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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 optomotor responses to drifting gratings, we investigated age-related changes in motion detection
of adult zebrafish (wild-type/AB-strain and achesb55/þ mutants with decreased levels of acetylcholines-
terase). Our results pointed out negative optomotor responses that significantly 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 zebrafish. Although there were no significant main
effects of age and genotype, we found a significant three-way interaction between contrast 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-specific. Accordingly, these behavioral findings suggest a
strong but complicated relationship between visual motion characteristics and the cholinergic system
during neural aging.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Healthy aging is notably accompanied by changes in visual
functioning. These changes severely influence daily activities and
have been associated with several dangerous situations such as
motor vehicle crashes (Langford and Koppel, 2006; Owsley et al.,
1998) and increased risk of falls due to troubles with balance
(Lord et al., 2010). Accordingly, these life-threatening problems
highlight the importance of characterizing age-related changes in
visual functioning and further understanding of the underlying
neural mechanisms (Owsley et al., 2016).

Given that motion perception is essential to survival in a dy-
namic world, most of the previous studies on deficits associated
with the aging visual system have particularly focused on motion.
Psychophysical studies revealed deficits in motion detection,
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direction, and speed discrimination in older adults (Ball and
Sekuler, 1986; Bennett et al., 2007; Norman et al., 2003;
Raghuram et al., 2005; Snowden and Kavanagh, 2006). A growing
body of literature suggests that age-related deficits in visual motion
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 (Betts et al., 2009; Schmolesky
et al., 2000; Yang et al., 2008; Zhang et al., 2008). Previous neuro-
imaging 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 and inferior frontal gyrus) of older adults, which
was interpreted as a possible compensatory mechanism for the
deteriorated perceptual performance (Biehl et al., 2017). The he-
modynamic response over the middle temporal area (V5/MT, a key
neural substrate of visual motion processing; see Born and Bradley,
2005; Zeki, 2015 for reviews) was found to be greater for older
adults who had decreased performance in global motion perception
(Ward et al., 2018). These studies overall support the view that
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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, without damaged optic nerve or retinal pathology, have
shown that the cells in primary visual cortex (V1) and area MT, had
lower contrast sensitivity, decreased orientation-, direction-, and
speed-selectivity, increased spontaneous activity and decreased
signal to noise ratio (Liang et al., 2010; Schmolesky et al., 2000;
Wang et al., 2014; Yang et al., 2008, 2009a; Zhang et al., 2008).
Moreover, the declines in optimal spatial and temporal frequencies
of V1 cells and an overall decrease in preferred speed of MT cells
have also been reported (Yang et al., 2009b; Zhang et al., 2008).
Functional deterioration in visual motion processing without major
changes in neuron number, size, or density in the retino-geniculo-
striate pathway (Ahmad and Spear, 1993; Kim et al., 1997; Peters
et al., 1997; Peters and Sethares, 1993; Vincent et al., 1989) also
suggest that there may be, rather, more subtle alterations in syn-
aptic 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 shown for cognitive processing previously
(Adams et al., 2008; Clayton et al., 2002; Morrison and Hof, 1997).
However, within the context of visual motion, the functional links
between age-related changes in behavior and key synaptic targets
are still poorly understood.

Zebrafish (Danio rerio) have become an appealing model for
studying both age-related behavioral and biological changes. They
are inexpensive to maintain, very fertile, and develop extremely
rapidly, becoming sexually mature in 3 months. Their brain and
nervous system develop similarly compared with those of other
vertebrates (Kimmel, 1993). Ease of genetic manipulation, high de-
gree of similarity between zebrafish and human genes, the avail-
ability of multiple mutant and transgenic phenotypes, and identified
biomarkers of aging make zebrafish a highly valuable model for
genetic analyses and biological aging processes (Arslan-Ergul et al.,
2016; Gerhard, 2003; Howe et al., 2013; Kalueff et al., 2014; Kishi
et al., 2008). More importantly, as in humans, zebrafish exhibit
age-related declines in cognitive functions (e.g., learning and mem-
ory), and accumulating evidence suggests that subtle changes in
cellular and synaptic integrity underlie these changes (Adams and
Kafaligonul, 2018). Zebrafish offer various advantages as well for
studying vision. Their visual system is similar to those of other ver-
tebrates in terms of retinal anatomy, the organization of retinotectal
projections and pathways (Bilotta and Saszik, 2001; Schmitt and
Dowling, 1999). In addition, there are several procedures available
to quantify a wide range of stimulus-driven behaviors of zebrafish
such as optomotor responses and optokinetic reflexive eye move-
ments. Previous research revealed qualitatively similar visual acuity
and contrast sensitivity functions for zebrafish (Tappeiner et al.,
2012). Furthermore, it has been shown that zebrafish perceive
first- and second-order motions whichmainly engage low- andmid-
level motion processing. They also experience various motion illu-
sions commonly used in human studies such as reverse-phi, motion
aftereffect, and rotating snakes illusions (Gori et al., 2014; Najafian
et al., 2014; Orger et al., 2000). The zebrafish visual system also re-
lies on similar principles underlying motion processing to those
commonly found in humans and other vertebrates. Many neurons at
different stages of the visual system have selective responses to
motion direction (Bollman, 2019). Besides retinal ganglion cells
sensitive to motion, previous studies emphasize the importance of
direction-selective neurons located in the optic tectum and pre-
tectum for further processing (Wang et al., 2020; Yildizoglu et al.,
2020). For instance, the percept of motion aftereffect has been
associated with the habituation of optic tectum neurons (Perez-
Schuster et al., 2016). A combination of whole-brain imaging,
behavioral analysis, and modeling also revealed that pretectal
circuits process retinal inputs and integrate monocular motion cues
which subsequently play a critical role in the generation of command
signals for the optomotor response (OMR) (Naumann et al., 2016).

Although motion detection of aging zebrafish has not been sys-
tematically investigated yet, previous research on cognitive func-
tioning provides important mutant models. In terms of cognitive
aging, an interesting zebrafish mutant line is achesb55/þ mutants.
These mutants have impaired acetylcholinesterase function which
hydrolyzes and inactivates acetylcholine (ACh), and thus resulting in
increased ACh levels (Behra et al., 2002; Soreq and Seidman, 2001).
ACh is a cortical neuromodulator that plays important roles in various
cognitive functions such as attention, learning, and memory (Everitt
and Robbins, 1997; Furey et al., 2000; Hasselmo, 1999; Herrero
et al., 2008; Sarter et al., 2005). Furthermore, age-related changes in
the cholinergic system (i.e., the loss of ACh levels) have been sug-
gested to contribute to cognitive decline in normal aging (Bartus et al.,
1982; Schliebs and Arendt, 2011; Terry and Buccafusco, 2003). To
understand the cholinergic involvement in cognitive aging, Yu et al.
(2006) used achesb55/þ mutants in spatial learning paradigms.
Compared with wild-type siblings, age-related spatial learning defi-
cits were delayed in these animals, which is consistent with the hy-
pothesis that ACh levels affect age-related changes in cognitive
functioning. These mutants have been considered as a delayed model
of cognitive aging. ACh also plays a key role in visual processing and
perception. ACh application to V1 neurons of macaque monkeys im-
proves spatial tuning (Roberts et al., 2005), increases responsiveness
by decreasing contrast thresholds and enhances response gain, and
resulting in better detection of visual stimuli (Disney et al., 2007;
Soma et al., 2012). Using other species, it has also been shown that
ACh improves orientation, direction selectivity, and contrast sensi-
tivity of V1 neurons. Of particular relevance to the present study, an
increase in ACh level leads to improvements in the direction selec-
tivity of MT neurons and hence the detection and discrimination of
direction while decreasing noise correlations (Thiele et al., 2012). In
addition, increasing the levels of ACh via the cholinesterase inhibitor
donepezil in humans improves visual perceptual learning and leads to
better motion discrimination of the trained stimuli (Rokem and Silver,
2013, 2010). It has been suggested that such ACh effects on visual
processing mimic the effects of attention because attention similarly
decreases noise correlations and increases sensitivity in visual cortices
(Cohen andMaunsell, 2009; Goard and Dan, 2009; Thiele et al., 2009).
Surprisingly, despite the evidence demonstrating the various contri-
butions of the cholinergic system to visual processes, its specific 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 the cholinergic system in humans and age-
related changes in motion perception (Kunchulia et al., 2019). The
behavioral findings suggest that genetic variations are associatedwith
perceptual performance on direction discrimination, but these asso-
ciations seem to be unrelated to age-related changes. Although this
study provides an important step along this direction, 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 specific motion characteristics and parameters
(see below).

Using the zebrafish model which offers an ideal framework for
both aging and visual motion, we focused on characterizing the
detection of motion direction during aging. To generate stimulus-
driven optomotor responses, we used sine-wave gratings with
varying contrasts (1%e75%) and spatial frequencies (0.01e0.8 c/
deg) and assessed the motion detection of young (7e10 months)
and old animals (24e43 months). Previous motion studies were
mainly focused on zebrafish larvae (e.g., Orger et al., 2000). To date,
there is limited information on motion detection of adult zebrafish
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and no systematic investigation of age-related changes in the
detection of motion direction. Specifically, we aimed to fill 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 specific
stimulus parameters rather than an overall effect of age (e.g.,
Conlon et al., 2017; Pilz et al., 2017). Building on these findings, we
anticipated on finding an interaction between aging and other
factors (i.e., contrast or spatial frequency). More importantly, our
design also included young and old achesb55/þ mutants. As
mentioned previously, the cholinergic system and ACh levels are
significantly involved in both aging and visual motion processing.
Therefore, we also predicted a differential effect of genotype (i.e.,
wild-type vs. achesb55/þ mutants) on age-related changes in the
detection of motion direction. In this way, we aimed to provide
additional key insights into the functional link between visual
motion processing and ACh levels during neural aging.
2. Methods

2.1. Animal husbandry

A total of 70 adult zebrafish (young: 7e10 months and old:
24e43 months) were used in this study. The data of 3 fish were
excluded from further analyses due to technical problems in video
tracking, and 5 fish expressed abnormal behaviors in the testing tank
during data collection (see Data processing and quantification). Thus,
the data of 28 wild-type (AB strain: 16 young and 12 old) and 34
A

B

Fig. 1. (A) Schematic representation of behavioral set-up to quantify zebrafish activity and
placed above the tank recorded fish movements. During the experiments, the white shields
(not shown here). The timing of stimulation and video recordings were controlled by a co
3 seconds and then moved in a specific direction (rightward or leftward) for 5 seconds. A va
45%, and 75%) and spatial frequency (0.01, 0.05, 0.1, 0.2, 0.4, and 0.8 c/deg) of the grating w
mutant (achesb55/þ: 19 young and 15 old) zebrafish were used in the
analyses. The mutants were originally obtained from the European
Zebrafish Resource Center-Karlsruhe Institute of Technology. All fish
were raised in standard conditions and maintained at a constant
temperature of 28.5 oC on a 14:10 hours light:dark cycle in the Bil-
kent University Zebrafish Facility. The fish were fed twice a day with
standard fish flakes (Sera, Germany) and once a day with fresh
artemia in a recirculating tank system (Tecniplast, Italy). The stocking
densities were kept as approximately 10 fish in 4-L tanks, and the
fishwith the same birthdates were housed in the same tank. Animals
were maintained with minimal disturbance to prevent any unnec-
essary stress. Two fishwere taken from the facility system eachweek
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. Experimental set-up and stimuli

Our experimental design was based on measuring zebrafish
optomotor response, a position-stabilizing reflex to whole-field
visual motion (see Data processing and quantification). Accord-
ingly, the behavioral set-up consisted of an elongated test tank
located in front of an LCD monitor, a video camera, and a computer
to control stimulus presentation and recording (Fig. 1A). The test
tank (4 � 30 � 20 cm) was filled with 10 cm of water. To exclude
external visual cues and light, white shields were attached to the
optomotor response. The test tank was located in front of an LCD monitor. The camera
were attached to the empty sides of the tank to prevent any external visual stimulation
mputer. (B) Timeline of each trial. On each trial, the sine-wave grating was static for
riable (4e6 seconds) intertrial interval was used. The contrast level (1%, 1.5%, 10%, 25%,
ere varied across trials.



Table 1
q-PCR experiments on the extracted genomic DNAs to distinguish the mutant
animals

q-PCR reactions Amount (ml)

Forward primer (N or S, 0.5 mM final) 1
Reverse primer (0.5 mM final) 1
ddH2O 2
Genomic DNA (10 mg/mL final) 1
SYBR Green 5

Table 2
Primer sequences

Primer Forward primer (50-30) Reverse primer (30-50)

S ACACGTGCCATATTGCAGAG CTGCTCCAGGGAAGAACTTG
N ACACGTGCCATATTGCAGAA

S: wild-type sequence; N: mutant sequence (Avci et al., 2018)
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empty sides. The camera (Logitech HD ProWebcam C920, 60 frames
per second) was placed above the test tank, and it was used to re-
cord the behavioral activity of zebrafish for offline analyses. Some
preliminarymeasurements weremade using the set-up to optimize
the recording settings and position of the camera in terms of image
quality. The visual stimuli were presented via an 18.5-inch LCD
monitor (HP V196, 1366 � 768 pixel resolution and 60 Hz refresh
rate).

A SpectroCAL (Cambridge Research Systems, Rochester, Kent,
UK) photometer was used for the luminance calibration and the
linearization of the display. The minimum and maximum lumi-
nance 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 (Brainard, 1997; Pelli, 1997). To
generate first-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 zebrafish (Bak-Coleman et al., 2015; Hollbach et al.,
2015; Maaswinkel and Li, 2003; Tappeiner et al., 2012). At the
beginning of each trial, the drifting grating was static for 3 seconds
(Fig. 1B) and then, it drifted in a specific direction (rightward or
leftward) for 5 seconds with a speed of 20 deg/s. After a variable
(4e6 seconds) intertrial interval, the next trial began. Visual angles
were calculated based on a 1.5 cm distance from the LCD monitor
screen.

2.3. Behavioral testing procedure

Two zebrafish were taken from the system tanks and transferred
to the holding tank in which the fish were held during the testing
week. We collected data for 6 different contrast levels at each of the
6 different spatial frequency levels, making 36 conditions in total.
These conditions were presented in 6 different 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 fixed
during each session, and only the spatial frequency was varied
across trials. In each session, a grating with a specific 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 � 30 trials) and lasted around
40 minutes in total.

Data were collected between 9:30 ame4:00 pm and the mea-
surements lasted 3 days (typically 2 contrast levels/sessions per
day) in total. The zebrafish has a light/dark activity cycle such as
humans, and this time range corresponds to the active phase of fish
(Zhdanova et al., 2008). On each day, each fish 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 fish was counterbalanced across days. On the first
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 � 30 trials) was presented
before the main experimental sessions to get the fish acclimated to
the testing tank, light conditions, and stimulation. On the following
days, we followed the same procedure, but the habituation session
was shorter (lasting approximately 20e30 minutes).

2.4. Genotyping of achesb55/þ mutants

After the behavioral experiments, the heterozygous achesb55/þ

mutants and their wild-type siblings were genotyped. Initially, the
zebrafish were euthanized by immersion in ice-water, and then the
tails were separated from the body with scissors and snap frozen in
liquid nitrogen. The samples were stored at �80 �C in 1.5 mL tubes
until the DNA extraction step. Genomic DNAwas extracted from the
tail samples using standard procedures. For this process, 200 mL of
lysis buffer containing 100 mM Tris pH 8.2 with 10 mM EDTA,
200 mM NaCl, 0.5% SDS, and 1X proteinase K was added to the tail
samples, and these were incubated at 55 �C on a shaking rotates
overnight. After this incubation period, proteinase K was deacti-
vated by heating the samples at 95 �C for 20 minutes. Then, the
samples were centrifuged at 13,000 rpm for 20 minutes at 4 �C.
Supernatants were collected into the new tubes, and 175 mL of
isopropanol was added into them and mixed well. The samples
were further centrifuged at 13,000 rpm for 20 minutes at 4 �C,
supernatants were carefully discarded, and pellets were washed
with 500 mL of 70% ethanol. After this step, the samples were
centrifuged one more time at 13,000 rpm for 20 minutes at 4 �C.
Supernatants were discarded carefully, and pellets were air-dried
for 20 minutes. After this step, the pellets were resuspended in
20 mL DNase/RNase-free water and genomic DNA concentrations
were determined using NanoDrop (Thermo Scientific, Rockford, IL).
Extracted genomic DNAs were subjected to analysis using quanti-
tative polymerase chain reaction (q-PCR) to distinguish the mutant
animals (Avci et al., 2018). Two forward primers were used for
genotyping (Table 1). The first primer, primer S recognized the
wild-type sequence and the second primer N identified the point
mutation existing in heterozygous mutants (Table 2). Each sample
was tested with both primers in duplicates, and mutants were
determined based on the amplification difference of these 2
primers.
2.5. Data processing and quantification

We used OMR to assess motion detection and the perceived
direction of adult zebrafish. OMR is a position-stabilizing reflex that
includes eye, head, or whole-bodymovements towhole-field visual
motion, and it has been widely used to quantify various visual
functions of different species. Through this reflexive behavior, for
instance, flying insects can maintain flight control or fish can avoid
drifting in water currents and control its orientation by stabilizing
the displacement of the visual image on the retina (see Kalueff et al.,
2013; Orger and Polevieja, 2017 for reviews). The paradigms based
on OMR have been well established for studying visual motion
processing in various species. Of particular relevance to the present
study, OMR provides reliable behavioral metrics for various aspects
of visual motion processing in zebrafish such as first- and second-
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order motion perception (Orger et al., 2000), the spatiotemporal
characteristics of motion detection (Maaswinkel and Li, 2003), the
contributions of different cone types to motion detection (Krauss
and Neumeyer, 2003; Orger and Baier, 2005), and motion afteref-
fects (Najafian et al., 2014). Compared with other similar reflexive
behaviors, the OMR testing procedures provide additional impor-
tant advantages for studying motion processing in adult zebrafish.
For instance, OMR and optokinetic reflexive (OKR) eye movements
methods yield similar results and conclusions on rodent vision,
such as visual acuity and contrast sensitivity (Kretschmer et al.,
2017, 2013; Prusky et al., 2004; Tabata et al., 2010). However, in
contrast to OKR, the OMR procedure is easy to apply, and it does not
require confinement of the animal, which can be challenging
especially for the adult zebrafish (e.g., Tappeiner et al., 2012),
thereby allowing the animal to move freely in the testing arena.
This is particularly important to minimize stress, especially in old
animals, during behavioral testing and to easily identify abnormal
behavior at the end.

As in the previousmotion studies using a rectangular test tank for
OMR paradigm, the position shift of fish along the longer side of the
tank was used to quantify OMR. Although zebrafish larvae typically
exhibit this shift in the direction of physical motion (positive OMR),
previous research also indicated that it can be in the opposite di-
rection (negative OMR) for adult zebrafish (e.g., Bak-Coleman et al.,
2015). Accordingly, in each video frame, the position of fish in the
test tank was tracked offline via MATLAB Video Processing Toolbox
(The MathWorks, Natick, MA, USA) and our own custom scripts.
Briefly, the video recordings for each trial were first converted to
grayscale, and the average of the whole trial was computed for a
representative background model. The region where the fish 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 Hessianwas used for blob
detection, and the locations of blob centers in each frame were
recorded as horizontal and vertical positions of fish in the test tank
(Xu and Cheng, 2017). Finally, a 5th order median filter 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 exper-
iment. With a small number of trials during these studies, the
drifting gratings elicited reliable and robust position shifts in adult
zebrafish. 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 zebrafish. Overall, the
tracking procedurewas highly successful in terms of locating the fish
position during both pilot studies and the main experimental ses-
sions (Supplementary Video 1).

During the main experimental sessions, several zebrafish
showed specific behaviors that have been associated with stress/
fear or escape response such as the increased speed of movement,
diving, rapid directional changes, or freezing (Kalueff et al., 2013).
We observed that the frequent display of such behaviors was highly
likely to overshadow the true OMR response. Accordingly, before
the calculation of OMR, we excluded these trials, sessions, or
complete data sets of some fish that had included these behaviors
throughout all experimental sessions. One of the most frequent
abnormal swimming pattern observed was also swimming in cir-
cles at one of the corners while repeatedly diving to the bottom and
then back toward the surface (Supplementary Video 2). We detec-
ted those behaviors by finding the trials with the mean fish location
of less than 5 cm away from the corners with a standard deviation
lower than 3 cm. This method was successful at identifying most of
these trials. In rare cases, as we did for other types of abnormal
behaviors (e.g., freezing and fast swimming), wemanually detected
the trials by examining the position coordinates of the fish in the
test tank and confirmed such instances 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 ¼ 0.26%) were retained per behavioral
testing session.

We examined fish swimming patterns within different time
windows of 8 seconds of visual stimulation (3 seconds of stationary
and 5 seconds of drifting grating) to find the time period which
correctly reflects the robust OMR response. These preliminary ana-
lyses revealed that the horizontal position of zebrafish (i.e., the
elongated axis of the test tank parallel to the drifting stimulation on
the display) within the first 3 seconds stimulation of drifting grating
reflects reliably the sudden and reflexive response (i.e., OMR) to
motion. In addition, because the zebrafish 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
zebrafish (Kist and Portugues, 2019). Therefore, we used the average
of horizontal position within the first 3 seconds of motion stimula-
tion (i.e., 0e3 second time window) for further analyses of main
experimental sessions. Our preliminary analyses and observations
also highlighted the importance of using the last 2 seconds of the
stationary period (i.e.,e2 to 0 seconds timewindow) to get rid of any
confounding factor due to the startle response to the appearance of
grating after the gray background presented between the trials. We
used the average positionwithin this time range as the baseline level
right before the motion stimulation.

For each zebrafish in an experimental condition, we first refer-
enced the horizontal position values based on the physical motion
direction in each trial and the positive and negative values corre-
sponded to a position shift in the same and opposite direction to
that of the drifting grating, respectively. These values were then
averaged across all trials of each specific condition. This led to an
average position estimate of individual zebrafish throughout the
presentation of an experimental condition (3 seconds of stationary
and 5 seconds of drifting grating stimulation). We computed the
mean position within the first 3 second time window of drifting
grating stimulation and then subtracted the mean position within
the 2 second time window right before the onset of motion stim-
ulation (i.e., baseline position level) from this value. Thus, the OMR
values of all conditions were calculated in centimeters. Some of the
basic locomotor properties (e.g., speed) can affect the raw position
shifts in centimeters. For instance, a faster swimming speed can
overall lead to larger position shifts within a fixed amount of time
(i.e., 3 seconds). In accordance with previous research (e.g., Pix
et al., 2000), we used a common normalization procedure to limit
the contribution of such potential confounds due to basic locomotor
properties. For each zebrafish, the baseline-corrected position shifts
were divided by the difference between the maximum and mini-
mum of these values [i.e., (max-min) corresponding to the observed
range for an individual fish]. This basic approach allowed us to
circumvent potential confounding factors and hence to have a fair
comparison across different zebrafish groups. It should be noted
that the experimenter was blind to the conditions and groups in all
phases of the data analyses.

2.6. Statistical analysis

We used normalized OMR values to compute group-averaged
OMR responses for each condition and in further statistical tests.
The statistical tests were performedwith SPSS version 25 (IBM SPSS
Statistics, Armonk, NY, USA). Although the data were collected for
all the contrast and spatial frequency conditions from each zebra-
fish, the criteria used in data processing and quantification led to
missing data at specific conditions. Therefore, the linear mixed-



Table 3
One sample t-tests to assess whether the OMR elicited by each condition was
significantly different 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 com-
parisons. Significant p values (p < 0.05) are highlighted in bold

Contrast (%) Spatial frequency (c/deg)

0.01 0.05 0.1 0.2 0.4 0.8

1 0.899 0.331 0.899 0.899 0.899 0.899
1.5 0.899 0.805 0.805 0.899 0.604 0.824
10 0.805 0.899 0.899 0.547 0.331 0.814
25 0.982 0.805 0.202 0.068 0.015 0.805
45 0.899 0.168 0.018 < 0.001 0.006 0.098
75 0.899 0.032 0.006 0.006 0.006 < 0.001
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effects model procedure was used for the statistical analyses given
its efficiency in dealing with missing data (Heck et al., 2014). This
statistical procedure has the advantage of allowing for the inclusion
of all subjects in the analysis without losing power compared with
A

B

Fig. 2. Mean normalized optomotor responses of wild-type (A) and achesb55/þ (B) zebrafish f
displayed in separate contour plots (young: left plots and old: right plots). In each plot, the co
positive and negative values correspond to baseline-corrected and normalized position cha
physical motion, respectively. The color scale shows the range of mean position shifts. Scali
represented by negative (blue) and positive (red) values on the color scale. The main effects
and the three-way interaction between contrast, age, and genotype (F5, 1769 ¼ 2.616, p ¼
domain, the changes in optomotor responses were age- and genotype-specific. The number
12e15, achesb55/þ old n ¼ 11e15) for each experimental factor is listed in Supplementary Ta
referred to the Web version of this article.)
the standard general linear models and allows combinations of
both fixed and random effects (Boisgontier and Cheval, 2016). The
model included the main effects and interactions of age, genotype,
and repeated measurements of spatial frequency and contrast as
fixed effects. The model also had a subject-specific random inter-
cept to account for intraindividual correlation among the mea-
surements collected from a specific fish (Brauer and Curtin, 2018;
Schumann et al., 2010). To understand the nature of a main effect
or a significant interaction, post hoc simple effect analyses were
conducted. Multiple pairwise comparisons were corrected using
the false discovery rate procedure (Benjamini and Hochberg, 1995;
Benjamini and Yekutieli, 2001). The threshold for significance was
set at p < 0.05.
3. Results

Fig. 2 shows the normalized OMR values (i.e., baseline-corrected
and normalized position shifts) for each age (young, old) and
or different contrast and spatial frequency levels. The values of different age groups are
ntrast and spatial frequency values are marked by horizontal and vertical gridlines. The
nges in the same (positive OMR) and opposite (negative OMR) direction to that of the
ng was arranged as per the maximum absolute value. The direction of position shift is
of contrast (F5, 1769 ¼ 10.627, p < 0.001), spatial frequency (F5, 1715 ¼ 4.293, p ¼ 0.001),
0.023) were significant (details provided in Supplementary Table S1). In the contrast
of zebrafish (wild-type young n ¼ 10e14, wild-type old n ¼ 9e12, achesb55/þ young n ¼
ble S2. (For interpretation of the references to color in this figure legend, the reader is
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genotype (wild-type, achesb55/þ) 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, respec-
tively. As indicated by these contour plots, the negative OMR was
dominant beyond the 10%e25% contrast level and 0.05e0.1 c/deg
spatial frequency values. The overall pattern of these negative po-
sition shifts also differed for each zebrafish 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 (Supplementary Figure S1 and S2).
Typically, adult zebrafish moved up to 6 cm in the opposite direc-
tion at these optimum conditions (Supplementary Figure S3).
Notably, the wild-type young and achesb55/þ old groups overall had
larger shifts. We first performed a linear mixed-effects model to
evaluate these changes in the behavioral measure. The model re-
ported that contrast (F5, 1769 ¼ 10.627, p < 0.001) and spatial fre-
quency (F5, 1715 ¼ 4.293, p ¼ 0.001) significantly affected the
zebrafish OMR to drifting gratings. These statistical results suggest
that zebrafish (negative) OMR is significantly dependent on low-
A

B

Fig. 3. (A) The combined optomotor responses across different groups (i.e., population aver
The significant (FDR corrected, p < 0.05) deviations from the baseline zero level are highlig
responses for different spatial frequencies were merged to have a single mean response at
function of contrast level on the left plot. Using the same procedure, the average response (n
bars correspond to �SEM. The dotted line corresponds to baseline zero level, and a significan
0.05, **p < 0.01, ***p < 0.001). The negative OMR became significant at contrast levels ab
level visual motion parameters, and hence highlighting the
stimulus-driven nature of this behavior. On the other hand, there
was no significant main effect of age (F1, 58 ¼ 0.028, p ¼ 0.867) or
genotype (F1, 58 ¼ 0.025, p ¼ 0.875). Interestingly, the linear mixed-
effects model indicated only a significant interaction between
contrast, age, and genotype (F5, 1769 ¼ 2.616, p ¼ 0.023). The inter-
action between spatial frequency, age, and genotype was not sig-
nificant (F5, 1715¼1.473, p¼ 0.195). Moreover, the test did not reveal
any other two-way, three-way, or four-way interactions
(Supplementary Table S1). In each group, we also compared each
stimulation condition 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, p¼ 0.023; 0.4 c/deg, p¼ 0.026) and
achesb55/þ old (0.2 c/deg, p ¼ 0.005) groups. The outcome of these
tests is in line with age- and genotype-specific alterations in the
contrast domain (i.e., the significant three-way interaction), sup-
porting the original prediction about the differential effects of age
and genotype based on visual motion characteristics.

To further understand the dependency of negative OMR on the
contrast level and spatial frequency, we combined data across
different age and genotype groups (Fig. 3A). The contrast influenced
age for adult zebrafish, n ¼ 43e53) for each contrast and spatial frequency conditions.
hted in Table 3. Other conventions are the same as those in Fig. 2. (B) The optomotor
a specific contrast level. Then, the population average (n ¼ 43e53) was displayed as a
¼ 62) values were displayed as a function of spatial frequency on the right plot. Error

t deviation from this level was marked with asterisk signs (FDR corrected p values, *p <

ove 10% and/or spatial frequency values greater than 0.01 c/deg.



A. Karaduman et al. / Neurobiology of Aging 98 (2021) 21e3228
the responses such that higher contrast levels elicited stronger and
more negative (opposite to the physical motion direction) OMR.
This also demonstrates that the position shift of zebrafish increased
as the visibility of motion was increased. Such dependency on
contrast (Fig. 3B, 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 fre-
quency was optimal to elicit an optomotor response. Given that
OMR was significantly affected by visibility (i.e., contrast), this also
suggests that zebrafish had the overall highest sensitivity to motion
at this spatial frequency. This U-shaped dependency (Fig. 3B, right
plot) is also consistent with the contrast sensitivity functions
identified by previous OKR studies on adult zebrafish (Hollbach
et al., 2015; Tappeiner et al., 2012). Using the merged data shown
in Fig. 3, we also tested at each contrast and spatial frequency
conditionwhether the elicited OMRwas significantly different from
zero baseline level (see also Supplementary Figure S4 for a separate
representation of contrast and spatial frequency). We found sig-
nificant OMRs at contrast levels above 10% (i.e., 25%, 45%, and 75%)
A

B

Fig. 4. Mean normalized optomotor responses of wild-type (left plots) and achesb55/þ mutan
young and old groups, respectively. The positive and negative values on the ordinate represe
respectively. The dotted line represents the baseline zero level. Error bars correspond to �SEM
single mean response at a specific contrast level. Then, the group average (wild-type youn
11e15) was displayed as a function of contrast level. The response of young achesb55/þ group a
0.004, Cliff's d ¼ 0.53) and young wild-types (p ¼ 0.003, Cliff's d ¼ �0.47). In addition, the ac
Cliff's d ¼ 0.53). The results of all pairwise comparisons are summarized in Supplementary Ta
(i.e., >10%) contrast levels. The significant (FDR corrected p < 0.05) deviations from the bas
response values were displayed as a function of spatial frequency (wild-type young n ¼ 16
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 Table 3 and Fig. 3B). The outcome of
these additional tests revealed that the dependency of negative
OMR on contrast level and spatial frequency is morphologically
similar to those identified by previous motion studies. Moreover,
they also provide the optimum combinations of contrast level and
spatial frequency to elicit significant negative OMR in adult
zebrafish.

To disentangle the sources of three-way interaction in the
contrast domain, we combined all data across different spatial
frequencies and performed additional post hoc comparisons on the
merged data. As shown in Fig. 4, the wild-type young group had
stronger and more negative OMR compared with the young
achesb55/þ mutants at 45% and 75% contrast levels. For the old
groups, the overall effect of genotype at high contrast levels (e.g.,
25%, 75%) was in the opposite direction, and the achesb55/þ group
had relatively stronger OMR. Of note, the visual motion at these
contrast levels elicited significant OMRs (Fig. 3B). Pairwise com-
parisons between different groups at each of the 6 contrast levels
(Supplementary Table S3) indicated that the OMR of young achesb55/
þ group at 75% contrast level was significantly different from those
of old achesb55/þ mutants (p ¼ 0.004, Cliff's d ¼ 0.53) and young
ts (right plots). In each plot, the filled and open symbols correspond to values from the
nt the position shifts in the same and opposite direction to that of the drifting grating,
. (A) The optomotor responses for different spatial frequencies were merged to have a

g n ¼ 10e14, wild-type old n ¼ 9e12, achesb55/þ young n ¼ 12e15, achesb55/þ old n ¼
t 75% contrast level was significantly different from those of old achesb55/þ mutants (p ¼
hesb55/þ old had stronger response than the old wild-types at 25% contrast (p ¼ 0.048,
ble S3. The differential effects of age and genotype were mainly due to changes at high
eline zero level are highlighted in Table 4. (B) Using the same procedure, the average
, wild-type old n ¼ 12, achesb55/þ young n ¼ 19, achesb55/þ old n ¼ 15).
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wild-types (p ¼ 0.003, Cliff's d ¼ �0.47). In addition to this contrast
level, the achesb55/þ old had stronger OMR than the old wild-types
at 25% contrast (p ¼ 0.048, Cliff's d ¼ 0.53). Comparing each
contrast condition with the baseline zero level revealed that the
negative OMR values at 45% and 75% contrast were significantly
different than this level for both wild-type groups (Table 4). For the
achesb55/þ young group, only the 45% contrast level was significantly
different. The OMR values of contrast above 10% percent were
significantly different than the baseline level in the achesb55/þ old
group, supporting the observation that this group exhibited
stronger OMR. The outcome of these additional tests on the merged
data suggests that the differential effects of age and genotype are
mainly due to changes at high (i.e., >10%) contrast levels.
4. Discussion

In the present study, we investigated age-related changes in the
motion detection and direction perception of wild-type and
achesb55/þ zebrafish. Using zebrafish OMR to visual motion, we
aimed to characterize these changes by systematically varying the
contrast and spatial frequency of drifting gratings. In our mea-
surements, we mainly found negative OMR (position shift in the
opposite direction of visual motion) and the amount of this
response was significantly affected by contrast and spatial fre-
quency. More importantly, our analyses revealed a significant
interaction between contrast, age (old vs. young), and genotype
(wild-type vs. achesb55/þ mutants). In other words, the effects of
contrast on OMR values varied across different age and genotype
groups. On the other hand, we did not find such interaction in the
spatial frequency domain. In what follows, we provide the impli-
cations of these findings for zebrafish behavior, age-related changes
in perception, and the functional links between the cholinergic
system and visual motion processing.
4.1. OMR of adult zebrafish

The OMR has been observed in different animal species and
described as the reflexive move of the animals to stabilize the
displacement of the visual image on the retina. The zebrafish OMR
has been mostly demonstrated using larvae (around 5e8 days
postfertilization) and found to be in the direction of visual motion
(i.e., positive OMR). On the other hand, research on adult zebrafish
also pointed out a response in the opposite direction of visualmotion
(i.e., negative OMR). Using a drum that rotates clockwise/counter-
clockwise to generate optic flow, Maaswinkel and Li (2003) reported
that the proportion of trials, inwhich the positive and negative OMRs
of adult zebrafish is observed, depends on the speed, spatial and
temporal frequencies of visual motion. Although these findings did
not provide a relationship between the negative OMR magnitude
and visual motion parameters (e.g., spatial frequency), they revealed
Table 4
One sample t-tests on the data shown in Fig. 4A to assess whether the OMR elicited
by each condition were significantly different than the baseline zero level. The p
values for each contrast level are shown in separate columns. Significant p values
(FDR corrected, p < 0.05) are highlighted in bold

Group Contrast (%)

1 1.5 10 25 45 75

Wild-type
Young 0.949 0.828 0.828 0.102 0.006 < 0.001
Old 0.896 0.070 0.896 0.896 0.015 0.015
ache sb55/þ

Young 0.643 0.643 0.414 0.135 0.006 0.412
Old 0.783 0.783 0.783 0.010 0.009 < 0.001
that adult zebrafish can exhibit negative OMR on the significant
number of trials. Relatively more comparable experimental design in
terms of both visual stimulation and speed to the present study was
used by Bak-Coleman et al. (2015). They systematically investigated
OMR using different zebrafish groups. Interestingly, they showed
that young larval zebrafish exhibit positive OMR, whereas adults
show negative OMR. They hypothesized that the polarity reversal in
OMR might be due to learned multisensory expectations. As the fish
gets older, it might be better at differentiating exogenously exposed
optic flow cues due to the experimental visual stimulation and the
ones resulting from self-movement. For instance, when the fish
swims in the same direction of visual motion, the visual cues are
stabilized as if the fish is not moving. However, there is still a front-
to-back water flow sensation detected by the lateral line system that
signals forward motion, which contradicts the information coming
from the visual system. They argue that the adult zebrafish might
show negative OMR to overcome this contradiction by creating vi-
sual motion signals that are in the consistent direction (front-to-
back) with that of other nonvisual cues.

Although we observed positive OMR in some trials of specific
conditions, our results highlight negative OMR to drifting gratings
(see Supplementary Videos 1 and 3 for a sample of negative and
positive OMR, respectively). In this respect, they confirm the pre-
vious findings on adult zebrafish. Our results provide further
important and novel insights into the nature of negative OMR
exhibited by adults. For instance, we found that the magnitude of
negative OMR significantly 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 significantly affect negative OMR. More importantly, the
spatial frequency tuning curve of negative OMR revealed by our
measurements are also in agreement with zebrafish contrast
sensitivity functions. Using apparatus generating clockwise/coun-
terclockwise moving gratings and optokinetic reflexive eye move-
ments elicited by those gratings, previous research estimated the
sensitivities of zebrafish for different spatial frequencies (Hollbach
et al., 2015; Tappeiner et al., 2012). The contrast sensitivity func-
tions were inverted U-shaped and peaked at an optimum frequency
(typically around 0.1e0.2 c/deg). Given that an increase in the vis-
ibility (contrast) leads to greater negative OMR, our findings sug-
gest 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
qualitatively consistent with zebrafish sensitivity functions esti-
mated with a different experimental design and another reflexive
behavior. Overall, our findings highlight the dependency of nega-
tive OMR on low-level visual parameters and hence, the sensory
aspect of negative OMR.

4.2. Age and genotype interaction in the contrast domain

There is a growing realization of 2 important models and per-
spectives for understanding age-related changes in perception. First,
visual motion has been considered to be crucial for survival in a dy-
namic environment and hence, it has been extensively studied by
vision scientists (Burr and Thompson, 2011; Kolers,1972; Nakayama,
1985). A processing hierarchy and the motion systems operating at
different stages of perceptual processing have been identified.
Moreover, visual motion stimuli selectively engaging these systems
have been designed. Therefore, previous motion studies provide an
excellent conceptual framework to understand age-related changes
at different stages of perceptual processing (Billino and Pilz, 2019).
Second, the zebrafish has emerged as a promising model for under-
standing the cognitive and neurobiological changes during aging, as
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well as its use with potential anti-aging interventions (Adams and
Kafaligonul, 2018). As mentioned in the previous sections, achesb55/
þ mutants carrying a point mutation in the acetylcholinesterase-
coding gene demonstrated a delayed aging phenotype in terms of
behavioral measures such as entrainment to spatial-temporal cues
and learning performance and flexibility, which are normally dis-
rupted with normal aging in zebrafish (Yu et al., 2006). The present
study uniquely combines these 2 emerging models and provides a
comprehensive view on the effects of aging on perception. Particu-
larly, this is to our knowledge the first systematic investigation on
motiondetectionandperceiveddirectionof adult zebrafish including
both wild-type and achesb55/þ mutants.

Rather than an overall effect of aging, our results revealed a
three-way interaction between contrast, genotype, and age. In
other words, age-related differences in negative OMR values were
largely dependent on stimulus parameters and zebrafish group.
Achesb55/þ old group had stronger OMR at high contrast levels and
hence suggesting an increased performance in the detection of
motion direction. Interestingly, contrary to our expectations, we did
not observe a similar improvement in the young group. In fact, the
young achesb55/þ group had smaller responses to visual motion at
high contrast levels. A lack of improvement in the performance of
young achesb55/þ fish might be due to the altered course of devel-
opment in their visual system. Besides slowing down cognitive
aging (Yu et al., 2006), it is reasonable to hypothesize that this
mutation may have also delayed the development of neural circuits
essential to motion processing. Given that zebrafish larvae and
adults elicit positive and negative OMR, respectively, the time frame
of switching from positive OMR to negative OMR may be extended
for young achesb55/þ mutants and thus they may not be mature
enough to have a strong negative OMR to visual motion.

Visual motion has been extensively used to understand the ef-
fects of aging on human perception. Using different 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 Billino and
Pilz, 2019 for a review). Relatively recent findings suggested that
the influence of age on motion perception is significantly depen-
dent on the age groups, perceptual task, and stimulus parameters
(Conlon et al., 2017; Pilz et al., 2017). That is to say, these findings
highlight the differential effects of aging rather than an overall
decline. By showing only a three-way interaction on optomotor
responses, our behavioral results support this emerging view. Pre-
vious studies have indicated that cholinergic activation increases
performance in various visual functions such as visual acuity (Kang
et al., 2014), contrast sensitivity (Bhattacharyya et al., 2013), and
motion direction discrimination (Thiele et al., 2012). Our findings
suggest that the performance increase due to cholinergic activation
is specific to certain stimulus parameters (i.e., contrast) and age
groups. Although these findings are in agreement with the behav-
ioral studies on humans reporting that cholinergic transmission
plays an important role in motion processing (e.g., Kunchulia et al.,
2019), they also emphasize that there is a complex relationship
between visual stimulation and cholinergic system during neural
aging. In fact, previous studies on the primary visual cortex showed
the ACh level significantly increases response gain in the contrast
domain. These modulations became dominant beyond the 10%
contrast level (Disney et al., 2007; Soma et al., 2012). Of note,
manipulation in the contrast level leads to a direct change in the
motion energy and the signal to noise ratio of stimulation. There-
fore, our behavioral findings 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.
It is alsoworthwhile tomention that deteriorated visual acuity due
to optical factors and alterations in retinal structure (Artal et al., 2003;
Glasser et al., 1998; Loewenfeld, 1979) 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-specific. Therefore, the significant three-way
interaction on the behavioral measure cannot be due to just those
low-level structural alterations.
5. Conclusions

To conclude, using a comprehensive view and experimental
approach, we aimed to characterize the motion detection of adult
zebrafish during aging. We found that adult zebrafish mainly
exhibit a negative OMR to drifting gratings which is also signifi-
cantly dependent on spatial frequency and contrast level. These
findings highlight the dependency of negative optomotor responses
on low-level visual parameters and hence, the sensory aspect of this
response. Rather than an overall effect of aging, our results revealed
a three-way interaction between contrast, genotype, and age.
Therefore, they also point to a complex relationship between the
physical characteristics of visual motion stimulation and the
cholinergic system during neural aging. Overall, these behavioral
results pave the way for a detailed investigation of the functional
links between the physical motion characteristics and the cholin-
ergic system in the zebrafish aging model which will ultimately
have important implications for developing interventions to
improve human visual performance during aging.
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