggested to be free of �rst-order artifacts.

In addition, larval zebra�sh have been shown to exhibit the strongest OMR to

�icker-de�ned motion compared to other types of second-order stimuli including

contrast-modulated and texture-de�ned motions [35]. In any case, investigating

optomotor responses to di�erent types of second-order stimuli in adult zebra�sh

may yield useful information as to which one drives the strongest responses in

adult zebra�sh and therefore more suitable to be used for investigating the un-

derlying mechanisms of second-order motion processing.

In the present study, the genotype of the �sh did not have any di�erential e�ect

on the responses across varying spatial frequencies of second-order motion during

aging as in Chapter 2. Particularly in the previous �rst-order motion study,

the OMR to �rst-order motion changed depending on the genotype and age of

the zebra�sh only on the contrast domain whereas a similar e�ect of cholinergic

manipulation on the responses was absent across di�erent spatial frequency levels.

ACh levels in V1 have also been previously shown to control the response gain

of the neurons (i.e., enhanced response to a given stimulus contrast) [171, 172].

Based on these �ndings, besides the overall weakness of the responses, OMR to

second-order motion might not show such dependency to cholinergic manipulation
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since second-order stimuli do not contain spatiotemporal changes in luminance

levels (hence changes in stimulus contrast) as in �rst-order stimulation.

Taken together, this study showed that inducing robust optomotor responses to

second-order motion in adult zebra�sh might require a more intense stimulation

procedure than used in the current experiment. It would be also fruitful to test

di�erent types of second-order stimuli to see whether weak OMR levels found in

this study was speci�c to �icker-de�ned motion. Eliciting stronger responses in

adult zebra�sh would also help to understand whether the polarity shift observed

in OMR of young and old zebra�sh re�ects a true di�erence in the nature of their

OMR or results from noise. The former alternative would be interesting as it

would suggest that the nature of OMR to second-order motion in aged zebra�sh

is also di�erent from their responses to �rst-order motion which were mostly

in the opposite direction of visual motion. This might indicate that the visual

system of older zebra�sh processes both types information di�erently and that

the patterns of age-related changes are distinct for �rst- and second-order motion

processing.
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Chapter 4

Exposure-based visual learning in

aging zebra�sh

4.1 Introduction

It has been well-established that older individuals experience di�culties in various

aspects of vision [11, 15]. Perceptual learning is one of the approaches that have

been discussed to shape and improve the visual performance of aged individuals

[196]. Yet, how this type of learning changes motion perception of older individ-

uals still remains unclear and the neural mechanisms underlying these (possible)

age-related alterations is subject to debate [174].

Previous research on zebra�sh motion perception has been mostly focused on

characterizing the sensitivity of visual system [119, 8, 123]. However, the ef-

fects of repeated presentation of visual motion and exposure-based learning have

not been studied in zebra�sh which has become an important model for stud-

ies of aging and learning. The third study of the thesis addressed this scien-

ti�c gap. Speci�cally, using optomotor responses to repeated drifting gratings

(having 45% contrast and 0.1 c/deg spatial frequency), this study investigated

age-related changes in exposure-based visual learning of aging zebra�sh (wild-
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type/AB strain vs. achesb55/+ mutants with reduced acetylcholinesterase levels).

Visual perceptual learning can improve the performance of both younger and

older subjects in tasks involving direction discrimination of motion [37, 196, 199].

Based on these �ndings, it was expected that the repeated presentation of �rst-

order motion would improve the detection of motion direction in both young and

old zebra�sh groups. Furthermore, the rate of improvement might be stronger

in achesb55/+ mutants compared to wild-types. ACh regulates learning by in-

creasing the responses of sensory cortical neurons to behaviorally relevant stimuli

[253] and blockade of acetylcholinesterase improves perceptual learning in visual

texture discrimination task [254] and motion direction discrimination tasks in

humans [174, 175]. Moreover, in zebra�sh, nicotine has been shown to improve

the performance in several learning paradigms [255, 256]. The di�erence in the

rate of improvement between the wild-type and achesb55/+ mutants might be even

more pronounced in the old groups since age-related cognitive decline have been

shown to be delayed in achesb55/+ mutants compared to their wild-type siblings

[78].

The results indicated that passive repeated exposure to visual motion for �ve

consecutive days induces di�erent patterns of changes in OMR of young and old

zebra�sh. Although the responses within experimental days decreased in the

old group, the detection of motion direction improved in both groups across days

with repeated exposure. Contrary to expectations, the responses of wild-type and

achesb55/+ mutants were found to be similar. This study, to our knowledge, is the

�rst systematic study to investigate passive and exposure-based visual learning

and the e�ects of altered cholinergic system in aging zebra�sh.
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4.2 Methods

4.2.1 Animal husbandry

A total of 54 adult zebra�sh (young: 7-10 months and old: 24-43 months) who

have met the criteria of inclusion (i.e., the zebra�sh who did not show abnormal

behaviors frequently during testing sessions) were used in this study. Thus, the

data of 28 wild-type (AB strain: 17 young and 11 old) and 26 mutant (achesb55/+:

10 young and 16 old) zebra�sh were used in the analyses. The data of some �sh

were eliminated for certain experimental days when these abnormal behaviors

were observed frequently during an experimental session (for details, see Data

processing and quanti�cation). The genotype and age information of the �sh

included in the analyses across experimental days can be seen in Table 4.1. The

protocol for the behavioral experiments in this study was in accordance with the

international guidelines for the care and use of laboratory animals and approved

by the Bilkent University Local Animal Ethics Committee with the following

approval date and number: May 9, 2019 and no: 2019/20.

4.2.2 Experimental set-up and stimuli

The same behavioral set-up was used to test the zebra�sh OMR as in the previous

studies (Figure 2.1A). To generate �rst-order motion, drifting sine-wave gratings

were used. The contrast and spatial frequency level of the grating were determined

based on the initial results of the �rst study in Chapter 2. Based on these results,

the condition in which the performances in each age and genotype group were

not signi�cantly di�erent than the baseline levels and also not having very low

visibility level (e.g., 10% contrast and below) was chosen. Accordingly, sine-

wave gratings with 45% contrast and 0.1 c/deg spatial frequency was used. The

structure of a trial (i.e., 3 seconds of stationary grating, followed by 5 seconds of

rightward or leftward drifting grating and 4-6 seconds of intertrial interval), the

drifting speed of the gratings (20 deg/s) and calculation of visual angles were the
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same as those described in Chapter 2.

Table 4.1: Genotype and age distribution of the zebra�sh included in the analyses
at each experimental day after the eliminations.

4.2.3 Behavioral testing procedure

Two zebra�sh were taken from the system tanks and transferred to the holding

tank in which the �sh were held during the testing week. Data were collected

between 9:30-17:00 pm and the experiment lasted 6 days in total for each pair of

zebra�sh. Each zebra�sh was tested individually in the test tank. On the �rst

day, the �sh were presented with approximately 2.5 hours of habituation session

consisting of the repeated presentation of the sine-wave gratings, so that the stress

related behaviors observed in the previous studies would be minimized. On each

of the following 5 days, a shorter habituation session (lasting approximately 25 to

35 minutes) was followed by a testing session with 300 trials (150 trials for each

motion direction, presented pseudorandomly) which lasted around 65 minutes.

4.2.4 Data processing and quanti�cation

The procedures for the identi�cation of the position of the zebra�sh for OMR

calculation and the subsequent elimination of the trials/sessions in which zebra�sh

show abnormal behaviors (i.e., stress/fear or escape related behaviors) were the

same as those described in the �rst study of the thesis. Abnormal behaviors
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exhibited in this study were also similar to those reported in the previous studies

(Figure 4.1). The animals whose data of more than 2 experimental days were

eliminated were discarded from further analyses. On average, 92.65% of the

trials (SEM = 0.57%) were retained per behavioral testing session.

For calculating OMR of each zebra�sh in an experimental day, two di�erent

time windows were used. First, OMR was calculated by taking the �rst three

seconds of moving stimulation into account as in the �rst study. To be speci�c,

the average position within the �rst 3 seconds of drifting grating stimulation was

computed and the average position within the 2 seconds right before the begin-

ning of motion stimulation (i.e., baseline position level) was subtracted from this

value. In contrast to the �rst study, this study included only one combination of

spatial frequency and contrast level which does not elicit the strongest OMR in

zebra�sh. Therefore, the swimming pattern observed in the �rst study, which was

reaching the end of the test tank before the stimulus ends and swimming back

again, might not be a concern in this study. Consequently, zebra�sh might show

stronger optomotor responses to longer motion stimulation durations. Therefore,

for a secondary analysis, the same OMR calculation was performed by taking the

last three seconds of moving stimulation into account. The results were reported

for each of these OMR calculations separately. To normalize the responses for

each zebra�sh, the baseline-corrected position shifts were divided by the di�erence

between the maximum and minimum of these values [i.e., (max-min) correspond-

ing to the observed range for an individual �sh].

Previous research suggests that rapid sensory plasticity can be achieved

through repeated and passive exposure to visual stimulation [257]. Moreover,

besides slow and progressive learning over days, fast learning in motion direction

tasks occurs within the �rst 100-200 trials of the �rst day [258]. These �ndings

emphasize the importance of analyzing the changes across separate blocks within

each day. Therefore, the averaged and normalized OMR were calculated for two

separate intra-session blocks: The �rst block for each day consisted of the �rst

quarter of 300 trials (i.e., the �rst 75 trials) while the last block consisted of

the last quarter of 300 trials (i.e., the last 75 trials). In this way, within- and

between-session changes in the responses across experimental days were examined
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in detail. In addition, the changes in the average responses given to the entire 300

trials were also analyzed to see the overall changes in the behavioral performance

across days.

4.2.5 Statistical analysis

Normalized OMR values were used to compute group-averaged responses for each

experimental day and in further statistical tests. The statistical tests were per-

formed with SPSS version 25 (IBM SPSS Statistics, Armonk, NY, USA). Al-

though the data were collected for all of the 5 experimental days from each ze-

bra�sh, the criteria used in data processing and quanti�cation led to missing data

at speci�c experimental days. Hence, as in the previous studies, the linear mixed-

e�ects model procedure was used for the statistical analyses since this method

e�ciently deals with missing data [228]. The model included the main e�ects and

interactions of age, genotype, and repeated measurements of experimental days

and intra-session as �xed e�ects. The model also had a subject-speci�c random

intercept to account for intra-individual correlation among the measurements col-

lected from a speci�c �sh [230, 231]. To understand the nature of a signi�cant

interaction, simple e�ect analyses were conducted. Multiple comparisons were

corrected using the false discovery rate procedure [232, 233]. The threshold for

signi�cance was set at p < 0.05.

4.3 Results

The �rst analysis was conducted using OMR values (i.e., baseline-corrected and

normalized position shifts) which was calculated by taking the �rst three seconds

of moving stimulation into account. Figure 4.2 shows the normalized OMR val-

ues for each age (young, old) and genotype (wild-type, achesb55/+) group across 5

experimental days of repeated �rst-order motion stimulation at each intra-session

blocks. The positive and negative values on the vertical axis correspond to po-

sition shifts in the same (i.e., positive OMR) and opposite (i.e., negative OMR)
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Figure 4.1: Examples of the most frequently observed types of stressful behaviors
are shown for two di�erent zebra�sh who were eliminated from further analyses.
Each graph shows the location of the �sh in the test tank (relative to the longer
side) during an 8-second trial. The horizontal and vertical axes represent the time
in seconds and the location in the test tank in cm (0 = left corner, 30 = right
corner), respectively. (A) Sample trials from one session of a young achesb55/+

zebra�sh rapidly changing swimming directions and swimming fast throughout
the entire experimental session are shown. (B) Sample trials are shown from a
session of a young wild-type zebra�sh exhibiting freezing/inactivity behavior for
most of the experimental session.
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direction of physical motion, respectively. Consistent with the responses to �rst-

order motion stimulation in the �rst study (Figure 2.3), the zebra�sh typically

showed negative OMR to the repeated �rst-order motion stimulation throughout

the experimental days. The averaged OMR peaked at the �rst block of the last

day for the young wild-types (M = -0.285, SEM = 0.126) and at the last block of

the second day for the old wild-types (M = -0.44, SEM = 0.22). For the young

achesb55/+ group, the best response was obtained at the �rst block of the �rst day

(M = -0.487, SEM = 0.147) while the strongest response for the old achesb55/+

zebra�sh was observed at the �rst block of the last day of the experiment (M =

-0.378, SEM = 0.101). Figure 4.3 displays sample trajectories of individual �sh

from each group at these intra-session blocks. These trajectories were along the

longer side of the test tank parallel to the motion stimulation on the display. The

visual motion elicited position shifts up to around 3 cm during the �rst 3 seconds

of the moving stimulation.

To investigate the changes in the responses, linear mixed-e�ects model analy-

sis was performed on the normalized responses. The model showed no signi�cant

main e�ects of age (F1,50 = 0.157, p = 0.693), genotype (F1,50 = 0.019, p =

0.892), number of days (F4,444 = 0.222, p = 0.926) or intra-session (F1,434 = 0.04,

p = 0.842) on OMR of zebra�sh. However, the model indicated a signi�cant

interaction between days and intra-session (F4,434 = 3.259, p = 0.012). To under-

stand the nature of the interaction, the responses were combined across age and

genotype groups to obtain average responses across zebra�sh (i.e., population

average) (Figure 4.4A). Pairwise comparisons revealed that at the second day,

OMR of zebra�sh at the last block was signi�cantly stronger than the OMR at

the �rst block (p = 0.006, Cli�'s δ = -0.23) while this pattern was reversed at the

last day such that the OMR at the �rst block was signi�cantly stronger than the

OMR at the last block (p = 0.04, Cli�'s δ = -0.25) (Figure 4.4A). In addition, the

responses at the �rst block signi�cantly increased at the last day compared to the

responses at the �rst block of the second day of the experiment (p = 0.03, Cli�'s

δ = -0.31). One-sample t-tests investigating whether the elicited OMR at each

intra-session block at a given experimental day across zebra�sh was signi�cantly

di�erent from the baseline zero level indicated that OMR at the �rst day and the
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Figure 4.2: Normalized average OMR of wild-type (A) and achesb55/+ (B) ze-
bra�sh to repeated presentation of �rst-order motion, computed by taking the
�rst three seconds of the moving stimulation into account. The values of di�erent
age groups are displayed in separate plots (young: left plots and old: right plots)
and the values of each intra-session time are displayed in separate curves. The
solid lines with �lled circles and the dotted lines with open circles correspond
to the �rst and last intra-session blocks, respectively. The positive and negative
values correspond to position changes in the same and opposite direction to that
of the physical motion, respectively. Error bars correspond to ±SEM. The dotted
line in gray corresponds to baseline zero level, and a signi�cant deviation from
this level was marked with asterisk signs (FDR corrected p values, *p < 0.05, **p
< 0.01, ***p < 0.001).
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Figure 4.3: Sample position trajectories of individual wild-type (A) and achesb55/+

(B) zebra�sh. The data of young and old zebra�sh are displayed in the left
and right plots, respectively. In each plot, baseline-corrected but raw (i.e., not
normalized) position shifts are shown as a function of time. The grating was
static in the baseline period (-2 to 0 s), and it started drifting at 0 sec. The
positive and negative values correspond to position shifts in the same (positive
OMR) and opposite (negative OMR) direction to that of the physical motion.
The thick blue curve indicates the mean position values, and the shaded area
corresponds to the standard error (±SEM) across trials.
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Table 4.2: The outcome of linear-mixed-e�ects model procedure for the analysis
in which the OMR was calculated based on the �rst 3 seconds of the moving stim-
ulation. The numerator (dfNum), and denominator degrees of freedom (dfDen), F
and p values are shown in separate columns. Signi�cant p values (p < 0.05) are
highlighted in bold.

last 2 days for the �rst block were signi�cantly di�erent from this level. For the

last block, OMR at all experimental days except the last day were signi�cantly

di�erent from the baseline level (Figure 4.4A). The separate representation of

OMR values for the young and old zebra�sh (combined across genotype groups)

can also be examined in Figure 4.4B. The mixed-e�ects model did not indicate

any other two-way, three-way or four-way interactions (Table 4.2).

The second analysis was conducted using OMR values which were calculated

by taking the last three seconds of moving stimulation into account. Figure 4.5

shows the normalized OMR values for each age (young, old) and genotype (wild-

type, achesb55/+) group across 5 experimental days of repeated �rst-order motion

stimulation at each intra-session blocks. Similar to the �rst analysis, zebra�sh
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Figure 4.4: Mean normalized optomotor responses to repeated presentation of
�rst-order motion of each experimental day, computed by taking the �rst three
seconds of moving stimulation into account. The values for each intra-session
blocks are displayed in separate curves. The solid lines with �lled circles and the
dotted lines with open circles correspond to the �rst and last intra-session blocks,
respectively. The positive and negative values correspond to position changes
in the same and opposite direction to that of the physical motion, respectively.
Error bars correspond to ±SEM. The dotted line in gray corresponds to baseline
zero level, and a signi�cant deviation from this level was marked with asterisk
signs (FDR corrected p values, *p < 0.05, **p < 0.01, ***p < 0.001). A) The
combined optomotor responses across di�erent groups (i.e., population average).
B) Normalized average optomotor responses for the young (left plot) and old
groups (right plot).
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typically showed negative OMR to the repeated �rst-order motion stimulation

throughout the experimental days. The averaged OMR peaked at the �rst block

of the last day for the young wild-types (M = -0.439, SEM = 0.088) and at the

�rst block of the third day for the old wild-types (M = -0.482, SEM = 0.068).

For the young achesb55/+ group, the best response was obtained at the last block

of the second day (M = -0.5, SEM = 0.201) while the strongest response for

the old achesb55/+ zebra�sh was observed at the �rst block of the last day of the

experiment (M = -0.413, SEM = 0.154). The visual motion elicited position shifts

up to around 3.5 cm for the last 3 seconds of the moving stimulation (Figure 4.3).

To investigate the changes in the responses, linear mixed-e�ects model analy-

sis was performed on the normalized responses. Similar to the �rst analysis, the

model showed no signi�cant main e�ects of age (F1,52 = 1.19, p = 0.28), geno-

type (F1,52 = 0.423, p = 0.518), number of days (F4,443 = 0.472, p = 0.756) or

intra-session (F1,436 = 0.001, p = 0.996) on OMR of zebra�sh while there was a

signi�cant interaction between days and intra-session (F4,436 = 3.839, p = 0.004).

To understand the nature of the interaction, the responses were combined across

age and genotype groups to obtain average responses across zebra�sh (i.e., popu-

lation average) (Figure 4.6A). Similar to the �rst analysis, pairwise comparisons

revealed that at the second day, OMR of zebra�sh at the last block was signif-

icantly stronger than the OMR at the �rst block (p = 0.006, Cli�'s δ = -0.24)

whereas at the last day, the OMR at the �rst block was signi�cantly stronger than

the OMR at the last block (p = 0.008, Cli�'s δ = -0.27). In addition, the responses

at the �rst block signi�cantly increased at the last day compared to the second

day of the experiment (p = 0.001, Cli�'s δ = -0.38) (Figure 4.6A). One-sample

t-tests investigating whether the elicited OMR across zebra�sh was signi�cantly

di�erent from the baseline zero level for each intra-session block at each experi-

mental day indicated that all of the responses except the OMR at the �rst block

of the second day were signi�cantly di�erent from this level (Figure 4.6A). The

model also revealed a signi�cant interaction between age and intra-session (F1,436

= 10.919, p = 0.001). To understand the nature of the interaction, the responses

were combined across genotype groups and average responses were obtained for

the young and old zebra�sh (Figure 4.6B). Pairwise comparisons showed that
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Figure 4.5: Normalized average OMR of wild-type (A) and achesb55/+ (B) ze-
bra�sh to repeated presentation of �rst-order motion, computed by taking the
last three seconds of the moving stimulation into account. The values of di�er-
ent age groups are displayed in separate plots (young: left plots and old: right
plots) and the values of each intra-session time are displayed in separate curves.
The solid lines with �lled circles and dotted lines with open circles correspond to
�rst and last intra-session blocks, respectively. The positive and negative values
correspond to position changes in the same and opposite direction to that of the
physical motion, respectively. Error bars correspond to ±SEM. The dotted line
in gray corresponds to baseline zero level, and a signi�cant deviation from this
level was marked with asterisk signs (FDR corrected p values, *p < 0.05, **p <
0.01, ***p < 0.001).
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the OMR of old zebra�sh was stronger at the �rst blocks compared to the last

blocks (p = 0.018, Cli�'s δ = -0.21) whereas the responses of the young group

were stronger for the last blocks relative to the �rst blocks (p = 0.022, Cli�'s δ =

-0.28). Moreover, the OMR of young zebra�sh for the last blocks was signi�cantly

stronger than that of the old group (p = 0.015, Cli�'s δ = -0.39) (Figure 4.6B).

One-sample t-tests investigating whether the elicited OMR in young and old ze-

bra�sh groups were signi�cantly di�erent from the baseline zero level for each

intra-session block at each experimental day indicated that the responses of the

young group were signi�cantly di�erent from this level mostly at the last blocks

(starting from the �rst day) while the responses of the old group were signi�-

cantly di�erent from this level mostly at the �rst blocks (starting from the third

day) (Figure 4.6B, see also Table 4.3). The model did not indicate any other

two-way, three-way or four-way interactions (Table 4.4). A secondary analysis

was performed on the locomotor activity of the �sh to ensure that the reduction

in the responses of old zebra�sh at the last blocks did not stem from fatigue-

induced decrease in motility. To this end, the average distance travelled during

the stationary stimulation of the �rst and the last blocks were calculated for each

zebra�sh and a linear mixed-e�ects model was performed on the responses. Al-

though there was an overall reduction in the locomotor activity of zebra�sh at

the last blocks compared to the �rst blocks, there was no signi�cant di�erence

between the distance swam by the young and old zebra�sh or an interaction be-

tween age and intra-session (See Figure B.7 in Appendix B for the details of this

analysis). Thus, while locomotor activities within sessions decreased in both age

groups, the strength of optomotor responses reduced only in the old group.

In addition to the block-wise analyses described above, linear mixed-e�ects

model analyses were performed on the normalized averaged responses of 300 trials

to see the macro-level changes in behavioral performances across experimental

days for each time window. The models did not indicate any signi�cant changes

across days for either of the time windows (See Figure B.5 and Figure B.6 in

Appendix B for the details). These results emphasize the importance of analyzing

the changes in the optomotor responses due to repeated presentation of visual

motion within days as well since di�erent pattern of changes can be revealed in
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Table 4.3: One sample t-tests on the data shown in Figure 4.6B to assess whether
the OMR elicited on each intra-session blocks were signi�cantly di�erent than the
baseline zero level. The p values for each experimental day are shown in separate
columns. In each cell the p values are listed as follows: �rst block/last block.
Signi�cant p values (FDR corrected, p < 0.05) are highlighted in bold.

di�erent intra-session blocks across days as indicated by the previous analyses.
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Figure 4.6: Mean normalized optomotor responses to repeated presentation of
�rst-order motion of each experimental day, computed by taking the last three
seconds of moving stimulation into account. The values for each intra-session
time are displayed in separate curves. The solid lines with �lled circles and
dotted lines with open circles correspond to �rst and last intra-session blocks,
respectively. The positive and negative values correspond to position changes
in the same and opposite direction to that of the physical motion, respectively.
Error bars correspond to ±SEM. The dotted line in gray corresponds to baseline
zero level, and signi�cant deviation from this level was marked with asterisk
signs (FDR corrected p values, *p < 0.05, **p < 0.01, ***p < 0.001). A) The
combined optomotor responses across di�erent groups (i.e., population average).
B) Normalized average optomotor responses for the young (left plot) and old
groups (right plot).
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Table 4.4: The outcome of linear-mixed-e�ects model procedure for the analysis
in which the OMR was calculated based on the last 3 seconds of the moving stim-
ulation. The numerator (dfNum), and denominator degrees of freedom (dfDen), F
and p values are shown in separate columns. Signi�cant p values (p < 0.05) are
highlighted in bold.
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4.4 Discussion

In this study, the e�ects of repeated presentation of �rst-order motion on the

age-related changes in the detection of �rst-order motion direction was investi-

gated using adult wild-type and achesb55/+ zebra�sh. As in the previous studies

of thesis, the zebra�sh optomotor response to visual motion was used to examine

the changes in the detection of �rst-order motion due to repeated exposure for

�ve consecutive days. The study investigated both within-session and between-

session changes in the responses. Consistent with the �rst study of thesis, the

�rst-order motion typically elicited negative optomotor responses (i.e., position

shifts in the opposite direction of visual motion) in adult zebra�sh. The results

indicated di�erential pattern of changes in the strength of negative OMR for the

�rst and last blocks across days. Although the overall responses were similar dur-

ing the �rst experimental day, the strength of OMR increased at the end of the

second day (i.e., last block) with repeated exposure to motion compared to the

beginning of the day (i.e., �rst block). Across the experimental days, this pattern

was reversed such that the responses at the beginning of the days started to im-

prove while the responses at the end of the days reduced. On the last day of the

experiment, this shift in the strength of OMR resulted in a signi�cant di�erence

between the responses at the beginning and at the end of the day such that mere

exposure to visual motion decreased OMR of zebra�sh contrary to the second day

of the experiment in which the responses were improved. Interestingly, the e�ect

of repeated visual motion exposure was distinct for the young and old zebra�sh

groups, speci�cally when the optomotor responses were based on the last three

seconds of moving stimulation. It seems that the intra-session improvement in

the overall responses across zebra�sh at the second day and the reduction at the

last day were mostly driven by the young and old zebra�sh, respectively. To

be speci�c, in the young group, the intra-session OMR improved with repeated

presentation of motion whereas in the old group the intra-session responses were

reduced with repeated exposure. This di�erential pattern of results within each

age group also led the OMR of young zebra�sh to be stronger than the old group

for the second intra-session block during the �ve experimental days. Although the
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responses of the old group decreased within sessions, there was still an enhance-

ment across sessions given that the OMR at the �rst blocks became signi�cantly

stronger than the baseline-levels on the third day and onwards (Figure 4.6B, right

plot).

A previous study reported similar levels of improvements in the direction dis-

crimination of random dot motion for young and old individuals as a result of

training [37]. Bower and Andersen [199] however showed that although training

enhanced performances of both groups, improvement in the direction discrimina-

tion of drifting sine-wave gratings with di�erent contrast and size combinations

for older subjects was greater compared to the younger group. In both of these

studies younger subjects performed better than the older subjects prior to the

training. Bower and Andersen [199] suggested that younger observers' perfor-

mance may have been already near optimal levels and hence the room for im-

provement might be greater for the older subjects. In the current study, there

was no signi�cant di�erence in the performances of younger and older zebra�sh at

the beginning of the experiment (i.e., responses at the �rst block of the �rst ex-

perimental day) or the analysis did not reveal an interaction between the age and

exposure days. On the other hand, the performance of both age groups improved

with repeated passive exposure to motion, speci�cally for the OMR calculation

based on the last three seconds of moving stimulation. Overall, young zebra�sh

became better at detecting motion direction with repeated exposure as evidenced

by their improved OMR at the second blocks compared to the �rst blocks. The

improvement in the responses was robust from the very �rst day of the experi-

ment since their performance was stronger than the baseline-level starting from

the second block of the �rst experimental day. Their ability to detect motion

direction within the �rst blocks improved across days as well given that OMR

of the young zebra�sh reached signi�cance (i.e., signi�cantly di�erent than base-

line level) at the �rst block of the last day (Figure 4.6B, left plot). For the old

group, although there was within-session reduction in the responses as evidenced

by the overall decline in OMR at the last blocks compared to the �rst blocks,

there was an improvement in the OMR in terms of between session responses

such that the responses at the �rst block becomes signi�cantly stronger than the
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baseline levels starting from the third day of the experiment (Figure 4.6B, right

plot). Therefore, although the performance values of both groups signi�cantly

improved with repeated motion presentation, robust OMR levels was observed

earlier in the young group (i.e., at the �rst day) compared to the old zebra�sh

(i.e., at the third day). Interestingly, contrary to the young group, the OMR

of old zebra�sh for the second blocks did not reach signi�cance for any of the

experimental days due to intra-session decreases in the responses.

The reduced responses within days in the old group might be due to habit-

uation of OMR as a result of being repeatedly exposed to drifting gratings for

about an hour since zebra�sh have been shown to exhibit habituation to repeated

inconsequential visual stimulation [182, 219, 218]. However, the visual habitua-

tion studies on zebra�sh have used simple moving stimuli such as bouncing disk

[182] or looming stimulus [259] and examined the changes in escape-related star-

tle responses of larval �sh. Therefore, careful consideration should be given while

discussing the results of the current study in relation to the previous visual habit-

uation studies on larval zebra�sh due to the di�erences in stimulation protocols

and the measured responses. There is limited information on the use of opto-

motor response in habituation literature. A previous study reported that OMR

to �rst-order motion in larval zebra�sh do not show strong habituation during

over an hour of testing [125]. Similar �ndings have been reported in other ani-

mals (e.g., house�y) [260]. Alternatively, it might be argued that the decrease in

the responses of old zebra�sh within-sessions might stem from decreased locomo-

tor activity due to fatigue. However, this explanation is unlikely given that the

average distance travelled (i.e., locomotor activity) during the stationary visual

stimulation of the last blocks decrease for both age groups compared to the �rst

blocks while the averaged and normalized position shifts in response to motion

stimulation (i.e., OMR) decreased only in the old group. It is clear that more

research is needed that are designed to speci�cally investigate the habituation of

OMR in adult zebra�sh to reach more conclusive results and understand whether

age is an important factor that in�uences habituation of OMR in zebra�sh.

Cognitive performance in older zebra�sh has been shown to decline in several

learning tasks involving associative and spatial learning [78, 93]. However, this
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study did not show such an overall deteriorating e�ect of aging in exposure-based

visual learning. In particular, when the optomotor responses were based on the

last three seconds of moving stimulation, although the detection of �rst-order mo-

tion direction was reduced within sessions in older zebra�sh, their performance

at the �rst blocks still bene�tted from repeated motion stimulation across days

(Figure 4.6B). This may suggest that the mechanisms of neural plasticity re-

sponsible for exposure-based visual learning are still preserved at older age in

zebra�sh. This �nding supports previous �ndings on humans showing improve-

ment in direction discrimination of older adults due to training [196, 199, 37].

Complex learning tasks that involve more complex circuitries have been sug-

gested to be more susceptible to the e�ects of aging. Moreover, di�erent brain

areas show di�erent patterns of synaptic changes in the aging process [90, 261].

The telencephalic regions (e.g., medial and lateral pallium) in the zebra�sh brain

contain mammalian counterparts of areas such as hippocampus and amygdala

which are associated with complex forms of cognitive learning (e.g., spatial learn-

ing, emotional conditioning) [262, 108, 7, 263]. Region speci�c and age-related

subtle cellular and synaptic changes in these areas may lead to selective vulner-

abilities in higher order cognitive functions in zebra�sh [264, 90, 78, 261, 93].

Comparable performance in both age groups in the current study may suggest

that exposure-based visual learning possibly induces plastic changes and increase

visual sensitivity in the main visual areas in the zebra�sh brain such as optic

tectum or pretectum, which are homologous to mammalian superior colliculus

and part of the accessory optic system, respectively [102, 110]. Therefore, it can

be speculated that these areas may be relatively less susceptible to age-related

neurobiological changes, resulting in preserved perceptual learning at older age.

Genotype of the zebra�sh was expected to have an e�ect on the exposure-based

visual learning especially in the old groups. ACh has been suggested to regulate

the learning performances of animals in the tasks especially with high attentional

demands while the e�ect of ACh is only mild for the tasks that do not explicitly

designed to require attentional resources [265, 266, 267]. The enhancement of

cholinergic signaling in humans also leads to greater amounts of practice-based

perceptual learning in motion direction discrimination tasks involving training,
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and the facilitatory e�ects of ACh on attention is considered as one of the factors

that leads to this performance improvement [174, 175]. In the current study,

contrary to the expectations, the wild-type zebra�sh and achesb55/+ mutants re-

sponded similarly to repeated visual motion. Although the interaction between

intra-session responses and age of the zebra�sh seemed to be mostly contributed

by young wild-type and old achesb55/+ mutant groups (Figure 4.5), the analy-

ses did not indicate any signi�cant interactions with genotype. Therefore, the

comparable performances of genotype groups might stem from the attentional

requirements of the stimulation protocol used in the current study. In addition,

performance of achesb55/+ mutants in several learning tasks with high cognitive

demands (e.g., requiring conditioned responses to spatial cues) has been preserved

through aging [78]. It might be argued that the protective or facilitatory e�ects

of cholinergic manipulation on learning performances come into play in relatively

more complex cognitive learning tasks that are more vulnerable to aging in con-

trast to exposure-based visual learning in which both age groups already show

signi�cant improvements.

It is also important to emphasize that the lack of an interaction between geno-

type and other variables do not contradict with the results of the �rst study

of the thesis which shows a relationship between cholinergic manipulation and

detection of �rst-order motion direction in aging zebra�sh depending on the con-

trast level of the motion stimulation. ACh has been suggested to modulate the

signal to noise ratio and the responsiveness to contrast level of the visual stimu-

lation [171, 268, 172]. In the �rst study, the modulatory role of the ACh on the

responses to �rst-order motion was di�erential across contrast levels. Since only

one contrast level (i.e., 45%) was used in the exposure-based learning paradigm

here, the �ndings do not preclude any possible interaction between genotype and

learning/age in the contrast domain. Comprehensive characterization of OMR

responses in the contrast domain awaits future behavioral experimentation.
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Chapter 5

General Discussion

Historically, vision has been considered as the most informative sense and pro-

vides an important amount of sensory information to an organism. Given also

that a detailed understanding of visual processing provides invaluable insights on

the general underlying principles and functional organization of the brain, the

visual system has become an extensively studied sensory system. In particular,

visual motion perception, which is crucial for survival in a dynamic environment,

has become one of the mostly studied aspects of vision. Through visual motion

perception, we can estimate the trajectory and speed of rapidly approaching ob-

jects, monitor our own position relative to the other objects around us and adjust

our motor behaviors accordingly. Consequently, age-dependent alterations in mo-

tion perception have a great impact on the daily lives of elderly population, yet

the underlying mechanisms are still largely unknown. This thesis investigated

the age-related changes in the detection of visual motion direction in zebra�sh

aging model by using optomotor responses. The �rst study aimed to characterize

the changes in the detection of luminance de�ned �rst-order motion direction

which consisted of drifting sine-wave gratings with varying contrast and spatial

frequency values. In the second study, the changes in the detection of second-

order motion direction were examined by using �icker-frequency de�ned motion

with varying spatial frequencies. The third study further focused on passive

exposure-based visual learning in aging zebra�sh and investigated the e�ects of
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repetitive presentation of �rst-order motion on the detection of motion direction.

Previous studies have provided important information on contrast sensitivity and

spatiotemporal characteristics of �rst-order visual motion perception in zebra�sh.

The work in this thesis goes beyond the previous �ndings on zebra�sh vision, be-

cause to our knowledge this is the �rst systematic study to investigate the e�ects

of aging on the perception of �rst- and second-order motion in zebra�sh. Fur-

thermore, using achesb55/+ zebra�sh with altered cholinergic signaling in addition

to wild-type zebra�sh, this thesis provides novel insights on the role of ACh in

visual motion perception during the aging process, which has been surprisingly

overlooked in the previous literature of aging and vision. In what follows, the im-

plications of the �ndings of this thesis for zebra�sh behavior, age-related changes

in perception, and the functional links between the cholinergic system and visual

motion processing is provided.

5.1 OMR of adult zebra�sh

The OMR has been observed in di�erent animal species and described as the

re�exive move of the animals to stabilize the displacement of the visual image on

the retina. Although larval zebra�sh have been shown to produce robust OMR to

�rst-order motion in the direction of visual motion (i.e., positive OMR) [127, 125],

studies on adult zebra�sh reported OMR in the opposite direction of visual motion

(i.e., negative OMR) as well [128, 123]. Similarly, in other species such as adult

Drosophilia, there is evidence for both animals following and moving against the

visual motion while the exact reasons are not yet well understood [269, 270, 271].

Bak-Coleman et al. [128] tested both larval and adult zebra�sh under the same

circumstances and reported that larval �sh exhibit positive OMR to �rst-order

motion whereas adult zebra�sh mainly show negative OMR. They discussed the

possible reasons underlying this polarity reversal during the developmental pro-

cess in the context of rheotaxis behavior. OMR has been generally considered

as one of the underlying mechanisms of an innate rheotaxis behavior which is an

orienting behavior displayed by most aquatic species to water currents [272]. It
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serves di�erent functions for the �sh including catching the downstream-�oating

prey or guidance for migration [273, 274]. Fish typically show positive rheotaxis

meaning that they orient themselves to upstream position, into oncoming water

current. Some researcher also used the term rheotaxis as encompassing both the

orienting behavior relative to the current and the swimming behavior against the

current to stabilize position (i.e., optomotor response) [275]. Recent studies sug-

gest that integration of di�erent sensory cues which are complementary to each

other is required for rheotaxis behavior and hence emphasize the multisensory

aspect of the behavior [128, 272, 276]. One group of sensory cues includes the

water �ow sensation over the body surface processed by the lateral line system

[277, 278]. The second group of sensory cues is induced by the displacement

of the �sh along the current and includes the resulting visual (e.g., optic �ow),

and non-visual cues such as tactile or vestibular cues (e.g., body acceleration).

Bak-Coleman [128] suggested that larval �sh innately swim in the same direc-

tion of visual motion (i.e., drifting gratings) and try to stabilize the image on

their retina. In theory, this is consistent with positive rheotaxis behavior (i.e.,

orienting upstream) since the water current would produce optic �ow cues in the

opposite direction to that of the current when dragging the �sh to downstream.

Therefore, orienting and swimming to upstream is an indication of following the

visual motion, and hence positive OMR. They hypothesized that the polarity

reversal in OMR as the zebra�sh gets older might be due to learned multisensory

expectations. That is to say, the adult zebra�sh might be better at di�erentiating

exogenously exposed optic �ow cues due to the experimental visual stimulation

and the ones resulting from self-movement. For instance, when the �sh swims

in the same direction of visual motion, the visual cues are stabilized as if the

�sh is not moving. However, there is still a front-to-back water �ow sensation

detected by the lateral line system or forward acceleration signals detected by the

vestibular system that signals forward motion, which contradicts the information

coming from the visual system. They argue that the adult zebra�sh might show

negative OMR to overcome this contradiction by creating visual motion signals

that are in the consistent direction (front-to-back) with that of other nonvisual

cues.
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Although positive OMR was observed in some trials of speci�c conditions of

the �rst and the third study, the results highlight negative OMR to �rst-order

drifting gratings (See Supplementary Videos 1 and 3 in Karaduman et al. [225]

for a sample of negative and positive OMR, respectively). In this respect, they

con�rm the previous �ndings on adult zebra�sh. This thesis provides further im-

portant and novel insights into the nature of negative OMR exhibited by adults.

For instance, the magnitude of negative OMR signi�cantly depends on low-level

visual parameters such as contrast and spatial frequency. A hypothesis based on

learned multisensory expectations or alternative views should take into account

these parameters and provide an explanation of why they signi�cantly a�ect neg-

ative OMR. More importantly, the tuning curves of negative OMR in response

to spatial frequency and contrast levels of �rst-order motion were in line with the

previous studies on visual acuity and contrast sensitivity functions of zebra�sh

[223, 8]. Moreover, in the third study of the thesis repeated exposure to visual mo-

tion also induced changes in the strength of OMR in zebra�sh, possibly through

modulating the visual sensitivity, but left the polarity of OMR unchanged. Over-

all, these �ndings highlight the dependency of negative OMR on low-level visual

parameters and sensitivity of zebra�sh to these parameters hence, the sensory

aspect of negative OMR.

On another note, in a natural setting, the optic �ow that results from move-

ment of the �sh has a three-dimensional structure. However, in the experiments

of this thesis, the optic �ow cues were available for the �sh from only one side of

the test tank. Although one-sided and two-dimensional optic �ow is the typical

way to provide visual stimulation in the previous studies measuring optomotor

response of adult zebra�sh, three-dimensional optic �ow might provide stronger

and more salient visual cues which might eventually lead optomotor responses to

rely more on the visual information rather than the nonvisual cues. This might

also lead to more robust optomotor responses to visual motion in adult zebra�sh.

Interestingly, the second-order motion typically elicited positive OMR in old

zebra�sh while young zebra�sh mostly exhibited negative OMR. Yet, the re-

sponses were not robust and hence, whether the polarity of OMR is di�erent for

distinct motion types in an age-dependent manner warrants further investigation.

101



Processing of second-order stimuli has been considered to be more complex than

that of �rst-order stimuli [66, 67] and consistent with this view larval zebra�sh

have been shown to exhibit weaker OMR and OKR to second-order motion com-

pared to �rst-order motion [35, 136]. Although the studies in this thesis were

not designed to directly compare the responses to two motion types, the weaker

OMR of adult zebra�sh induced by �icker-frequency de�ned motion is also in line

with the previous �ndings on larval zebra�sh.

5.2 Age and genotype interaction in the contrast

domain

There is a growing realization of two important models and perspectives for un-

derstanding age-related changes in perception. First, visual motion has been

considered to be crucial for survival in a dynamic environment and hence, it has

been extensively studied by vision scientists [279, 280, 281]. A processing hierar-

chy and the motion systems operating at di�erent stages of perceptual processing

have been identi�ed. Moreover, visual motion stimuli selectively engaging these

systems have been designed. Therefore, previous motion studies provide an excel-

lent conceptual framework to understand age-related changes at di�erent stages

of perceptual processing [11]. Second, the zebra�sh has emerged as a promising

model for understanding the cognitive and neurobiological changes during aging,

as well as its use with potential anti-aging interventions [73]. As mentioned in

the previous sections, achesb55/+ mutants carrying a point mutation in the acetyl-

cholinesterase coding gene demonstrated a delayed aging phenotype in terms of

behavioral measures such as entrainment to spatial-temporal cues and learning

performance and �exibility, which are normally disrupted with normal aging in

zebra�sh [78]. The present thesis uniquely combines these two emerging models

and provides a comprehensive view on the e�ects of aging on perception. Partic-

ularly, this is to our knowledge the �rst comprehensive investigation on motion

detection and perceived direction of adult zebra�sh including both wild-type and

achesb55/+ mutants.
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Rather than an overall e�ect of aging, the results of the �rst study revealed a

three-way interaction between contrast, genotype, and age. In other words, age-

related di�erences in negative OMR values were largely dependent on stimulus

parameters and zebra�sh group. Visual motion has been extensively used to

understand the e�ects of aging on human perception. Using di�erent motion

types, most of the early studies on humans pointed out overall age-related declines

in the detection and discrimination of motion. It should be noted that there are

also studies reporting no evidence of age related alterations in visual motion

perception (see [11], for a review). Relatively recent �ndings suggested that

the in�uence of age on motion perception is signi�cantly dependent on the age

groups, perceptual task, and stimulus parameters [42, 44]. That is to say, these

�ndings highlight the di�erential e�ects of aging rather than an overall decline.

By showing only a three-way interaction on optomotor responses, our behavioral

results support this emerging view. In fact, previous studies on the primary visual

cortex showed the ACh level signi�cantly increases response gain in the contrast

domain. These modulations became dominant beyond the 10% contrast level

[171, 172]. Of note, manipulation in the contrast level leads to a direct change

in the motion energy and the signal to noise ratio of stimulation. Therefore,

the behavioral �ndings of the thesis highlighting the modulations in the contrast

domain and particularly at high contrast levels (>10%) are in line with previous

research and these properties of contrast level manipulation. Consistent with

these �ndings, there was no such relationship between genotype of the aging

zebra�sh and detection of second-order motion direction with di�erent spatial

frequency values. Contrary to �rst-order motion, second-order motion does not

contain spatiotemporal changes in luminance contrast [248, 21, 282] and this

might have led the responses to not to be a�ected di�erentially from the genotype

of the zebra�sh in the second study of the thesis. In addition, the e�ect of

aging on second-order motion processing is more consistent across a range of

stimulus parameters such as temporal and spatial frequency unlike �rst-order

motion [67, 1]. This thesis also reports an overall change in the responses of

zebra�sh to second-order motion depending on age (i.e., positive and negative

OMR in the old and young groups, respectively) and this change was evident

across varying spatial frequencies. However, it should be again emphasized that
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the overall weakness of the optomotor responses to this type of motion prevents

us to make strict conclusions as to whether aging actually leads to an overall

change in the nature of OMR in aging zebra�sh.

5.3 Exposure-based visual learning in adult ze-

bra�sh

Previous studies on visual perceptual learning in humans showed that the abil-

ity to detect and discriminate the direction of motion improves with repeated

presentation of the motion [191, 196, 192, 188, 199]. In these studies, percep-

tual improvements are typically induced by practice or training. The positive

e�ect of feedback given to the participants on the task performance suggests that

top-down processes such as attention is critical for learning to occur [283]. How-

ever, many studies also achieve performance improvements without any feedback

[200, 201, 284]. More importantly, visual sensitivity can be even improved in

adults in more passive ways of mere exposure to stimulus features that is not rel-

evant to the task being performed [184, 197, 283, 285]. For instance, in a pioneer-

ing study, while subjects were performing a letter identi�cation task, random dot

motion with subthreshold visibility was presented repeatedly in the background.

Although the subjects do not pay active attention to or cannot even detect the

motion, their subsequent performance for detecting and discriminating the di-

rection of the exposed motion at the suprathreshold levels was improved by the

previous exposure [184]. Similar improvements in the subsequent performances

were also observed when the irrelevant visual features (e.g., orientation, motion

direction) that the subjects were repeatedly exposed to were at suprathreshold

levels [210, 257, 197]. Interestingly, Benassi et al. [286] showed that this type

of passive and implicit learning of motion discrimination is even stronger than

the learning that is based on explicit training. This �nding suggests that visual

motion can be improved in a more robust way with lower level processing com-

pared to the processes involving directed attention. These �ndings together show

that without practicing a task, robust learning can be induced by e�ortless and

104



passive exposure to visual information which should be also viewed as a form of

perceptual learning.

The studies of motion perception in zebra�sh have been typically investigated

the visual sensitivities of the zebra�sh. However, whether signi�cant improve-

ments in visual perception can be induced with repetitive motion stimulation

have not been previously studied in zebra�sh. Passive forms of visual learn-

ing have been previously studied only in the context of habituation on larval

�sh [182, 219, 218, 287, 259]. This thesis shows that passive exposure to drift-

ing sine-wave gratings can induce (at least in certain block of trials) behavioral

modi�cations relevant to the motion detection and hence sensitivity of adult ze-

bra�sh. Repeated passive visual stimulation has been shown to induce plasticity

and increase the responsiveness in V1 neurons to the exposed feature in rodents

[205, 206]. Thus, repeated exposure to motion might have induced plasticity in

neural network in zebra�sh brain that processes the exposed stimuli to enhance

the detection of the exposed motion direction. Importantly, the improvement in

detection of motion was evident both at young and old age. Previously, exposure-

based visual perceptual learning has been typically studied with young adults.

Although visual perceptual learning based on training has also not been studied

extensively during aging, few studies provided evidence that repeated practice

improves motion processing in older individuals and can be used as a way to

restore their vision [37, 199]. This thesis provides preliminary evidence that the

mechanisms of performance improvement through exposure-based visual learning

during aging can be studied in zebra�sh which has become a popular model for

aging and learning research. At the same time, the �ndings also emphasize that

a design should also take into account changes within a session rather than just

focusing overall changes across days. Optomotor responses to �rst-order gratings

can be used as a tool to measure exposure-based visual learning. This is advan-

tageous since the parameters of the gratings such as spatial frequency, contrast,

orientation, or speed can be manipulated to explore the visual acuity and sensitiv-

ity to di�erent visual features. In the current thesis the parameters of the visual

stimulus was �xed to speci�c levels while testing the e�ects of repeated motion

presentation. Therefore, enriching the �ndings of this study by using �rst-order
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motion with a wide range of stimulus characteristics will help to achieve more

comprehensive conclusions. This would, in turn, enable to examine the functional

links between di�erent stimulus properties and passive forms of learning.

5.4 Future directions

Previous studies have demonstrated that second-order motion induces stabiliza-

tion behaviors in larval zebra�sh [35, 136]. The responses of adult zebra�sh to

second-order motion in the second study of the thesis were rather weak. To induce

stronger OMR in adult zebra�sh and reach more conclusive results regarding the

e�ects of aging and cholinergic alterations on the second-order motion percep-

tion, some modi�cations can be introduced to the design of the second study in

the future studies. As discussed earlier in Chapter 3, di�erent types of second-

order stimuli than �icker-frequency-modulated motion (e.g., contrast-modulated)

can be used since visual system has di�erential sensitivities to di�erent types of

second-order stimuli [243, 250, 248, 251, 252]. More importantly, since sensi-

tivity to second-order motion is lower than that of the �rst-order motion and

second-order motion requires longer exposure durations for direction identi�ca-

tion [246, 248, 288, 249, 136, 35], more intense stimulation procedures with longer

stimulation durations or increased numbers of trials can be used in future stud-

ies. This would also help to induce stronger OMR in adult zebra�sh because they

exhibit relatively weak responses compared to larval �sh [128]. Moreover, in this

thesis a direct comparison between the �rst- and second-order motion perception

of adult zebra�sh was not possible due to methodological di�erences between

the studies. Investigating the processing of both motion types in a comparable

manner would enable to drive more direct conclusions on how their perception

changes in aging zebra�sh relative to each other. In addition, a systematic in-

vestigation of the responses of both adult and larval zebra�sh to second-order

motion would also reveal whether a similar polarity reversal and di�erences in

the strength of OMR are evident during the developmental stages of zebra�sh as

observed in �rst-order motion [128].
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This thesis focused on identifying the stimulus-dependent changes in motion

perception on a group level while recent studies emphasize that investigating in-

dividual variability in the behavioral performance also provides valuable insights

for understanding the neural mechanisms underlying visual motion perception.

For instance, speci�c neurotransmitter concentrations in V1 and prefrontal cortex

have been shown to be related to individual variability in orientation discrimina-

tion and visual motion perception [289, 290]. It has been suggested that sex is an

important factor that contributes to individual di�erences in age-related changes

in motion perception [11]. Although both male and female zebra�sh were in-

cluded in the studies of the thesis, their responses were examined together since

the hypotheses were not based on gender-speci�c alterations in visual sensitivity

and perception. In addition, de�ning gender as a factor in the design and anal-

yses would decrease the sample sizes for each experimental group. Sex has been

suggested to be one of the contributing factors to the individual di�erences in

motion processing during healthy aging (see [11], for a review). Although some

studies report no e�ect of sex in motion perception tasks [291, 292], accumulating

evidence suggest sex-speci�c performance in several aspects of motion processing

such as discrimination of direction and speed. While some of these studies found

that the e�ect of sex is evident across ages and report better performance for

males [68, 293], others show that sex modulates the e�ects of aging such that

the performance of females are more vulnerable to aging than men [194, 193].

The sex-speci�c e�ect of aging also seems to be more pronounced for certain

stimulus parameters (e.g., duration, eccentricity) [46, 294, 42]. Therefore, includ-

ing sex as an independent variable in the future studies would certainly help to

better understand the age-related changes in motion perception. Age-dependent

changes in the levels of some key synaptic proteins such as synaptophysin (i.e.,

presynaptic vesicle protein) and PSD-95 (i.e., sca�olding protein for glutamate

receptors) are di�erent in male and female zebra�sh brains [264]. Importantly,

age-related changes in the levels of certain proteins of GABAergic and glutamater-

gic mechanisms have been shown to disrupt the excitatory-inhibitory balance of

synaptic transmission in the visual cortex which is thought to subsequently lead

to age-related alterations in visual processing [295]. Therefore, examining the

sex-speci�c changes in motion perception during aging would also enable to link

107



these perceptual changes more precisely to the changes in the cellular and synap-

tic mechanisms in adult zebra�sh brain.

One of the limitations of using the achesb55/+ model is that the genetic in-

tervention was introduced early in the developmental process which can change

the developmental dynamics and the system could develop some compensatory

mechanisms to maintain homeostasis [296]. As a complementary approach, phar-

macological interventions to alter acetylcholinesterase functioning at an older age,

for instance, application of acetylcholinesterase inhibitors (e.g., donepezil) can be

used to see its e�ects on the visual behaviors [297]. However, use of such inhibitors

has been shown to induce anxiety in adult zebra�sh, in addition to signi�cantly

in�uencing the locomotor activities [298]. On the other hand, signi�cant changes

in baseline locomotor activity levels were not observed in achesb55/+ mutants as

previously reported by Yu et al. [78] and this was also con�rmed in the third

study of the thesis. Another limitation of using this mutant line is that the

altered signaling as a result of impaired acetylcholinesterase functioning would

a�ect the zebra�sh brain globally. Given also that the e�ect of ACh on the visual

processing di�ers depending on the type of the ACh receptor activated and the

cite of ACh application in mammals [171, 165], manipulations that would target

speci�c ACh receptor types and brain regions that process motion information

necessary to produce OMR in zebra�sh (e.g., pretectum) would provide more

detailed information to better dissect the e�ects of ACh on motion processing

during aging.
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This is a License Agreement between Aysenur Karaduman ("User") and Copyright Clearance Center, Inc. ("CCC") on
behalf of the Rightsholder identified in the order details below. The license consists of the order details, the CCC
Terms and Conditions below, and any Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the CCC Terms and Conditions below.

LICENSED CONTENT

REQUEST DETAILS

NEW WORK DETAILS

Order Date 22-Jul-2021
Order License ID 1135150-1
ISSN 1534-7362

Type of Use Republish in a
thesis/dissertation

Publisher ASSOCIATION FOR
RESEARCH IN VISION AND
OPHTHALMOLOGY

Portion Chart/graph/table/figure

Publication Title Journal of vision

Article Title Age-related decline of
contrast sensitivity for
second-order stimuli:
earlier onset, but slower
progression, than for first-
order stimuli.

Author/Editor Association for Research in
Vision and Ophthalmology.

Date 01/01/2001

Language English

Country United States of America

Rightsholder Association for Research in
Vision & Ophthalmology
(ARVO)

Publication Type e-Journal

Start Page 18

Issue 7

Volume 9

URL http://bibpurl.oclc.org/web
/7838

Portion Type Chart/graph/table/figure

Number of charts / graphs
/ tables / figures
requested

1

Format (select all that
apply)

Print, ElectronicPrint

Who will republish the
content?

Academic institution

Duration of Use Life of current and all
future editions

Lifetime Unit Quantity More than 2,000,000

Rights Requested Main product

Distribution Worldwide

Translation Original language of
publication

Copies for the disabled? No

Minor editing privileges? Yes

Incidental promotional
use?

No

Currency USD

Title Investigating motion
detection of aging
zebrafish with optomotor
response

Instructor name Aysenur Karaduman

Institution name Bilkent University

Expected presentation
date

2021-07-16
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ADDITIONAL DETAILS

REUSE CONTENT DETAILS

SPECIAL RIGHTSHOLDER TERMS AND CONDITIONS
A reprint of this material must include a full article citation and acknowledge ARVO as the copyright holder.print

CCC Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication
of one or more copyrighted works as described in detail on the relevant Order Confirmation (the "Work(s)"). Copyright
Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the rightsholder identified on the Order
Confirmation (the "Rightsholder"). "Republication", as used herein, generally means the inclusion of a Work, in whole
or in part, in a new work or works, also as described on the Order Confirmation. "User", as used herein, means the
person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User, and (b)
shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third party
independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and conditions.
In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes
the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set forth
in the Order Confirmation and in these terms and conditions, and conveys no other rights in the Work(s) to
User. All rights not expressly granted are hereby reserved.

3.2.
General Payment Terms: You may pay by credit card or through an account with us payable at the end of the
month. If you and we agree that you may establish a standing account with CCC, then the following terms
apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge of 1-
1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set
forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due and

Order reference number N/A The requesting person /
organization to appear on
the license

Aysenur Karaduman

Title, description or
numeric reference of the
portion(s)

Figure 1

Editor of portion(s) Tang, Yong; Zhou, Yifeng

Volume of serial or
monograph

9

Page or page range of
portion

18

Title of the article/chapter
the portion is from

Age-related decline of
contrast sensitivity for
second-order stimuli:
earlier onset, but slower
progression, than for first-
order stimuli.

Author of portion(s) Tang, Yong; Zhou, Yifeng

Issue, if republishing an
article from a serial

7

Publication date of
portion

2009-07-31
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payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of the
Order Confirmation, the license is automatically revoked and is null and void, as if it had never been issued, if
complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including
the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is
subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or
circulation) included in the Order Confirmation or invoice and/or in these terms and conditions. Upon
completion of the licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by
removing or severing links or other locators) any further copies of the Work (except for copies printed onprint
paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as
having been used by permission, User is responsible for identifying, and seeking separate licenses (under this
Service or otherwise) for, any of such third party materials; without a separate license, such third party
materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the Service.
Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Republished with permission of [Rightsholder's name], from [Work's title, author, volume, edition
number and year of copyright]; permission conveyed through Copyright Clearance Center, Inc. " Such notice
must be provided in a reasonably legible font size and must be placed either immediately adjacent to the
Work as used (for example, as part of a by-line or footnote but not as a separate electronic link) or in the
place where substantially all other credits or notices for the new work containing the republished Work are
located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the User shall
be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the Order
Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work
may be used in any way that is defamatory, violates the rights of third parties (including such third parties'
rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit or obscene. In addition, User may not conjoin a Work with any other material that may result in
damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out
of any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in
any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy
or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO
USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the
total amount actually paid by User for this license. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors and assigns.

6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
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LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO
GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further notice. Any unauthorized
(but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of
the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three
times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's
and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise
for the purposes of notifying User of such changes or additions; provided that any such changes or additions
shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy, available
online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not
assign or transfer to any other person (whether a natural person or an organization of any kind) the license
created by the Order Confirmation and these terms and conditions or any rights granted hereunder;
provided, however, that User may assign such license in its entirety on written notice to CCC in the event of a
transfer of all or substantially all of User's rights in the new material which includes the Work(s) licensed
under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms set
forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

8.5. The licensing transaction described in the Order Confirmation document shall be governed by and construed
under the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any
case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such licensing
transaction shall be brought, at CCC's sole discretion, in any federal or state court located in the County of
New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the
location of the Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal
jurisdiction and venue of each such federal or state court.If you have any comments or questions about the
Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an e-mail to
support@copyright.com.
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ELSEVIER LICENSE

TERMS AND CONDITIONS

Jul 22, 2021

This Agreement between Aysenur Karaduman ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

License Number 5114261489425

License date Jul 22, 2021

Licensed Content Publisher Elsevier

Licensed Content Publication Current Opinion in Neurobiology

Licensed Content Title Central neural mechanisms for detecting second-order
motion

Licensed Content Author Curtis L Baker

Licensed Content Date Aug 1, 1999

Licensed Content Volume 9

Licensed Content Issue 4

Licensed Content Pages 6

Start Page 461

End Page 466

Type of Use reuse in a thesis/dissertation

Portion figures/tables/illustrations



Number of
figures/tables/illustrations

1

Format both print and electronic

Are you the author of this
Elsevier article? No

Will you be translating? No

Title Investigating motion detection of aging zebrafish with
optomotor response

Institution name Bilkent University

Expected presentation date Jul 2021

Portions Figure 1a and Figure 1b

Requestor Location

Aysenur Karaduman

Bilkent Üniversitesi, UMRAM


Ankara, Çankaya 06800

Turkey

Attn: Aysenur Karaduman

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.



3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications can be made to
any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).



13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:

Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of



articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.



Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

 

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the



work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.

 

20. Other Conditions:
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Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.



ELSEVIER LICENSE

TERMS AND CONDITIONS

Jul 22, 2021

This Agreement between Aysenur Karaduman ("You") and Elsevier ("Elsevier") consists of
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2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
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3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
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SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
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4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier’s permissions helpdesk here). No modifications can be made to
any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).



13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE

The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.

16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:

Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of



articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.



Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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Appendix B

Supplementary data

B.1 Pilot tests for optimizing experimental set-up

and procedure

During the pilot studies, initially a test tank with 30 cm length and 20 cm width

was used (Figure B.1). It was observed however that width of 20 cm might be

wider than needed, allowing zebra�sh to get too far away from the screen and

therefore might weaken the e�ect of the visual stimulation. In addition, since

position shifts in response to visual motion to calculate OMR is based on the

shifts along the longer side of the test tank (i.e., parallel to the visual motion),

giving too much extra space to the �sh to swim along the shorter side of the

tank might have further weaken OMR. Therefore, in order to promote the �sh

movement closer to and alongside of the screen, hence the visual stimulation,

a narrower test tank having the same length but with 4 cm width was decided

to be used for the main experiments (see Experimental set-up and procedure

in Chapter 2). For illumination of the tank to better capture the �sh location

by the webcam, LEDs were attached to the apparatus that holds the webcam

(Figure B.1). However, after pilot tests they were removed from the set-up, since

calibrations of the webcam allowed the �sh to be identi�ed solely by the light
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coming from the screen.

Figure B.1: Initial experimental set-up used during the pilot studies. A) Fish
swam in the elongated test tank located in front of an LCD monitor. A computer
controlled the stimulus presentation and a webcam which was placed at the top
of the tank recorded the activity of the �sh. To exclude external visual cues and
the light, white shields were attached to the empty sides of the tank (not shown
here). B) The view of the test tank and the �sh from the webcam located at the
top.

It was initially considered that determining the contrast sensitivity of the �sh

would be possible by using an adaptive method such as 1-up/1-down staircase

procedure which adjusts (decrease or increase) the contrast level of the motion

stimulus depending on the response of the �sh at a given trial. However, such

a single trial-based approach did not seem plausible after pilot measurements

since adult zebra�sh do not produce such clear position shifts to the drifting

gratings at a single trial. Rather, obtaining OMR that re�ects whether �sh can

perceive the motion or not requires averaging the positions over a number of

trials. Therefore, instead of an adaptive approach, method of constant stimuli

was used by determining a �x set of contrast and spatial frequency values for

the sine-wave gratings based on previous research on zebra�sh (see Experimental

set-up and stimuli in Chapter 2). After the observation that the adult zebra�sh

do not show clear OMR to motion that is readily observable for each trial, to
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make sure that the general set-up and stimuli are suitable to drive optomotor

responses in zebra�sh, some pilot tests were conducted on larval �sh since most

of the OMR studies on zebra�sh use larval �sh and zebra�sh larvae show more

robust optomotor responses to the visual motion compared to adult zebra�sh

[128]. In these pilot tests, sine-wave gratings with high contrast levels were used.

In a single trial, the sine-wave grating was static for 5 seconds and started to drift

to the right or left for 5 seconds. The same drifting direction was used during

a testing session. An intertrial interval of 4-6 s was used. The LCD monitor

was placed under the test tank and the webcam recorded the movement of the

�sh from above. These measurements revealed that the larval �sh show robust

positive OMR to the drifting gratings. They swam until the corner of the test tank

within the initial trials (sometimes as early as within the second trial) and stayed

there for the rest of the stimulation (See Videos 1 and 2 in Karaduman [244]).

These measurements ensured that our set-up and stimuli is e�ective in eliciting

OMR in zebra�sh. In the pilot measurements with adult zebra�sh, in a single

trial, the grating was static for 5 seconds and started to drift to the right or left in

random order for 5 seconds. 15 trials to one direction for a condition (a total of 30

trials per condition) were shown to induce notable positional shifts. There were

also positional shifts within the last 3 seconds of static stimulation possibly due

to motion-aftere�ect [126]. Therefore, to avoid motion-aftere�ect and stabilize

the position during the static stimulation, 5 seconds of static stimulation within

a trial was decided to be reduced to 3 seconds and an intertrial interval of 4-6 s

with gray screen was added (See Experimental set-up and stimuli in Chapter 2).
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B.2 Supplementary data for �rst-order motion

detection of aging zebra�sh

Figure B.2: The normalized OMR values of wild-type (A) and achesb55/+ (B)
zebra�sh. The data of young and old zebra�sh are displayed in the left and right
plots, respectively. In each plot, the normalized values are displayed as a function
of contrast and the values of each spatial frequency are presented in separate
curves. Error bars correspond to ±SEM. The same dataset is represented using
contour plots in Figure 2.3. The number of zebra�sh (wild-type young n = 10-14,
wild-type old n = 9-12, achesb55/+ young n = 12-15, achesb55/+ old n = 11-15) for
each experimental factor is listed in Table 2.1.
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Figure B.3: The normalized OMR values of wild-type (A) and achesb55/+ (B)
zebra�sh. The data of young and old zebra�sh are displayed in the left and right
plots, respectively. In each plot, the normalized values are displayed as a function
of spatial frequency and the values of each contrast level are presented in separate
curves. Error bars correspond to ±SEM. The same dataset is represented using
contour plots in Figure 2.3. The number of zebra�sh (wild-type young n = 10-14,
wild-type old n = 9-12, achesb55/+ young n = 12-15, achesb55/+ old n = 11-15) for
each experimental factor is listed in Table 2.1.
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Figure B.4: The representation of merged data (i.e., population average for adult
zebra�sh, n = 43-53) in Figure 2.5 as a function of contrast level (left plot) and
spatial frequency (right plot). Error bars correspond to ±SEM. The number of
zebra�sh for each experimental factor is listed in Table 2.1.
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B.3 Supplementary data for exposure-based vi-

sual learning in aging zebra�sh

Figure B.5: Normalized average OMR of wild-type (left) and achesb55/+ (right)
zebra�sh to repeated presentation of �rst-order motion, computed by taking the
�rst three seconds of the moving stimulation into account. In each plot, the
�lled and open symbols correspond to values from the young and old groups,
respectively. The dotted line represents the baseline zero level. The positive and
negative values correspond to position changes in the same and opposite direction
to that of the physical motion, respectively. Error bars correspond to ±SEM. The
linear mixed-e�ects model analysis showed no signi�cant main e�ects of age (F1,50

= 2.485, p = 0.121), genotype (F1,50 = 0.18, p = 0.673) or number of days (F4,191

= 0.249, p = 0.91) on OMR of zebra�sh. The analysis did not indicate any
signi�cant two-way or three-way interactions on the responses either (ps > 0.05).
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Figure B.6: Normalized average OMR of wild-type (left) and achesb55/+ (right)
zebra�sh to repeated presentation of �rst-order motion, computed by taking the
last three seconds of the moving stimulation into account. In each plot, the
�lled and open symbols correspond to values from the young and old groups,
respectively. The dotted line represents the baseline zero level. The positive and
negative values correspond to position changes in the same and opposite direction
to that of the physical motion, respectively. Error bars correspond to ±SEM. The
linear mixed-e�ects model analysis indicated no signi�cant main e�ect of genotype
(F1,53 = 0.055, p = 0.815) or number of days (F4,192 = 0.633, p = 0.64) on OMR
of zebra�sh. In this time window, only the age of zebra�sh signi�cantly a�ected
the responses (F1,53 = 4.305, p = 0.043). The young zebra�sh group exhibited
stronger and more negative OMR (M = -0.727, SE = 0.132) than the old group
(M = -0.344, SE = 0.129). The analysis reported no signi�cant two-way or three-
way interactions either (ps > 0.05).
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Figure B.7: The average distance travelled (i.e., locomotor activity) during the
stationary visual stimulation of the �rst and the last blocks (combined across 5
experimental days). On the left, the average locomotor activities of the age groups
are given. The �lled and open symbols correspond to values from the young and
old groups respectively. On the right, the average locomotor activities of the
genotype groups are given. The �lled and open symbols correspond to values
from the wild-type and achesb55/+ groups respectively. Error bars correspond to
±SEM. The locomotor activity of the zebra�sh was signi�cantly higher at the
�rst blocks compared to the last blocks (F1,54 = 69.368, p < 0.001). However,
age (F1,54 = 3.713, p = 0.059) or genotype (F1,54 = 0.056, p = 0.814) of the
zebra�sh did have a signi�cant e�ect on the locomotor activity. There were
also no signi�cant interactions between intra-session and age (F1,54 = 0.026, p =
0.873), intra-session and genotype (F1,54 = 2.05, p = 0.158) or among genotype,
age and intra-session (F1,54 = 0.004, p = 0.952).
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