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Chapter 1
General introduction

GENERAL INTRODUCTION

This thesis focuses on the investigation of visual reflexes of mice freely running on an
air-floated ball in response to projected stimuli representing a virtual environment.
This introductory chapter provides insight into basic aspects of visual processing in
mice. Recent years, the interest in behavioral measures for studying visual perception
of rodents has increased. New technologies to stimulate neurons and measure neural
activity, like optogenetics (Deisseroth 2011) and two-photon imaging (Holtmaat,
Bonhoeffer et al. 2009), are mainly performed in mice because of the availability of
many genetic tools for mice. These relatively new neurophysiological techniques are
often combined with behavioral and/or perceptual tests in the same animal. The
ultimate objective of this thesis is to provide a better understanding of the visual
processing mechanisms of mice and the relationship between neural activity and
visual perception. The obtained fundamental knowledge might be translated to
applications for new treatments of patients with impaired vision.

1.1 Mouse visual system
1.1.1 Eye and retina
The structure of the eye is similar in mice and humans, including cornea, lens, and
retina (Fig. 1.1). Light enters the eye through the cornea, a transparent tissue on the
surface of the eye, after which the lens focuses the light on the retina. The retina, a
transparent layer at the back of the eye, transforms light into electrical signals, which
are transmitted to the rest of the brain, where they are further processed into
percepts.

15

1

CHAPTER 1

Figure 1.1: The anatomy of the eye in the mouse. The eye is composed of cornea, lens and
retina. There are two types of cones in the retina. The upper half of the retina has a higher
density of the blue-sensitive cones, whereas the lower half has a higher density of the greensensitive cones. The detailed layers of the retina are illustrated on the right hand side.

In mice, light is transformed into electrical signals by the photoreceptors, 97% of
which are rods and the remainder are cones (Fu and Yau 2007), to be compared to 95%
rods in humans (Hadjikhani and Tootell 2000) (Table 1.1). The rods are sensitive to,
and thus specialized for low-light vision, whereas cones mediate daylight and color
vision. The smaller fraction of cones in mice reflects their natural behavior to be mostly
active in low-light conditions. Mice also only have two cone types, while humans have
three cone types. The cones in the mice retina are sensitive to green and blue light
(Szél and Röhlich 1992).
Table 1.1: Comparison of mouse and human retina
MOUSE

HUMAN

ROD

97%

95%

CONE

3%

5%

PHOTOPIGMENT

Rhodopsin in rods; short

Rhodopsin in rods; short

(360nm) and medium (508nm)

(420-440nm), medium

wavelength cones

(534-545nm), and long
(564-580nm) wavelength
cones

THE PROPORTION OF

5%

45%

NO

YES

AXONS PROJECT TO
THE IPSILATERAL RGCs
OCULAR DOMINANCE
COLUMNS
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The electrical signals produced by photoreceptors drive cells in retinal layers, which
include horizontal, bipolar, and amacrine cells. Horizontal cells link the photoreceptors
and bipolar cells. Bipolar cells obtain signals from photoreceptors and send them to
the retinal ganglion cells (RGCs). At least 13 types of bipolar cells have been identified
in the mammalian retina, one major subdivision is between ON bipolar cells
(responding to a stimulus from dark to light) and OFF bipolar cells (responding to a
stimulus from light to dark) (Schiller 1992, Kolb and Nelson 1995). For instance, when
a dark stimulus triggers photoreceptors to release glutamate, OFF bipolar cells are
excited, and transmit signals to OFF-center ganglion cells. Amacrine cells connect
between the bipolar cells and RGCs. After the signals are encoded and transmitted to
the RGCs, the signal arrives in the rest of the brain, and drives behavior. There are
about 33 types of RGCs in the mouse retina, which respond differently to visual aspects
such as luminance contrast and motion (Dhande, Stafford et al. 2015, Baden, Berens
et al. 2016). RGCs predominantly project to two structures, the dorsal lateral
geniculate nucleus (dLGN) and superior colliculus (SC), their axons end at different
layers of the dLGN and the SC (Fig. 1.2). The different types of RGCs have different
targets and their activity subserve different behaviors. Some orientation-selective
RGCs are found in mouse, rabbit, cat, primate (Levick and Thibos 1982, Bloomfield
1994, Passaglia, Troy et al. 2002, Venkataramani and Taylor 2010, Zhao, Chen et al.
2013). Some types of RGCs are sensitive to motion stimuli (Barlow and Hill 1963, Kim,
Zhang et al. 2008). RGCs axons leave the eye through the optic disc, and meet at the
optic chiasm after which the electrical signal is projected via the LGN to visual cortex
(V1).

1.1.2 Monocular and binocular maps
In mammals, the RGC axons that originate from the nasal part of the retina cross at
the optic chiasm and project to the contralateral side; the axons which are in the
temporal part of the retina project to the ipsilateral side. Hence the visual cortex in
each hemisphere receives information from both eyes. In the human, about 45% RGCs
17
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are uncrossed whereas 55% cross at the optic chiasm (Herrera, Erskine et al. 2017). In
mice, only around 5% of RGCs remain uncrossed while 95% of RGCs cross (Erskine and
Herrera 2014). There are differences between the lateral-eyed animals and frontaleyed animals. Mice are lateral-eyed animals and have a much larger monocular vision
field (180°) than humans (30°). Mice also have a relatively small binocular zone (40°)
(Seabrook, Burbridge et al. 2017) compared to 120° in humans (Fig. 1.2) (Aprile,
Ferrarin et al. 2014). Therefore, the mice visual system relies heavily on monocular
vision, rather than binocular vision (Drager 1978, Godement, Salaün et al. 1984).
It has previously been reported that mice show a strong imbalance when just
one eye is stimulated with large field moving stimuli. Reflexive eye, head or body
movements as a response to horizontal directions of these stimuli can only be evoked
by temporal to nasal directions, so in the right eye only leftward motion evokes a
response and in the left eye only rightward motion (Thomas, Seiler et al. 2004,
Douglas, Alam et al. 2005). This monocular asymmetry also has been shown in human
and monkey infants, kittens, and rabbits (Atkinson 1979, Braddick 1996). However,
some studies question these results. In monkeys with induced strabismus the motion
asymmetry only occurs for eye movements at the onset of the stimulus, while during
ongoing pursuit, both temporal-to-nasal and nasal-to-temporal direction equally
evoked eye movement responses (Kiorpes, Walton et al. 1996).
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Figure 1.2: Schematic depiction of the visual pathway in rodents and humans. Compared to
humans, the binocular visual field of mice is very limited, the monocular visual field plays the
dominant role. V1: primary visual cortex; LGN: Lateral Geniculate Nucleus.

1.1.3 Cortical and subcortical visual pathways
As mentioned above, different kinds of subtypes of RGCs project to different areas and
respond to various visual features (Dhande and Huberman 2014, Dhande, Stafford et
al. 2015). Especially two notable structures: the dorsal lateral geniculate nucleus
(dLGN) and the superior colliculus (SC). The RGC axons project to different layers of
these two structures for processing various visual features (Dhande and Huberman
2014), becoming part of different visual pathways.
In the cortical (retino-geniculo) pathway, the axons leave the optic chiasm and
arrive at the dLGN. The dLGN relays the signal to primary cortex (V1) directly (Hubel
and Wiesel 1959, Briggs and Usrey 2009). Since the LGN consists of six layers in
primates and carnivores (Van Hooser and Nelson 2006), different layers correspond to
the different temporal or nasal visual fields. The structure of LGN in mice is different,
it basically is divided into shell and core regions (Dhande and Huberman 2014). The
core of dLGN receives the RGCs input, and subsequently projects to layer 4 of V1; The
shell of dLGN receives the input from on-off/off-direction-selective ganglion cells
(DSGCs) and the SC (Guido 2018), and the axons from these cells in turn project to
layers 1 and 2/3 of V1. The circuit from the SC to dLGN responds to stimulus motion,
eye movements and positioning (Bickford, Zhou et al. 2015).
In primates, there are two separate cortical visual pathway that go beyond V1.
One is the ventral pathway, that is mainly related to the identification of objects. The
other one is the dorsal pathway, that is specialized for spatial vision (Mishkin,
Ungerleider et al. 1983, Sheth and Young 2016). Mouse extra-striate visual cortex is
divided into three portions: lateromedial (LM), anterolateral (AL), and posteromedial
(PM). Neurons in the LM area have preferences for high spatial and low temporal
frequencies (Glickfeld, Andermann et al. 2013).
19
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Recent studies show that human patients with impaired primary visual cortex
can still detect moving visual stimuli without consciously perceiving these objects. This
indicates that there is a second subcortical pathway circumventing V1. It is known that
the SC receives direct input from RGCs axons. It is regarded as a complementary path
to convey visual information in case of damage to the primary visual cortex (Diamond
and Hall 1969). Because of the simple structure of dLGN and V1 in mice, it is likely that
the subcortical visual pathway plays a more important role in rodent vision compared
to primate vision (Diamond 1976). A substantial portion of retinal ganglion cells (at
least 70%) project to the SC (Hofbauer and Dräger 1985). Besides, there is no lasting
effect on visual acuity in mice after large lesions of V1 (Douglas, Alam et al. 2005).
Some studies found that the SC integrates different information for rapid eye
movements (Wurtz and Albano 1980, Sparks and Mays 1990). On-Off DSGCs respond
to rapid visual motion and innervate the SC (Vaney, Sivyer et al. 2012). It was always
assumed that orientation selectivity just exists in the cortical pathway, but recent work
found neurons in the SC that are orientation selective (Ahmadlou and Heimel 2015,
Feinberg and Meister 2015). These neurons are involved in orienting head and body
movements (May 2006, Gandhi and Katnani 2011). The most superficial SC is the most
selective to stimulus direction (Inayat, Barchini et al. 2015). In addition, recent studies
indicate that the subcortical visual pathway connects via the pulvinar to the amygdala
and is involved in emotion-related motion processing. This means that the subcortical
visual pathway can help animals to detect “something is dangerous”, which is crucial
for animal’s survival (Wang, Yang et al. 2018).

1.2 Connection from the eye to the brain
1.2.1 Motion detection models
How do the animals detect movement and discriminate motion directions?
Researchers have proposed models to explain the mechanisms underlying the motion
detection. The modern motion detection theory is derived from analysis of the
20
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optomotor response in the beetle Cholorphanus. The first computational model is
called the “Hassenstein-Reichardt model (correlation-type motion detector)”
(Hassenstein and Reichardt 1956). This model contains a delay stage in a motion
detection circuit via correlation of two input signals at different locations in the visual
field. Barlow and Levick found evidence for a similar mechanism in rabbit directionally
selective retinal ganglion cells (Barlow and Levick 1965). However, they described
different mechanisms to produce direction-selective responses. The HassensteinReichardt model produced responses to the preferred direction, while the BarlowLevick model was based on responses to the non-preferred direction (Borst and
Helmstaedter 2015). In the Reichardt model (Fig. 1.3), when the stimulus moves from
one particular location R1 to R2, both sensors at R1 and R2 transmit signals to a
comparator. There is a delay in the R1 pathway, so when the signals from both
locations arrive at the comparator simultaneously, the comparator is active. However,
if the stimulus moves from R2 to R1, the signals cannot arrive at the comparator
simultaneously, and the comparator is not active.

Figure 1.3: Motion models of Hassenstein-Reichardt and Barlow-Levick. The signal from left
to right photoreceptor (R1 to R2) is delayed by a temporal filter, and together with the signal
from R2. Then the comparator will be activated.
21

1

CHAPTER 1

1.2.2 Motion read-out mechanisms
How does the brain read out the activity of directionally selective neurons? In brain
circuits that contain neural populations coding for different motion directions, there
are three readout combination rules possible (Van Wezel and Britten 2002): 1. the
independent readout combine rule, 2. the summation or averaging rule, and 3. the
winner-take-all rule. Independent readout means that each motion and direction
selective channel processes information separately, with no interaction between
different channels. This type of read-out is not possible in cases where only one
outcome (for instance an eye or body movement) is possible. In summation or
averaging models the activity of each channel is summed and divided by a certain
factor. The response is regarded as a vector, and the vector can be computed by
summing or averaging both responses (Groh, Born et al. 1997). This model is often
applied in perceptual and sensorimotor experiments. Winner-take-all describes
signals in which each channel inhibits each other, and the most active stimulus will
drive perception.
Some compelling perceptual experimental results have already addressed
these readout models. Transparent motion means that more than one vector exists in
one image, and this occurs frequently in our natural environment (for instance in a
flog of birds). In the lab it is defined as two different motion patterns (such as random
dot patterns) that are simultaneously present at the same location of the stimulus
(Qian and Andersen 1995, Snowden and Verstraten 1999). Transparent motion
perception supports an independent readout model (Van Wezel and Britten 2002),
because subjects can easily perceive the two patterns simultaneously. However, other
evidence showed that the direction of each pattern could be misperceived, showing
that perception of the two patterns is not fully independent (Marshak and Sekuler
1979). These misperceived directions of two patterns under transparent motion can
be explained by interactions of motion-sensitive middle temporal cortex (MT) cell
responses, and there is direct evidence that MT neural responses are changed under
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transparent conditions (Born and Bradley 2005, Krekelberg and van Wezel 2013). Eye
movement experiments were also used to investigate readout mechanisms. In a
perceptual experiment, both input and output motions are vectors (Groh 1998). A
series of studies have produced evidence for vector averaging of visual motion inputs,
but also that signals in MT can average or sum responses in different ways (Groh, Born
et al. 1997).

1.3 Optokinetic reflex and optomotor reflexes
Mice are now frequently used to explore basic visual function and diseases. A large
number of behavioral tests have been designed to study different parts of visual
(dys)function. For instance, a two-alternative-choice task to measure visual acuity
(Gianfranceschi, Fiorentini et al. 1999), and a water maze to study spatial learning
(Morris 1984). There are two other methods to measure reflexes which compensate
for global rotation and ensure image stabilization in the retina.
Movement of a large stimulus can evoke a compensatory eye movement
(optokinetic reflex, OKR) or head movement (optomotor reflex/vestibular-ocular
reflex, OMR/VOR). These two reflexes have been used in methods to evaluate visual
performance of animals, not only rodents, but also chickens, guinea pigs, and fish
(Benkner, Mutter et al. 2013). In the OKR eye movements follow the direction of visual
motion, and in the VOR head movements follow the direction of the stimulus, and the
eye moves in the opposite direction. These reflexes ensure image stabilization of the
retina. The OKR is sensitive to slow motion and constant speed (Masseck and
Hoffmann 2009). The OMR/VOR works at high accelerations during head turns
(Iwashita, Kanai et al. 2001). These reflex responses do not need much training, and
thus provide an easy way to collect data to evaluate various parameters of visual
processing.
In standard conditions, mice are put at the center of a cylinder which is covered
with a sinusoidal grating (Prusky, Alam et al. 2004), or random dot pattern (Dubois and
Collewijn 1979). During OKR measurements, the mice are restrained to avoid head
23
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movements and the pupil movements are recorded via video tracking or using
magnetic coil systems (Mitchiner, Pinto et al. 1976). The quality of OKR is traditionally
assessed by its gain which is defined as the eye velocity (in degrees/second) divided
by the stimulus velocity (in degrees/second). A higher gain means a better
compensation of eye movements. Gain is affected by stimulus speed, contrast, and
spatial frequency (Kirkels, Zhang et al. 2018). For proper data collection, the eye
movements have to be calibrated during the eye opening and this can be a challenging
task in mice because it is hard to train mice to fixate to a specific locations of the visual
field. (Iwashita, Kanai et al. 2001).
Visual function can also be assessed by using the OMR/VOR reflex. The mice
react to onsets of large-field moving stimuli head or body movements (Prusky, Alam
et al. 2004). The head or body movement can be tracked by video and the speed of
body movement or body angle and velocity can be quantified (Schmucker, Seeliger et
al. 2005, Kretschmer, Kretschmer et al. 2013). This method does not need to restrain
the mice, and allows for a more natural behavior of the mice. In the past this method
relied on a human observer to quantify the mouse behavior, more recently, videotracking combined with deep-learning techniques allow for automatic quantification.
Recently new head-fixed paradigms combined with virtual reality systems have
been developed in mice (Schmidt-Hieber and Häusser 2013, Havenith, Zijderveld et al.
2018, Kirkels, Zhang et al. 2018). These virtual-reality systems allow various stimuli to
assess the motor system, interlimb coordination, speed, and direction of self-motion
through optic flow patterns (Young, Saltzman et al. 2009). It has been shown that in
these virtual reality set-ups training time is very fast, and can be ~20%-90% faster than
for other vision tasks for mice (Havenith, Zijderveld et al. 2018).

1.4 Mouse models for retinal degeneration
Inherited neurodegenerative retinal diseases caused by gene mutations lead to visual
impairment mainly via degeneration of photoreceptors or retinal pigment epithelium
(RPE) cells. In order to understand the mechanisms of retinal diseases many animal
24
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models have been developed. These models can mimic the pathogenesis and
phenomena found in human patients.
Leber Congenital Amaurosis (LCA) is an early onset inherited retinal disease,
causing photoreceptor degeneration and severe visual impairment. Although there
are some gene therapy treatments for LCA, however, the clinical treatment does not
yield significant improvement in visual function of patients. It is still necessary to look
for the best methods to rescue patients. Several LCA disease mice models have been
created to investigate the neural basis of visual impairment. Such as RPE65-/- mice and
RPE65rd12 mice which display photoreceptor degeneration, whereas in AIPL1-/- there is
photoreceptor loss, and LCA5-/- mice show photoreceptor dysfunction at early stages
of post-natal development (Pang, Lei et al. 2012, Chung, Bennicelli et al. 2013).
These animal models are used in variety of new (stem) cell and gene therapies.
Optogenetics is one of the popular therapies, which introduces light-sensitive proteins
in the target cells via viral delivery. Channelrhodopsin 2 (ChR2) is usually delivered to
the target cells via viral vectors, however, ChR2 relies on relative higher light intensity,
so it is difficult to use as a clinical treatment. To solve this intensity limitation, another
protein, called opto-mGluR6, which is a light sensitive metabotropic glutamate
receptor can be applied for clinical treatment (van Wyk, Pielecka-Fortuna et al. 2015).
In order to obtain quantitative measures of the behavioural effect of these new
therapeutic strategies it is important to develop sensitive behavioural paradigms. In
this thesis we have investigated new approaches and developed and tested new
behavioural methods to measure visual function in mice.

1.5 Outline of the thesis
Rodents are a particularly attractive model to explore the underlying mechanisms of
visual processing because they are suitable for combining different experimental
techniques, in particular new techniques like optogenetics and two-photon imaging.
In this thesis, we used C57BL/6 J mice to study mechanisms of visual processing at the
behavioral level.
25
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As free movement and more natural conditions are increasingly becoming a
standard method for studying behavior of animals, in chapter 2, we developed a
method to measure mice visual function in a virtual reality set-up. The moving random
dot patterns were projected with a large field of view, while a mouse was put on a
Styrofoam ball and its head was fixed to the setup. Our stimulus sets consist of stimuli
with different speeds, luminance contrasts, and dot size. We found that the mice
responded to moving random dot patterns by running in the same motion direction.
The gain of this response depended on speed, luminance contrasts, and dot size. This
opto-locomotor reflex (OLR) can be used as a useful measurement in behavioral
research in mice. Hence, in the subsequent chapters, we used this set-up to find out
how the opto-locomotor reflex of the mice responds to different kinds of the stimulus
under various conditions, such as binocular and monocular conditions. In addition, we
also investigated visual functioning of LCA5-/- knock out mice models in this task.
In chapter 3, we used the new OLR method that we developed in chapter 2 to
investigate the relationship between binocular/monocular visual input and responses
to large-field translating motion. When we covered one eye in the monocular
condition, we found that the mice showed an OLR response for temporo-nasal
directions which has been described in previous literature. However, after a delay of
a few hundred milliseconds the mice also respond to naso-temporal directions. So
after the first phase, the bias disappears, and the mice react to both directions under
binocular conditions. Also, we find that the sum of the OLR of the two monocular
conditions is equal in amplitude and temporal characteristics to the binocular OLR
response. We conclude that there are differences in temporal characteristics of
responses to large field random dot motion for one versus two eyes, which might be
explained by different contributions of subcortical and cortical motion processing
pathways. Furthermore, we conclude that under these conditions there are no nonlinear interactions between the two eyes.
In chapter 4, we further investigate how visual motion information that is
processed by directionally selective neurons is read-out in the mouse visual system.
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Chapter 3 suggested that subcortical and cortical pathways are involved in visual
motion processing. We investigated the underlying mechanisms with the method
developed in chapter 2 with transparent motion. In transparent motion a stimulus
consist of two sets of superimposed dot patterns moving in different directions. We
recorded the response of behaving mice using transparent motion stimulus in order
to investigate whether mice integrate the two components or choose one of the two
motion directions. Our results show that mice can reliably tell two different directions
in binocular and monocular tests. During the binocular measurement, in the early
phase (subcortical visual pathway), the directions of the two moving patterns were
integrated, resulting in mice running straight. At the later stages (>700 ms after
stimulus onset), the mice chose one of the two directions. In the monocular
measurement, the mice were first strongly biased (similar to the results of chapter 3)
but in the late stage always choose the opposite direction. These results indicate a
winner-take-all read-out mechanism at the later stages of the reflex.
In chapter 5, we investigated the reflex of mice to reverse-phi motion stimuli.
When the contrast luminance of moving dots is flipped each step, the direction of the
moving dots looks like going to the opposite direction. In this study, we investigate
whether the mice perceive the reverse-phi motion. We used both phi motion and
reverse-phi motion on the virtual-reality system described in chapter 2. For phi motion
patterns, different directions caused the mice to compensate with body movements
reflexively: mice ran to the direction of the moving pattern. When we show reversephi motion, mice respond by moving opposite to the displacement direction of the
dots. This shows that mice perceive reverse-phi motion in similar to humans. Lastly, in
chapter 6 and 7 we provide a general discussion and summary of all results and future
research.
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Abstract
We designed a method to quantify mice visual function by measuring reflexive optolocomotor responses. Mice were placed on a Styrofoam ball at the center of a large
dome on the inside of which we projected moving random dot patterns. Because we
fixed the heads of the mice in space, and the ball was floating on pressurized air,
locomotion of the mice was translated to rotation of the ball, which we registered.
Sudden onsets of rightward or leftward moving patterns caused the mice to reflexively
change their running direction. We quantified the opto-locomotor responses to
different pattern speeds, luminance contrasts, and dot sizes with both C57BL/6J and
LCA5 knock out mice. We show that the method is fast and reliable and the magnitude
of the reflex is stable within sessions. We conclude that this opto-locomotor reflex
method is suitable to quantify visual function in mice.
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2.1 Introduction
In recent years, mice have become an important animal model for studies on visual
processing. Although mice rely much less on vision than primates, their visual system
largely resembles that of higher mammals (Niell and Stryker 2008, Huberman and Niell
2011, Wang, Gao et al. 2011, Priebe and McGee 2014). Moreover, mice offer unique
opportunities to study the functional circuitry of vision. For example, through the
invention of genetically encoded calcium current and voltage indicators it is possible
to record in parallel the activity of hundreds of neurons in cortex in the behaving
mouse (Miyawaki, Llopis et al. 1997, Tian, Hires et al. 2009, Akemann, Mutoh et al.
2010, Knöpfel 2012, Chen, Wardill et al. 2013, Antic, Empson et al. 2016). The activity
of large groups of neurons can be altered by applying optogenetics (Zhang, Wang et
al. 2007, Han, Qian et al. 2009, Fenno, Yizhar et al. 2011, Packer, Roska et al. 2013) or
activated by designer drugs (Wulff and Arenkiel 2012, Sternson and Roth 2014).
These neurophysiological techniques offer the opportunity to directly relate
neuronal function in retina and visual cortex to visually driven behavior (Prusky and
Douglas 2004, Andermann, Kerlin et al. 2010, Huberman and Niell 2011, Lee, Kwan et
al. 2012, Poort, Khan et al. 2015). For this purpose, suitable tests of visual function are
needed. Over the years many behavioural tests for mouse visual function have been
developed (Pinto and Enroth-Cugell 2000, Thompson, Philp et al. 2008, Siemann,
Muller et al. 2015). Visual function in mice is traditionally tested with simple
behavioural paradigms based on reflexes, such as the eye blink reflex, the pupil light
response (Pinto and Enroth-Cugell 2000, Crawley 2007), light-dark transition test
(Takao and Miyakawa 2006) and optokinetic reflexive responses of the eye or the head
to large moving patterns (Cowey and Franzini 1979, Prusky, Alam et al. 2004, Cahill
and Nathans 2008, Umino, Solessio et al. 2008). These reflexes are thought to rely on
the retino-tectal pathway, which is strongly developed in the mouse (Stryker and
Schiller 1975, May 2006, Wang, Sarnaik et al. 2010). Higher perceptual facilities
(pattern, depth, orientation) are thought to rely more on retino-cortical pathways.
Examples of tests that probe these are the visual cliff test (Fox 1965) and modified
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Morris water maze tests (Morris, Garrud et al. 1982, Prusky, West et al. 2000, Wong
and Brown 2006, Morgan 2009).
Many recent studies of mouse visual perception rely on fixating the head in
space. This has the advantage of increased control over the visual stimulation and it
provides the stability that is typically required in neural techniques such as two-photon
calcium imaging (Harvey, Coen et al. 2012, Keller, Bonhoeffer et al. 2012, Poort, Khan
et al. 2015) and single unit or patch-clamp recording (Harvey, Collman et al. 2009,
Schmidt-Hieber and Häusser 2013). Perceptual tasks that head-fixed mice perform
concurrently with these neurophysiological assays typically involve licking responses
or lever presses to visual stimuli according to specific, trained rules of varying
complexity (Ter Braak 1936, Gresty 1975, Pinto and Enroth-Cugell 2000, Hölscher,
Schnee et al. 2005, Lee, Kuo et al. 2007, Harvey, Collman et al. 2009, Histed, Carvalho
et al. 2011, Guo, Hires et al. 2014).
The purpose of this study is to test a method we developed that leverages the
opto-locomotor reflex (OLR) in a head-fixed paradigm. This reflex effectively stabilises
whole-scene motion by cancelling it with a body orienting movement of the same
magnitude (Ter Braak 1936, Gresty 1975, Benkner, Mutter et al. 2013, Kretschmer,
Sajgo et al. 2015, Kretschmer, Tariq et al. 2017). In this study, we fixed mice with their
heads over the center of a spherical, 2D treadmill. All mice spontaneously started
running forward. The treadmill was located at the center of a 112 cm dome on the
inside of which we projected moving random dot patterns. The presentation of
rightward or leftward moving patterns caused the mice to reflexively change their
running direction. We quantified the OLR by recording the rotation of the treadmill
along the vertical axis. Because this measure is based on reflexive behaviour, it should
not require lengthy training like other perceptual assays might.
We not only measured the OLR response of healthy C57BL/6J mice, but also
want to use it to quantify the visual function of transgenic mouse models with visual
dysfunctions in order to use it to quantify disease progression and treatments. We
used the Leber Congenital Amaurosis (LCA) disease mouse model for these
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measurements. The LCA disease is a severe hereditary retinal disease in the first year
of humans, causing photoreceptors degeneration and ultimately complete blindness.
At least 15 mutation genes lead to the disease, in our present study, we used the LCA5
knock out mouse model and compare this with C57BL/6J mouse.
Our first aim is to assess the sensitivity of the OLR to the stimulus parameters
speed, contrast, and dot size. Fixating the heads of the mice provides increased control
over the visual stimulation and maximises stability. However, it also eliminates the
compensating effect of the OLR on the visual input, as the head remains stable in space
while the OLR is transferred to the treadmill. Our second aim is to establish whether
or not this causes the reflex to extinguish over time.

2.2 Materials and Methods
Animals
In this study, we used male wildtype C57BL/6J mice and transgenic LCA5-/- mice. We
chose C57BL/6J mice because it possesses normal vision (Sinex, Burdette et al. 1979,
Prusky, West et al. 2000, Bussey, Saksida et al. 2001, Prusky and Douglas 2003, Wong
and Brown 2006) and is most often used in mouse perceptual/behavioural studies.
LCA5 gene mutation cause Leber Congenital Amaurosis and LCA gene knock out mice
can mimic the phenomena found in human patients. A strain of LCA5-/- mice was bred
as blind mice models. Habituation of the animals began by handling and hand-feeding
the mice each day. After one week, when the animals were at ease around the
experimenter, we determined their starting weights (24.8 ± 1.2 g). We gave each
animal 2.2 g of food per day, and each day we checked that they were between 85%
and 95% of their starting weight. If animals fell below the 85% (above the 95%)
threshold we increased (decreased) feed. All experiments were conducted in
compliance with Dutch and European laws and regulations and were approved by the
animal ethical committee of Radboud University Nijmegen.
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Surgery
Anesthesia was induced and maintained by isoflurane (4% at induction, 1.0-1.5%
maintenance). The anesthetised animals were placed in a stereotactic holder fixating
their heads, with their eyes covered in sterile ocular lube (Puralube, Dechra) to prevent
eye dehydration. After shaving the head of the animal, the skin on top of the head was
removed, and a local anesthetic (1 mg/ml Lidocaine HCL with 0.25 mg/ml Bupivacain
Actavis), was applied to the exposed periosteum and the skull was cleaned with a bone
scraper. Finally, a custom-made titanium head plate was fixed to the skull with dental
cement (SuperBond C&B, Sun Medical).

Habituation
A week after surgery, the mice were handled and head-fixed in the set-up for ten
minutes. The duration was then increased to 40 minutes per session over the following
5 days to habituate animals to prolonged head fixation on the treadmill. After 8-10
sessions of habituation, mice would run on the ball for 2 sessions of 40 minutes each
per day. The animals were running spontaneously, without requiring rewards or
prompting otherwise.

Visual stimulation
Stimuli consisted of light grey dots on a dark grey background. We used an Optoma
X501 video projector (resolution: 1920×1080@60-Hz) to project the stimuli, via a
quarter-spherical mirror, onto the inside of a dome made of fiberglass-reinforced resin
(Fibresports UK; Basildon, UK) with an inner-diameter of 112 cm (Fig. 2.1a). We placed
the mouse on a treadmill consisting of a Styrofoam ball floating on air in a custommade socket (University College London workshops) at the center of this dome. The
visual stimuli covered 220 degrees of visual angle horizontally, and from 10 degrees
below the mouse to 80 degrees above it vertically.
The distribution of dots within this window was random and isotropic. More
specifically, each dot was assigned an azimuth (in degrees) 𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑅𝑅(−110°, 110°),

where 𝑅𝑅(𝑎𝑎, 𝑏𝑏) is a function that returns a random value from the uniform distribution
over

the

interval

(𝑎𝑎, 𝑏𝑏) ,

and

an
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sind56 𝑅𝑅(sind −10° , sind 80°) , where sind56 and sind are trigonometric functions

that use degrees instead of radians. Taking the arcsine over the uniform interval serves
the spherical isotropy of the dot-density. Without it, the density would increase at
higher elevations because the closer to the zenith, the smaller the circumference of
the horizontal cross-section of the dome.
The azimuth and elevation values were converted to regular (𝑥𝑥, 𝑦𝑦)-pixel values

for the projector by means of an inverse lookup table. We pre-created this lookup
table by measuring the azimuth and elevation of 200 sample dots that we projected
onto the inside of the dome in a 20×10-raster, evenly spaced in (𝑥𝑥, 𝑦𝑦) -projector

coordinates. When a dot needed to be displayed at an azimuth and elevation that fell
in between these pre-measured values we obtained the corresponding Cartesian pixel
coordinates with bi-linear interpolation.
To minimize distortion of the shape of the dots (that would occur where the
light from the projector hits the surface of the dome at an oblique angle) each “dot”
consisted of a cluster of 21 partially overlapping component-dots that were organized
in three concentric circles around the central position. These component-dots were

drawn as anti-aliased OpenGL dot primitives with a 5-pixel diameter, large enough to
form a blob that was free of gaps. The azimuth and elevation coordinates of each
component-dot were fed through the (𝑎𝑎𝑎𝑎𝑎𝑎, 𝑒𝑒𝑒𝑒𝑒𝑒)-to-(𝑥𝑥, 𝑦𝑦) lookup table. This way, the

dots looked maximally circular from the perspective of the mice. In the remainder,
when we write “dot” we mean such a cluster of component-dots.
At the beginning of each trial, a new set of static dots appeared at random
positions in the stimulus window. After 1 or 2 s, these dots started moving for 2 s until
they suddenly stopped and remained on the screen for another second (Fig. 2.1b). The
1 or 2-s duration of the initial static phase were randomly interleaved to reduce the
animal’s ability to anticipate motion onset. We created motion by incrementing (or
decrementing) the azimuths of the dots at each 17-ms video frame, resulting in a
rotation around the vertical axis, or yaw.
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We showed motion at speeds ranging from 0 to 72 deg/s in steps of 9 deg/s.
The dot-luminances were 0.11, 0.20, 0.5, 1.66, and 3.98 cd/m2 on a background of 0.09
cd/m2, resulting in Michelson contrasts of 0.09, 0.37, 0.68, 0.89 and 0.95. Dots had a
radius of 0.6, 0.9, 1.4, 2.3, or 3.7 degrees. The number of dots was inversely
proportional to their surface area such that the portion of the display that was covered
with dots was kept at 27% in all conditions. This way, the mean luminance of the visual
field remained constant when we manipulated the dot size.

Figure 2.1: Experimental set-up.(a) Schematic drawing of the set-up. A projector (a) displayed
patterns of randomly positioned dots via a mirror (b) onto the inside of a dome (c). Mice ran
under head-fixed conditions (d) on a Styrofoam ball (e) floating on air (f). (b) Stimulus time
course of one trial. Trials started with a static dot pattern. Motion onset (t=0) occurred either
1 or 2 s after the start of the trial. The pattern of dots drifted either leftward or rightward for
2 s, producing optic flow consistent with leftward or rightward yaw of the mice, respectively.
The trial ended with 1 s of static dots.

Behavioural paradigm
The mice performed twice daily in sessions of approximately 40 minutes. To test the
effect of stimulus speed, a session consisted of 10 repeats of a randomly interleaved
set of 36 conditions (9 speeds, 2 directions, 2 starting times). The dot size and dot
contrast sessions featured 5 repeats of 100 conditions (5 speeds, 2 directions, 2
starting times, 5 contrasts or sizes). Speed test sessions were repeated 7 times; the
contrast and dot size tests 14 times. Hence, each condition was repeated 70 times.
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Recording and data analysis
The 2D treadmill consisted of a Styrofoam ball (19.7 cm diameter) that was floating on
pressurised air in a semi-spherical socket (Dombeck, Khabbaz et al. 2007), adapted
from insect studies (Dahmen 1980, Mason, Oshinsky et al. 2001, Stevenson 2005). We
used an optical computer mouse to register the yaw in deg/s of the ball with a sampling
rate of 60 Hz. Yaw is a proxy for OLR because it is the axis of rotation of the visual
stimulus. First, we smoothed the yaw time series using a 100-ms boxcar filter. Then,
we calculated for each trial the mean yaw during the final 500 ms before motion onset
and subtracted this baseline from the yaw time series. Further data analysis steps are
described in the Results section.

2.3 Results
After one week of habituation to the set-up, the experimental measurements began.
In the first experiment the dots moved left or right at one of 9 speeds between 0 and
72 deg/s. These conditions were presented in a randomly interleaved block design.
The contrast was held constant at 0.68 and the dot radius was 1.4 degrees. Figure 2.2a
shows the 6-mouse mean, baseline-corrected, OLR-traces over time. Baselinecorrected OLR-traces were calculated, per mouse, by subtracting the zero-speed curve
from all its other curves and taking the mean of the pairs of curves observed for equal
magnitude rightward and leftward motion, after multiplying the latter by minus one.
When the dots were moving in one direction the animals reacted, on average,
by attempting to turn in the same direction, making the treadmill turn (Miyawaki,
Llopis et al.) the opposite way. The peak amplitude of the OLR-traces varied across
individual animals, with an almost threefold difference in reflex amplitude between
the weakest and the strongest responder. This is reflected in the width of the shaded
error bands which represent standard error (Fig. 2.2a).

41

2

CHAPTER 2

Figure 2.2: Effect of speed on OLR in mice. (a) The mean opto-locomotor response (OLR) over
time of all animals (n = 6) to a range of stimulus speeds. (b) Mean OLR between 1 and 2
seconds after motion onset (shaded area in a) as a function of stimulus speed. (c) OLR gain
(OLR divided by the stimulus-speed that evoked it) plotted against stimulus speed. Dots had
a 1.4 degrees radius and a contrast of 0.68. Shaded bounds in a and error bars in b and c
represent SEM. Shaded bounds in b and c represent 95%-CI of the bootstrapped fits. Dashed
ellipses represent 95%-CI of the peak estimates of those fits. Open markers in b and c indicate
no significant difference from 0 (t-test, p > 0.05).

Figure 2.3: Effect of speed on OLR in C57BL/6J mice (n=5) and LCA5-/- mice (n=3). (a) The mean
opto-locomotor response (OLR) over time of wild type mice to a range of stimulus speeds. (b)
The average OLR over time of LCA5-/- mice to a range of stimulus speeds. Shaded bounds in
(a) and (b) represent SEM.
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To summarise the OLR-traces with a single number, we defined OLR as the
mean baseline-corrected yaw (in deg/s) observed between 1 and 2 seconds after
motion onset. Figure 2.2b shows the dependence of the 6-mouse mean OLR on
stimulus speed. Higher stimulus speeds evoked greater OLR, but the rise in the OLR
attenuated above 36 deg/s and dipped slightly at the highest speed (72 deg/s). To
prevent mice with the largest responses from dominating the means, we z-scored the
individual OLR-vs-speed curves and scaled them back by multiplication with the
standard deviation (SD) of the population and addition of the population mean. This
normalization step was performed in all the analyses described in this study.
We used Matlab's fit function to optimize a quadratic polynomial to the mean
OLRs in the linear least square sense, linearly weighted by the inverse of the standard
errors (R2=0.99). F-tests revealed that this gave a significantly better fit than a line
(F(1,5)=248.7, p<10-4) and that a cubic polynomial was excessive (F(1,4)=0.005, p=0.95).
To determine the speed that evoked the strongest OLR with 95%-confidence intervals
(CI) we used a resampling method. We fitted quadratic polynomials to 200 random
samples (with replacement) from the 48 data points (6 mice × 8 speeds). On average,
they peaked at a stimulus speed of 57.2 deg/s (SD 1.47) reaching an OLR of 35.0 deg/s
(SD 0.55).
To gain insight in how well the mice followed the stimulus motion and would
have compensated for it had they not been head-fixed, we expressed the response as
an OLR gain. That is, the OLR divided by the speed of the stimulus used to evoke it (Fig.
2.2c). This relation was best characterized by a cubic polynomial (R2=0.92; quadratic
vs cubic: F(1,4)=10.96, p=0.029; cubic vs quartic: F(1,3)=9.68, p=0.053). Interpolation
of this curve revealed that the mice tracked the stimulus motion most closely when it
moved at 36.4 deg/s (SD 1.07) by turning the ball at 29.5 deg/s in the opposite
direction. In other words, they reached a gain of 0.81 (SD 0.02).
Our findings in Figure 2.3 demonstrate that wild type mice with normal vision
and LCA5-/- mice with poor vision can be measured in the OLR paradigm. At the present
stage, all C57BL/6J mice and LCA5-/- mice eventually finished the task. Compared with
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C57BL/6J mice (Fig. 2.3a), the average traces of LCA5-/- mice were noisy (Fig. 2.3b), and
show that the animals do not respond to the motion stimulus, probably because of
their early photoreceptor degeneration. The results illustrate how the OLR can be used
to quantify the visual acuity in different types of mice.
In the second experiment, we manipulated the Michelson contrast of the dots
(0.09, 0.37, 0.68, 0.89, 0.95) and varied their speed (18, 36, 54, 72 deg/s). The dot
radius was again held constant at 1.4 degrees. Figure 2.4a shows mean OLR (n=6) as a
function of the contrast of the dots plotted for each stimulus speed in different colors.
As expected, OLR increased with increasing contrast. However, OLR dipped slightly at
the highest contrasts used (0.95).
To quantify these results, we fitted the mean OLRs with a polynomial surface
function of contrast and speed, linearly weighted by the inverse standard errors. We
found that a 9-parameter polynomial that was quadratic for contrast and cubic for
speed (poly23 for short) fitted the data well (R2=0.96). F-tests revealed that this model
was significantly better than the simpler, 6-parameter biquadratic alternative (poly22
vs poly23: F(3,11)=4.70, p=0.024) and that the addition of more parameters was not
warranted (poly23 vs poly33: F(1,10)=0.70, p=0.42).
The position of the peak of the surface corresponds to the contrast and speed
that evoked the strongest OLR (Fig. 2.4b). We used resampling to obtain these values
with 95%-CI. The mean of the 200 surfaces fit to the resampled data is shown as a
contour plot in Figure 2.4b. The optimal contrast was 0.76 (SD 0.05) and the optimal
speed 42.5. deg/s (SD 3.23).
We analyzed in a similar fashion the effects of speed and contrast on the OLR
gain. These data (Fig. 2.4c) were also best described by poly23 (poly22 vs poly23:
F(3,11)=7.08, p=0.006; poly23 vs poly33: F(1,10)=2.46, p=0.15). We found that the
highest OLR gain (1.13, SD 0.05) occurred at a contrast of 0.71 (SD 0.05) and a speed
of 29.6 deg/s (SD 1.4) as indicated in Figure 2.4d.
In Experiment 3, we tested whether there was an effect of dot size on OLR.
Figure 2.5a shows the mean OLR (n=6) to stimuli with one of six dot radii (0.6, 0.9, 1.4,
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2.3, 3.7 deg) and one of four speeds (18, 36, 54, 72 deg/s). We found that OLR is almost
linearly related to dot size at 18 deg/s, the lowest speed used. For the higher speeds,
we found an inverted U-shape relation between OLR and dot size with the optimum
around 2 degrees radius.
These data were best described with a 9-parameter polynomial that was cubic
for dot size and quadratric for speed (poly32, R2=0.99; poly22 vs poly32: F(3,11)=7.09,
p=0.006; poly32 vs poly33: F(1,10)=0.78, p=0.40). The strongest OLR was evoked by
dots with a radius of 2.30 deg (SD 0.17) that moved at 63.8 deg/s (SD 3.1).
Figure 2.5c depicts the effects of dot size and speed on OLR gain. The best
model for these data was poly23 (R2=0.96; poly22 vs poly23: F(3,11)=12.2, p<10-4;
poly23 vs poly33: F(1,10)=1.60, p=0.23). This analysis revealed that the mice most
accurately followed motion stimuli with a dot radius of 2.96 deg (SD 0.31) and a speed
of 31.9 deg/s (SD 2.89), reaching a gain of 0.72 (SD 0.04).
Finally, we examined the consistency of the behavioural measurements. We did
this by re-analysing the data of Experiment 1 (Effect of speed; Fig. 2.2) in two ways.
First, we compared OLRs measured in the first half of the 40-minute sessions to those
observed in the second half (Fig. 2.6a). There was no difference between the OLRs of
the early and late halves of the session as is apparent from the lack of separation of
the 95%-CI boundaries of these curves. This may be contrary to predictions based on
physical fatigue or neural habituation to visual motion. Next, we compared sessions
performed before the middle date of each mouse’s test period (Fig. 2.6b) to those
performed on or after that date. We found that the OLR was almost twice as strong in
the newer sessions than in the older ones. This is contrary to our prediction that, by
removing the visual effect from the OLR by head-fixing the mice, the reflex would
attenuate over time. However, the estimates of the speed that evoked the strongest
OLR did not change, that is, the 95%-CI ellipses of these estimates overlap on the
stimulus speed axis.
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Figure 2.4: Effect of contrast on OLR of mice. (a) Mean OLR for different stimulus speeds
plotted as a function of contrast. Dots had a 1.4 degree radius. Error bars represent SEM (n =
6). We bootstrapped the data and fitted OLR vs speed and dot size surfaces. Shaded areas
represent the 95%-CI of the cross-sections of these surfaces at the speeds used. (b) A contour
plot of the mean bootstrapped surface. The asterisk indicates the optimal dot size and
stimulus speed with 95%-CI (dashed ellipse). (c, d) as (a, b) but for OLR gain. Open data
markers in a and c indicate no significant difference from 0 (t-test, p > 0.05). For clarity, all
markers in a and c except the red ones are shifted sideways a little.
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Figure 2.5: Effect of dot size on OLR of mice. Same as Fig. 2.4 but for dot size instead of
contrast. Contrast was held constant at 0.68.
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Figure 2.6: Consistency of technique. Re-analysis of the data of the first experiment (Fig. 2.2).
(a) OLRs observed in the first 20 minutes (blue) of sessions were not significantly different
from those observed in the final 20 minutes (VERSTRATEN, FREDERICKSEN et al.). (b) OLRs
observed in the later half of the sessions (VERSTRATEN, FREDERICKSEN et al.) were
significantly larger than those in the first half (blue). Error bars represent SEM. Shaded bounds
represent 95%-CI of the bootstrapped fits. Dashed ellipses represent 95%-CI of the peak
estimates of those fits. Open markers indicate no significant difference from 0 (t-test, p >
0.05).

2.4 Discussion
The opto-locomotor reflex method presented here to measure mouse visual function
is closely related to other methods monitoring the reflexes of eye- and head
movements to onsets of large moving patterns. In the literature this is often referred
to as the optomotor, optokinetic (OKR), or vestibulo-ocular reflex (Stahl 2004). In those
methods as in ours, the animals perceive a sensation of self-motion induced by moving
patterns that cover a large part of the visual field. The mice will try to compensate for
this by turning in the same direction as the stimulus motion.
An advantage of our method is that the technique relies on voluntary running
behaviour of the mice on the treadmill. The OLR is recorded automatically, removing
the need of manually scoring the head movements, which is laborious and may be
prone to subjective biases, although automatic video-tracking based systems have
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recently been introduced that do not have those disadvantages (Kretschmer, Sajgo et
al. 2015). A main disadvantage of our technique compared to other OKR and VOR
paradigms is that our method requires a surgery to attach the head post. This surgery,
however, is short and minimally invasive, and may be required anyway in case the
mouse is also used for concurrent imaging or neurophysiological recordings. Our
method could further be refined by the addition of eye tracking equipment to measure
reflexive eye movements.
On average across the three experiments in this study, the mice exhibited the
highest OLR-gain at a pattern speed of 32.6 deg/s, which is faster than optimal speeds
in the range of 12 deg/s that are mostly reported in other OKR or VOR studies
(Mitchiner, Pinto et al. 1976, Mangini, Vanable et al. 1985, Thaung, Arnold et al. 2002,
Prusky and Douglas 2004, Abdeljalil, Hamid et al. 2005, Umino, Solessio et al. 2008,
Kretschmer, Kretschmer et al. 2013, Kretschmer, Sajgo et al. 2015, Kretschmer, Tariq
et al. 2017). This discrepancy may be due to the fact that all these studies use gratings
instead of dot stimuli. A recent study with moving random dot patterns shows, in a
two-alternative forced choice task, that mice are most sensitive for speeds in the range
of 50 deg/s (Stirman, Townsend et al. 2016). Another possible explanation for the
discrepancy in optimal speeds is the fact that we use locomotion (running) as read-out
as opposed to reflexes of the head or eyes measured in other studies (Mitchiner, Pinto
et al. 1976, Mangini, Vanable et al. 1985, Thaung, Arnold et al. 2002, Prusky and
Douglas 2004, Abdeljalil, Hamid et al. 2005, Umino, Solessio et al. 2008, Kretschmer,
Kretschmer et al. 2013, Kretschmer, Sajgo et al. 2015, Kretschmer, Tariq et al. 2017).
The results of the contrast experiment showed a slight decline of the OLR in
response to the highest contrast value, whereas other studies reported a monotonic
increase of sensitivity with contrast (Umino, Solessio et al. 2008, Busse, Ayaz et al.
2011, Histed, Carvalho et al. 2012). An explanation of this discrepancy may lie in the
way that we manipulated the contrast of our stimuli. We used dots with luminance
values ranging from 0.11 to 3.98 cd/m2 but kept the background at a constant 0.09
cd/m2. This means that not only the contrast changed, but also the overall luminance
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of the display. Perhaps at the highest level, the stimulus was so bright that it slightly
dazzled the mice, reducing the effective contrast. The use of dark and bright dots that
deviate equally from a mid-grey background should remove this confound.
We found that a dot radius of about 3 degrees evoked the highest OLR gain.
Although the dot size and the spatial frequency of gratings cannot directly be
compared, this diameter is on the same order of magnitude as the optimal period of
about 10 degrees found for gratings in OKR and VOR experiments (Sinex, Burdette et
al. 1979, Gianfranceschi, Fiorentini et al. 1999, Prusky, West et al. 2000), taking into
account that the positive (bright) part of a 10-degree period is 5 degrees. By presenting
the stimuli at a range of speeds, we are able to assess the interaction between speed
and dot size. The contours in Figure 2.5d exhibit a clear slant in the area of the plot
where the dots were large and the stimulus speed low. This means that the parameters
speed and dot size interacted, corresponding to the verbal description of the transition
from inverted-U tuning to the linear dependence given in the Results section. Some
slant is also apparent in Figure 2.5b but to a lesser degree because OLRs at 18 deg/s,
although by definition as close to linear as the corresponding OLR gains, are relatively
small compared the OLRs induced by faster moving stimuli. A comparable interaction
has been observed (Thaung, Arnold et al. 2002) between the tuning to the spatial and
temporal frequencies of gratings under similar photopic conditions, but not between
spatial frequency and speed. Because the latter is most similar to our dot size and
speed tuning, this raises the question why this interaction occurs in broad band stimuli
but not gratings.
In summary, the method presented here provides a fully automated readout of
mouse visual function that removes the need for behavioural training. It’s sufficiently
sensitive to relatively subtle changes in the stimulus parameters and is consistent in at
least the within session timescale. Moreover, we assessed mice with normal and poor
vision in our measurement. It shows that we can compare different types of mice in
our paradigm, and it can be straightforwardly combined with research techniques that
require the head to be fixed in space. Potentially, our research results offer a stable
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and reliable approach to quantify the vision ability at different stages of disease
progression and treatment. We conclude that the OLR method is a useful addition to
the mouse visual neuroscientific toolbox.
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Abstract
We investigated the relationship between eyes receiving visual input of large field
translating random dot motion and subsequent reflexive changes in running direction
in mice. The animals were head-fixed running on a Styrofoam ball and the optolocomotor reflex (OLR) was measured in response to two seconds of dots patterns
moving horizontally to the left or right. We measured the OLR in conditions with both
eyes open (binocular) and one eye closed (monocular). When we covered the right or
left eye in the monocular condition, we found reflexive behavior to be delayed for a
few hundred milliseconds to leftward or rightward motion, respectively. After this
delay, the bias disappeared and reflexive behavior was similar to responses to motion
under binocular conditions. These results might be explained by different
contributions of subcortical and cortical visual motion processing pathways to the OLR.
Furthermore, we found no evidence for non-linear interactions between the two eyes,
because the sum of the OLR of the two monocular conditions was equal in amplitude
and temporal characteristics to the OLR under binocular conditions.
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3.1 Introduction
In recent years, many behavioral measures have been developed for elucidating the
functioning of the visual system in rodents (Pinto and Enroth-Cugell 2000, Thompson,
Philp et al. 2008, Siemann, Muller et al. 2015). A reason for this increased interest is
the wider use of rodents in vision research and the resemblance of the visual system
of rodents to that of higher mammals (Niell and Stryker 2008, Huberman and Niell
2011, Wang, Gao et al. 2011, Priebe and McGee 2014). Furthermore, advances in mice
visual behavior training, optogenetics and neurophysiology opened up possibilities to
profoundly study visual cortical networks and their link to behavior (Tsien, Miyawaki
et al. 1997, Zhang, Wang et al. 2007, Han, Qian et al. 2009, Tian, Hires et al. 2009,
Akemann, Mutoh et al. 2010, Fenno, Yizhar et al. 2011, Knöpfel 2012, Chen, Wardill et
al. 2013, Packer, Roska et al. 2013, Antic, Empson et al. 2016). A classical method for
testing visual function in mice is measuring the optokinetic response of eyes or head
that compensate for a large moving stimulus (Cowey and Franzini 1979, Prusky, Alam
et al. 2004, Cahill and Nathans 2008, Umino, Solessio et al. 2008). In those experiments,
mice are typically placed in a drum or cage with vertically oriented bars that are
translating leftward or rightward. The reflexive movement to motion onset of the eyes
or the head is observed manually or automatically tracked using image analysis. In our
lab we recently introduced another approach to measure sensitivity to motion by
recording the opto-locomotor response (OLR) of head-fixed mice while they are
running freely on an air-floating Styrofoam ball (Kirkels, Zhang et al. 2018). This system
enables us to efficiently record voluntary running behavior of mice in response to a
large moving random dot stimulus without training.
Previous rodent and rabbit literature has shown strong eye-dependent biases
in optokinetic reflexes (OKR) (Hobbelen and Collewijn 1971, Grüsser-Cornehls and
Böhm 1988, Harvey, De'Sperati et al. 1997, Thomas, Seiler et al. 2004, Douglas, Alam
et al. 2005). When one eye is closed, temporo-nasal (rightward for the left eye and
leftward for the right eye) motion evokes an eye or head-tracking response. Most
literature reports that there is a complete, or almost complete, lack of reflexes for
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naso-temporal motion directions. Such a strong monocular asymmetry in rodents and
rabbits is not seen in adult higher mammals, but has been described for OKRs in
affected or young higher mammals, such as human adults with strabismus (Kiorpes,
Walton et al. 1996), human and monkey infants, and kittens (Atkinson 1979).
Asymmetric OKRs have been attributed to primitive midbrain (subcortical) structures
causing reflexive behaviors, with each hemisphere mostly responding to only one
motion direction (Braddick 1996). The strong eye-dependent biases in mice could
therefore indicate that they are more reliant on subcortical processing for reflexive
visual behavior.
Moreover, studies of the OKR in all sorts of animals describe multiple phases of
the response, an initial phase and later phases (Collewijn 1991, Distler and Hoffmann
2003, Stahl 2004, Büttner and Kremmyda 2007, Stahl 2008). The initial acceleration of
the OKR is consisting of an immediate phase of rapid eye acceleration and a gradual
phase of slower accelaration reaching a steady state slow phase velocity (Harvey,
De'Sperati et al. 1997). In primates, the immediate phase of the OKR is linked to the
ocular following response (OFR) (Miles 1998), which is used as measure for visual
computation of input and its transduction to smooth eye movements (Miles 1998,
Kawano 1999, Kawato 1999, Takemura and Kawano 2002, Masson 2004, Chen, Sheliga
et al. 2005). A more recent study suggests that the initial part of the OKR in mice also
consists of two components (Tabata, Shimizu et al. 2010). This prompted us to
investigate whether the reflexive opto-locomotor response (OLR) we measure in mice
also consists of multiple phases. To this end, we used visual motion stimuli under
monocular and binocular conditions and measured OLR. Furthermore, we investigated
whether there is any evidence for non-linear interactions between the two eyes by
comparing binocular conditions with the sum of the two monocular conditions.
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3.2 Methods
Animals
We used five C57BL/6J male mice ranging in age from 6-8 weeks in this experiment.
Because of their normal vision mice of this strain are often used in behavioral studies
of mouse vision (Sinex, Burdette et al. 1979, Prusky, West et al. 2000, Bussey, Saksida
et al. 2001, Prusky and Douglas 2003, Wong and Brown 2006). The mice were kept in
a well-ventilated, temperature-controlled room (21±2°C) on a 12h dark/12h light cycle,
and all experiments were performed during the dark cycle. In a habituation period of
one week, the animals were fed and handled by the experimenter each day. Starting
weights of all animals were determined (22.79 ± 0.3 g), and by giving 2.2 grams of food
per day, we maintained a weight between 85% and 95% of their starting weights. All
experiments were conducted in compliance with Dutch and European laws and
regulations and were approved by the animal ethical committee of Radboud University
Nijmegen. All experiments adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Surgery
Mice were anesthetized with isoflurane via a nose tube during surgery (4% isoflurane
in oxygen at induction, 1-1.5% during surgery, 0.2L/min). After fixating the heads of
the anesthetized animals in a stereotactic holder, their eyes were covered in sterile
ocular lube (Puralube, Dechra) to prevent dehydration. Next, after shaving the head,
skin on top of the head was cut out using fine scissors, and the exposed periosteum
was anesthetized locally (1 mg/ml Lidocaine HCL with 0.25 mg/ml Bupivacain Actavis)
before the skull was cleaned with a bone scraper. A custom-made titanium head plate
was attached to the head with dental cement (Superbond C&B, Sun Medical), to allow
for fixation.

Habituation
After one week of recovery from surgery, mice were handled for 10 minutes every day
until they were able to run freely and comfortably from one hand to the other. Next,
the mice were transferred to the set-up and fixed to the head holder. At the beginning
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of habituation, the mice ran on the ball for 10 minutes. Over the following 4-5 days,
the duration increased to 2 sessions of 40 minutes per day. The experiments lasted
three weeks in total per mouse, without any reward during the experiment.

Visual stimulation
Stimuli consisted of white dots (0.20 cd/m2) on a black background (0.09 cd/m2), giving
rise to a Michelson contrast of 0.37. The motion was shown at a speed of 36 deg/s;
dots had a radius of 0.9 degrees. An OptomaX501 video projector (resolution:
1920x1080@60-Hz) projected the stimuli, onto the inside of a fiberglass-reinforced
resin (Fibresports UK; Basildon, UK) with a 112 cm inner-diameter, via a quarter
spherical mirror (Fig. 3.1A). At the center of the dome, a custom-made socket
(University College London workshops) held a Styrofoam ball floating on air, which
served as a treadmill for the mice to run on. Vertically, the visual stimuli covered from
10 degrees below to 80 degrees above the mouse, horizontally 220 degrees of visual
angle was covered for further details, see (Kirkels, Zhang et al. 2018).
Each trial started with a newly generated random dot pattern that was static
for 1 or 2 s, after which the dots started moving for 2 s. Following 2 s of motion, the
dots stopped and remained 1 s static on the screen (Fig. 3.1B). To reduce the animal’s
ability to anticipate motion onset, we interleaved the duration of the initial static
phase (1 or 2 s) randomly. Motion (36 deg/s) was created by incrementing (or
decrementing) the azimuths of the dots at each 17-ms video frame, resulting in a
rotation around the vertical axis, or yaw.
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Figure 3.1: Experimental set-up. (A) Schematic drawing of the set-up. A projector (P) displayed
patterns of randomly positioned dots via a mirror (M) onto the inside of a dome (D). Mice ran
under head-fixed conditions on a Styrofoam ball (SB) floating on air. (B) Stimulus time course
of one trial. Trials started with a static dot pattern. Motion onset (t = 0) occurred either 1 or
2 s after the start of the trial. The pattern of dots drifted either horizontally leftward or
rightward for 2 s, producing optic flow consistent with leftward or rightward yaw of the mice,
respectively. The trial ended with 1 s of static dots.

Behavioral paradigm
The mice were running on the ball for two sessions, approximately 15 minutes each
per day. In each session, one eye condition was pseudorandomly selected: binocular,
monocular right or monocular left open. In one session the stationary random dot
stimulus was repeated 80 times and the left and rightward moving stimulus 40 times
each. This resulted in 160 trials in total for each session, and each eye condition was
repeated in 7 sessions, which results into 280 trials per stimulus/eye condition
combination for the moving dot stimuli. We excluded those trials in which the mice
were sitting still by requiring a mean forward speed of at least 1 cm/s over the course
of the trials. Sessions with too few trials were subsequently excluded from further
analyssi. This led to removal of one session for one mouse.

Recording and data analysis
The spherical treadmill consisted of a 19.7 cm diameter Styrofoam ball, which was
floating in a semi-spherical socket on pressurized air (Dombeck, Khabbaz et al. 2007),
modified from insect studies (Dahmen 1980, Mason, Oshinsky et al. 2001, Stevenson
2005). The yaw of the ball was registered in deg/s by an optical computer mouse with
a sampling rate of 60 Hz. Yaw is the axis of rotation of the visual stimulus and therefore
used as a proxy for OLR. The yaw was smoothed with a 100-ms boxcar filtered. Next,
the mean yaw during 500 ms before motion onset was determined per trial (baseline)
and subtracted from the yaw time series. We statistically tested whether the mean
OLR to either motion direction was different from the mean OLR to stationary patterns
by comparing every 0.5-second bin between 0.5 and 2 seconds after motion onset
using a Wilcoxon’s rank test.
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3.3 Results
When the mice got used to the set-up, we measured OLRs to horizontally moving
random dot patterns, either left- or rightward at a speed of 36 deg/s and for a duration
of 2 seconds. In Figure 3.2 individual OLR traces of one mouse in response to
stimulation of both eyes are shown for one session (Fig. 3.2A) and for all seven sessions
to leftward (Fig. 3.2B) and rightward (Fig. 3.2C) moving dot patterns. Corresponding to
previous findings (Kirkels, Zhang et al. 2018), mice responded to the motion by turning
in the same direction as the dots. In Figure 3.2A this is reflected by mostly positive
OLRs to leftward motion (yellow lines) and negative OLRs to rightward motion (red
lines). Furthermore, we show that OLRs in response to leftward (Fig. 3.2B) or rightward
(Fig. 3.2C) motion do not change over the time course of the total experiment (severn
sessions of approximately 40 trials per animal). The total trial number deviates from
280 since trials were discarded where the animal did not move enough.
In Figure 3.3A the mean OLR of five animals to rightward motion (red), leftward
motion (yellow) and stationary stimuli (black) is shown for mice with uncovered eyes
(binocular stimulation). OLRs to both motion directions start at about 250 ms after
motion onset and show a peak response (both around 35 deg/s) around 2 s after
motion onset. Additionally, the distribution of OLR values over time for all trials to the
leftward and rightward moving patterns demonstrates that leftward motion
predominantly results in positive OLR values when the baseline OLR to stationary
motion is subtracted (Fig. 3.3B), and vice versa for rightward motion (Fig. 3.3C). When
motion was presented to both eyes, the mean OLR to rightward and leftward motion
is statistically different from the OLR to stationary patterns from 0.5 s after motion
onset (Wilcoxon’s rank test, p < 0.01 for all three 0.5 bins between t = 0.5-2 s).
Pseudorandomly interleaved with the binocular stimulation experiments, we
used an eye cap to cover either the right or the left eye. When the left eye is open
(Figure 3.4A) the OLR shows a delay of about 700 ms to leftward motion, compared to
rightward motion. The same conclusion can be drawn from the contour plots for
leftward (Fig. 3.4B) and rightward (Fig. 3.4C) motion. Responses for rightward motion
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start earlier after motion onset. Results from the Wilcoxon’s rank test demonstrated
that the mean OLR to rightward motion differs significantly (p < 0.01 for all 0.5-s bins
between t = 0.5-2 s) from the mean OLR to stationary patterns, whereas the mean OLR
to leftward motion only differs significantly from between 1.5 and 2 s after motion
onset (p = 0.04). When the right eye is open, mice respond earlier and stronger to
leftward motion compared to rightward motion (Fig. 3.4D-F). The mean OLR to
leftward motion differs significantly from the mean OLR to stationary patterns from
0.5 s to 2 s for all 0.5-s bins (p < 0.05). The mean OLR to rightward motion is only
significantly different from the mean OLR to stationary patterns from 1.5 to 2 s after
motion onset (p < 0.01).
We expect an interaction of visual input between the two eyes on the evoked
OLR, after the initial phase where only one eye provides input. In order to determin
whether there is interaction we summed the OLRs to monocular stimulation and
depicted them in the same figure as the OLRs to binocular stimulation. Figure 3.5
shows that the sum of the OLR to leftward motion monocularly presented in the left
and right eye (dashed yellow line) is not significantly different from the OLR to leftward
motion presented binocularly (solid yellow line) (Wilcoxon’s rank test; p > 0.4 for all
0.5-s bins between 0.5-2s). The same holds true for rightward motion (Wilcoxon’s rank
test; p > 0.1 for all 0.5-s bins between 0.5-2s). These results show no evidence for
averaging or non-linear interactions between the eyes under these conditions.

3.4 Discussion
We measured opto-locomotor reflexes (OLRs) of mice in response to random dot
patterns moving horizontally left or right in binocular and monocular conditions. We
found that in about the first 700 milliseconds there is a strong bias towards temporonasal stimulation which is in accordance with a lot of previous animal literature on eye
and head reflexes to large motion patterns (Hobbelen and Collewijn 1971, GrüsserCornehls and Böhm 1988, Harvey, De'Sperati et al. 1997, Thomas, Seiler et al. 2004,
Douglas, Alam et al. 2005). However, this asymmetry largely resolves in the following
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second (Fig. 3.4) and an OLR is also evoked, albeit somewhat smaller, by motion in the
naso-temporal direction. Furthermore, when we summed the left and right monocular
OLRs to leftward respectively rightward motion, the binocular OLRs to the same
motion directions were similar, suggesting that in binocular vision there are no strong
non-linear interactions between the two eyes (Fig. 3.5).

Figure 3.2: Individual OLR trace of one mouse. (A) Single OLR traces in response to random
dot motion presented to both eyes against time after motion onset for one exemplary session
(80 trials) in one exemplary mouse. Lines represent OLRs to a rightward (red line) or leftward
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(yellow line) moving random dot pattern. The mouse responds to motion by turning in the
same direction as the dots. (B, C) Single OLR traces for all seven sessions in one exemplary
mouse to dots moving left (B) or right (C). The color map indicates OLR speed of trials in
degrees per second. The exemplary mouse in (A) is the same as in (B) and (C).

3

Figure 3.3: Binocular measurement in mice. (A) Mean opto-locomotor reflex (OLR) of 5 mice
for random dot motion presented to both eyes against time after motion onset. The lines
represent OLR to a stationary (black line), or a rightward (red line) or leftward (yellow line)
moving random dot pattern. The mice responded to the motion by turning in the same
direction as the dots. Shaded bounds represent SEM. (B, C) The distribution of OLR values
over time for all trials to the leftward and rightward binocularly presented moving patterns.
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In these contour plots OLRs to stationary patterns were subtracted from the OLRs to dots
moving left (B) or right (C). The color map shows the percentage of trials where the traces go
through a certain point in the contour plot relative to the static condition.

Figure 3.4: Monocular measurement in mice. Mean (n = 5) opto-locomotor reflex (OLR) for
random dot patterns presented only to one eye against time after motion onset left eye (A),
right eye (D). The patterns were stationary (black line), rightward (red line) or leftward (yellow
line) moving. Shaded bounds represent SEM. (B, C, E, F) The distribution of OLR values over
time for all trials to the leftward and rightward monocularly presented moving patterns. In
these contour plots OLRs to stationary patterns were subtracted from the OLRs to dots
moving left (B, E) or right (C, F) for the left (B, C) and right (E, F) eye. The color map shows the
percentage of trials where the traces go through a certain point in the contour plot relative
to the static condition.
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Figure 3.5: Comparison of the binocular OLR for leftward (red solid line) and rightward (yellow
solid line) motion compared to the sum of the two related monocular OLRs (dashed lines).

Previous rodent and rabbit literature generally reports the (nearly) complete
absence of OKR to naso-temporal motion in monocular stimulation (Hobbelen and
Collewijn 1971, Grüsser-Cornehls and Böhm 1988, Harvey, De'Sperati et al. 1997,
Thomas, Seiler et al. 2004, Douglas, Alam et al. 2005). In contrast to this, we find that
OLRs do not show this strong asymmetry at later stages of the response. We cannot
rule out that this discrepancy can be explained by the characteristics of our visual
stimulus (e.g. moving random dots in a whole field dome) compared to stimuli that are
used in typical OKR experiments (moving vertical gratings on surrounding screens).
Another factor that could play a role is our choice of animal model (C57BL/6J mice),
but it is has been shown that these mice also show strong asymmetries in OKR
experiments (Tabata, Shimizu et al. 2010).
The most probable reason for finding more symmetrical OLRs later in the
response is that we measure running behavior instead of eye movements in OKR or
head movements in OMR experiments (Kretschmer, Kretschmer et al. 2013,
Kretschmer, Sajgo et al. 2015). Furthermore, although OKRs occur in all vertebrates,
their appearance differs from species to species. How gaze is stabilized differs per
species. Birds, reptiles and amphibians are more reliant on head and body movements,
while mammals and fish depend on eye movements (Dieringer, Cochran et al. 1983,
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Fritsches and Marshall 2002, Straka and Dieringer 2004). Consequently, these groups
show discrepancies in velocity profiles and amplitude of eye movements (Dieringer
1986, Huang and Neuhauss 2008). From an evolutionary point of view, neuronal
circuits underlying the OKR have changed in order to optimize the OKR. An obvious
characteristic that emerged in the OKR is the asymmetry for motion in opposite
directions when monocularly presented. In almost all species that display asymmetry,
it is naso-temporal motion that results in no or much weaker responses compared to
temporo-nasal motion (Collewijn 1975, Fite, Reiner et al. 1979, Katte and Hoffmann
1980, Hess, Precht et al. 1985, Wallman and Velez 1985, Bonaventure, Kim et al. 1992,
Fritsches and Marshall 2002). This monocular asymmetry is predominantly seen in
animals laterally positioned eyes. A possible evolutionary advantage of the asymmetry
in these animals is that it helps to suppress optokinetic drive due to naso-temporal
optic flow on the retina during forward locomotion. This resulted in an OKR that is
more sensitive to rotation, which helps them in gaze stabilization during head turns
(Fritsches and Marshall 2002).
Research into OKR symmetry has led to at least three theories that apply very
well to mammals, as proposed by Masseck and Hoffmann (Masseck and Hoffmann
2009). First of all, retinal organization has been correlated with symmetry, dividing
mammalian classes in foveates and afoveates. Possession of a fovea seems to be
required for symmetry in the mammalian OKR (Tauber and Atkin 1968). Another
determining factor could be the number of retinal fibers crossing in the optic chiasm.
Supposedly, the more fibers end ipsilaterally, the more symmetrical the OKR (Fukuda
and Tokita 1957). Furthermore, the size of the binocular visual field could be at the
basis of OKR symmetry. Large binocular visual fields result in symmetrical OKRs (ter
Braak 1936). Whether one of these features or a combination of either of them is the
underlying cause for OKR symmetry, is hard to determine because of their intertwining;
they are highly correlated and appear or are absent together. However, lesion and
corticectomy studies of the visual cortex in cats and monkeys were reported to result
in nystagmus or more asymmetrical OKRs, comparable to rats and rabbits (Wood,
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Spear et al. 1973, Montarolo, Precht et al. 1981, Strong, Malach et al. 1984, Hamada
1986, Zee, Tusa et al. 1987, Tusa, Demer et al. 1989, Flandrin, Courjon et al. 1992). This
clearly shows that the connection between visual cortex and subcortical structures is
of importance for OKR symmetry. Specifically, neurons transferring the naso-temporal
direction information to oculomotor areas are essential in this case. If these neurons
do not exist or are not well-developed, this leads to monocular OKR asymmetry
(Masseck and Hoffmann 2009). In line with this is the finding that lesions of visual
cortex in rats or cerebral cortex in rabbits did not affect the OKR (Hobbelen and
Collewijn 1971, Harvey, De'Sperati et al. 1997). Apparently, in these animals nasotemporal direction information carrying neurons do not link to the oculomotor
circuitry. However, more recent studies show that lesioning or silencing of the visual
cortex does affect the OKR gain (Prusky, Alam et al. 2006, Prusky, Silver et al. 2008, Liu,
Huberman et al. 2016). These recent findings would indeed advocate for an
involvement of the visual cortex besides subcortical structures in OKR plasticity. It
would be very interesting to see what happens to the OLRs after visual cortex lesions
in rodents.
The importance of connections visual cortex and oculomotor areas for OKR
symmetry is underlined by findings from OKR comparisons between infant and mature,
and healthy and affected higher mammals. Higher mammals such as cats and humans
show an asymmetrical OKR at birth and only over the course of weeks to months,
respectively, when development takes place and cortical projections mature, the OKR
becomes more symmetrical (Giolli, Blanks et al. 2006). Moreover, disruption of cortical
binocularity, for instance in the case of strabismus or by monocular deprivation, leads
to OKR asymmetry as well (Hoffmann 1983, Tychsen and Lisberger 1986). This all
points to the idea that symmetry of reflexes and cortical control are inversely related.
One might speculate that running behavior depends more on cortical control than eye
movements in mice, and because cortical pathways are symmetric the OLR is more
symmetric.
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We show that when the stimulus is presented to one eye the OLR starts off
asymmetrically after about 250 ms after motion onset, and resolves into a symmetrical
response after about 700 ms. Compared to the OKR, the OLR much slower, which could
be explained by the involvement of different motor systems, e.g. fast responding eye
and head movements versus slower changes in running behaviour. Furthermore, it
takes time for the mice to turn the Styrofoam ball into a different direction because of
inertia. The OKR literature often describes an initial (first 500 ms from stimulus motion
onset) and later parts of the response (Cohen, Matsuo et al. 1977). These two phases
in the OKR resemble the initial and later part of the OLR of mice that we report. And
although most OKR studies on signal processing in the mouse brain only focus on the
first 500 ms (Tabata, Shimizu et al. 2010), at least for the OLR, later stages of the
response also provide valuable information.
Adding monocular OLRs
Finally, we find that adding both individual monocular OLRs to either leftward or
rightward motion matches the binocular OLR to that same motion direction. This result
underlines the idea that binocular vision is the result of the sum of each eye’s input
and there is no averaging or winner-take-all mechanism at play (Van Wezel and Britten
2002). However, it is difficult to generalize this conclusion, since most other studies
use eye or head movements and not running behaviour. Despite this fact, our study
delivered valuable information about monocular and binocular evoked optolocomotor reflexes and (a)symmetry in responses to monocular temporo-nasal and
naso-temporal stimulation. Furthermore, it provides a platform to further investigate
underlying mechanisms of normal binocular vision and visual abnormalities or diseases.

3.5 Conclusion
Here, we present evidence for a response not only to temporo-nasal but also to nasotemporal stimulation in monocular stimulation in mice. This is in stark contrast to what
has been reported in the past, where head-tracking or OKR measurements show
(almost) no response to naso-temporal stimulation in rodents and rabbits (Hobbelen
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and Collewijn 1971, Grüsser-Cornehls and Böhm 1988, Harvey, De'Sperati et al. 1997,
Thomas, Seiler et al. 2004, Douglas, Alam et al. 2005). OKRs and OLRs manifest
different temporal characteristics, possibly due to different underlying connections
between retina and oculomotor or motor areas respectively. Although the actual
origin of monocular asymmetry remains elusive, our results suggest that OLRs of mice
have both a subcortical and cortical component. A delay in the response to monocular
stimulation in the naso-temporal direction could be indicative of cortical processing
time, whereas the response to temporo-nasal motion could reflect more instinctive
reflexive behavior.
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Abstract
We investigated in mice which readout mechanism is used for decisions about
responding to large field visual motion patterns. We measured whole body optolocomotor reflexes (OLRs) to unidirectionally or transparently moving random dot
patterns in opposite directions, presented to one or two eyes. We found that
monocular presentation of unidirectional motion resulted in an OLR that was initially
biased towards temporo-nasal motion, but receptive to both directions at later stages
of the response. Examination of the response to transparent stimuli revealed first an
integration phase, where mice ran straight. This was followed by a winner-take-all
(WTA) phase, where mice ran into one of two possible motion directions. The similarity
in temporal characteristics of the monocular bias and the transition from integration
to WTA phases in the OLR to transparent stimuli suggests that these phenomena have
a common underlying neural substrate. This finding could reflect functioning of the
mouse superior colliculus.
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4.1 Introduction
The brain receives visual motion information about moving objects and motion
patterns induced by self-motion via direction selective neurons in cortical and
subcortical brain areas. Subsequently, the activity of these motion sensors has to be
translated into a motion percept and appropriate behavior. Although the visual motion
system has been studied extensively for decades, the exact mechanisms by which
activity of motion sensors tuned to different directions is read out for perception or
for driving motor actions has been discussed extensively (Salzman, Murasugi et al.
1992, Groh, Born et al. 1997, Lisberger and Ferrera 1997, van Wezel and Britten 2002,
O'Connell, Shadlen et al. 2018). Typically, only one motor output direction is possible
in reflexive eye, head- or whole-body movement responses driven by large field
moving patterns. When these body movements are driven by two simultaneously
presented visual motion patterns moving in opposite directions (transparent motion),
there are two basic readout mechanisms possible: integration or winner-take-all
(WTA). For integration, activity of motion sensors tuned to different directions is
combined (summed or averaged) into one vector. The winner-take-all combination
rule allows for mutual inhibition between oppositely tuned motion sensors, and
eventually only the most prevalent stimulus will drive the output (Groh, Born et al.
1997, Van Wezel and Britten 2002).
To study readout mechanisms, the response to two simultaneously moving
patterns in different directions is measured. For this, often either two sinusoidal
grating patterns or two random dot patterns are used. Two superimposed gratings
drifting in different directions can be perceived as two separate components, or under
proper conditions (e.g. specific contrast, spatial frequency, direction of motion)
combine into one single coherent percept, which is often referred to as plaids (Adelson
and Movshon 1982, Movshon, Adelson et al. 1985, Albright and Stoner 1995,
Yamamoto and Miura 2012, Curran, Beattie et al. 2019). Transparent random dot
patterns are created from two populations of superimposed dots that move in
different directions (Albright, Desimone et al. 1984, Snowden, Treue et al. 1991,
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Verstraten, Fredericksen et al. 1996, Nakamura, Kashii et al. 2003, Kiorpes and
Movshon 2004, Hess, Hutchinson et al. 2007, Krekelberg and van Wezel 2013, Curran,
Beattie et al. 2019). Common in all these studies is to compare one versus two
simultaneously presented stimuli and determine how the response to two
simultaneous stimuli relates to the response to the separate components.
In previous work (Kirkels, Zhang et al. 2018) we developed a method to measure
reflexive turning of running responses of mice, called opto-locomotor reflexes (OLRs).
In these measurements, mice are head-fixed and running on an air-floating Styrofoam
ball and stimulated with moving stimuli covering a large part of the visual field. The
onset of such a large field moving stimulus evokes a reflexive compensatory response
of the mouse by running in the same direction as the motion stimulus. In this study,
we are interested in how mice process motion information of transparent random dot
patterns, moving in opposite directions in order to test what readout rule applies for
the OLR response.

4.2 Methods
Animals
Five male C57BL/6J mice (6-8 weeks old) were used in this experiment. After a
habituation period of one week, during which the animals got accustomed to their
experimenter and setup, the mice went on food restriction and were each fed 2.2
grams per day. The weight of the mice was maintained between 85% and 95% of their
initial weight (22.8 ± 0.3g). The mice were kept on a 12h dark/12h light cycle and all
measurements took place during the dark cycle. All experiments were conducted in
compliance with Dutch and European laws and regulations and were approved by the
animal ethical committee of Radboud University Nijmegen.

Surgery
Mice were anesthetized via a nose cone (induction with 4% isoflurane in oxygen, kept
at 1.0-1.5% during surgery, 0.2L/min). The mice were immobilized in a stereotactic
holder and an antibacterial ophthalmic ointment (Puralube, Dechra) was applied to
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the eyes to prevent dehydration of the eyes. Subsequently, the heads of the mice were
shaven and an incision was made in the skin to expose the skull. The exposed
periosteum was treated with a local anesthetic compound (1 mg/ml Lidocaine HCL
with 0.25 mg/ml Bupivacain Actavis), before the skull was cleaned using a bone scraper.
A custom-made titanium head-plate was attached to the skull with dental cement
(SuperBond C&B, Sun Medical), allowing fixation of the head.

Visual stimulation
Our setup consisted of a Styrofoam ball (19.7 cm diameter, 48.5 grams) that was
floating on pressurized air in a semi-spherical socket (Dombeck, Khabbaz et al. 2007),
adapted from insect studies (Dahmen 1980, Mason, Oshinsky et al. 2001, Stevenson
2005). Mice were positioned on the ball using two metal bolts that connected the head
plate to make sure the mice were held on the upper surface of the ball. On the inside
of a spherical screen (inner diameter 112 cm), made of fiberglass-reinforced resin
(Fibresports UK; Basildon, UK), an Optoma X501 video projector (1920x1080 resolution,
60Hz) projected random dot patterns moving at a speed of 36 degrees per second.
Horizontally, the visual stimuli covered 220 degrees of visual angle and vertically from
10 degrees below the mouse to 80 degrees above it (Kirkels, Zhang et al. 2018).
Stimuli consisted of patterns of white dots (0.20 cd/m2) on a black background
(0.09 cd/m2) randomly positioned in the stimulus window, with unlimited lifetime. The
beginning of a trial started with randomly positioned static dots that started moving
either 1 or 2 seconds after onset of the trial, to reduce effects of anticipation of the
motion onset. Motion was generated by adjustment of azimuth and zenith of the dots
each video frame (every 17 ms) and lasted 2 seconds. After 2 seconds of stimulus
motion, the trial ended with a static dot pattern for 1 second (Fig. 4.1). The dots were
displaced such that their displacement resembled leftward or rightward unidirectional
motion (Fig. 4.1a), transparent motion (Fig. 4.1b), or they remained static. In
unidirectional motion, all dots moved with an unlimited lifetime of the dots in the
same direction (either left or right) at a speed of 36 deg/s. Transparent motion was
created by dot patterns moving in opposite directions (left and right) at the same
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speed (36 deg/s). These stimulus variants were presented in either monocular or
binocular conditions, where eye-caps were fixed to the setup to cover either eye of
the mice.

Figure 4.1: Time courses per trial for different motion types. (a). The time course for a
unidirectionally moving dot pattern. Trials started with presentation of either 1 or 2 s static
dots followed by 2 s of motion and ended with 1 s of static dots. During unidirectional motion,
dot patterns moved rightward or leftward at a speed of 36 deg/s. (b). Transparent motion
time course. Two dot patterns moved in opposite directions (left and right) at 36 deg/s.

Behavioral paradigm
After the habituation period, experimental sessions began. Twice daily, mice
performed a 40-minute experiment with two sessions of approximately 20 minutes. In
each session, the stimulus was pseudorandomly presented binocularly or monocularly
(left or right eye). In total, 7 sessions per eye condition per mouse were recorded. In
one session four different motion types were pseudorandomly presented (left
unidirectional, right unidirectional, transparent and static), and repeated 40 times. The
total duration of the whole study was 4 weeks.
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Recording and data analysis
We used two optical computer mice, one located in front and one to the side of the
ball, to register yaw in deg/s with a sampling rate of 60 Hz. The yaw is considered a
proxy for OLR of mice, since the OLR is transferred to the ball resulting in a rotation
around the yaw axis. Every trial a baseline response was determined by taking the
average yaw during 500 ms before motion onset. Subsequently, this baseline was
subtracted from the yaw-over-time traces. A 100-ms boxcar filter was applied to each
trace for all trials. Per mouse, mean traces were calculated and pooled over sessions.

4

4.3 Results
We recorded opto-locomotor reflexes (OLRs) (Kirkels, Zhang et al. 2018) of five mice
in response to sudden onset of moving dot patterns. The stimuli consisted of four
different motion types: unidirectional (horizontally leftward or rightward), static and
transparent. In the transparent motion stimulus two random dot patterns were
superimposed and moving in opposite directions (horizontally moving leftward and
rightward). All stimuli were presented both to only one of the eyes (monocular) or to
both eyes (binocular). In monocular presentation, the OLRs to the individual eyes were
combined and averaged. Here we used temporo-nasal motion for random dot patterns
moving leftward for the right eye and rightward for the left eye. Naso-temporal motion
was used to describe rightward motion for the right eye and leftward motion for the
left eye.
In Figure 4.2 the average OLRs for five mice are depicted in response to the
different types of motion stimuli. For unidirectional motion (yellow and red line) mice
turned in the same direction as the motion direction of the dot patterns,
corresponding to our previous findings (Kirkels, Zhang et al. 2018). We did not see a
bias for either direction when the stimulus was presented to both eyes (Fig. 4.2a).
When we covered one eye with an eye cap and presented the unidirectional stimulus
to the uncovered eye, the OLR showed a different pattern (Fig. 4.2b). Monocular
stimulation resulted in a 700 ms delayed response to naso-temporally moving dot
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patterns (yellow line) compared to the response to motion in the temporo-nasal
direction (red line). When we stimulated both (Fig. 4.2a) or either eye (Fig. 4.2b) with
transparent motion (dashed blue line), the response showed no bias to either positive
or negative OLRs. The mice ran more or less straight forward in response to both
motion variants, approximating the response to static dot patterns (black line).
A bimodality test on the transparent data showed that the data could not be
treated as bimodal (bimodality coefficient <0.56) (Hartigan and Hartigan 1985). To
further explore this, we calculated histograms of the directions that the mice are
running at each time point (Fig. 4.3). When both eyes were exposed to the transparent
motion stimulus mice showed no response in the first 700 ms. After this initial period,
they responded to either rightward or leftward motion, by turning in the same
direction (Fig. 4.3a). For monocularly presented transparent motion, the response was
earlier for temporo-nasal motion directions (Fig. 4.3b). After about 700 ms mice
responded to naso-temporal motion and did not change direction anymore.

Figure 4.2: The average response to moving random dot patterns. (a) Opto-locomotor reflexes
(OLR) to binocular stimulation with random dot patterns moving in a rightward unidirectional
(red line), leftward unidirectional (yellow line), transparent (dashed blue line) or staticremaining (black line) fashion. (b) OLRs averaged for both the left and right eye to monocular
stimulation. After combining OLRs to monocular stimulation in left and right eye, we use the
terms temporo-nasal unidirectional motion (red line) and naso-temporal unidirectional
motion (yellow line) for different motion directions.
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Figure 4.3: Distribution of responses to binocular and monocular transparent motion. (a)
Distribution of OLRs to binocular stimulation with transparently moving random dot patterns
subtracted with responses to static. (b) Same as (a) for monocular stimulation. The color map
shows the percentage of trials where the traces go through a certain point in the contour plot
relative to the static condition.

4.4 Discussion
In order to investigate the readout mechanism of large field motion induced
optokinetic reflexes we measured opto-locomotor reflexes (OLRs) in head-fixed mice.
We measure their response to unidirectionally moving random dot patterns and to
two transparent patterns moving leftward and rightward simultaneously, both under
monocular and binocular conditions.
Our first finding is that under monocular conditions, the response of the mice
to naso-temporally moving dot patterns is about 700 ms slower than the response to
temporo-nasal stimuli (Fig. 4.2b). The strong asymmetry in the first phase of response
has been described previously in rodent and rabbit optokinetic reflex literature
(Hobbelen and Collewijn 1971, Grüsser-Cornehls and Böhm 1988, Harvey, De'Sperati
et al. 1997, Thomas, Seiler et al. 2004, Douglas, Alam et al. 2005) and infant or affected
higher mammals such as cats, monkeys and humans (Atkinson 1979, Kiorpes, Walton
et al. 1996). Furthermore, lesions and corticectomy of visual cortex in cats and
monkeys result in asymmetric OKRs, comparable to those of rodents and rabbits
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(Wood, Spear et al. 1973, Montarolo, Precht et al. 1981, Strong, Malach et al. 1984,
Hamada 1986, Zee, Tusa et al. 1987, Tusa, Demer et al. 1989, Flandrin, Courjon et al.
1992), suggesting a connection between asymmetry and more primitive subcortical
brain structures.
Our second finding is that mice ran on average straight forward in response to
the transparent motion stimulus (Fig. 4.2a). Further examination of the OLRs under
binocular conditions provided more insight and revealed two different phases in the
response (Fig. 4.3a). In the first 700 ms of the response, integration takes place and
mice do not change their running direction. However, from that point onwards, mice
start to choose to turn into one of the two directions, either leftward of rightward.
This behavior of the mice is an indication for a winner-take-all readout mechanism in
motion processing at a later stage of the opto-locomotor response. When a
transparently moving dot pattern was presented to one eye only, the mice responded
initially by turning to the temporo-nasal direction, and after 700 ms switched their
turning direction to the naso-temporal direction for the remainder of the response (Fig.
4.2b). The initial bias can be explained by the asymmetry for motion direction
previously reported in rodent research (Grüsser-Cornehls and Böhm 1988, Harvey,
De'Sperati et al. 1997, Thomas, Seiler et al. 2004, Douglas, Alam et al. 2005). After 700
ms the initial bias seems resolved and mice reverse their running behavior and follow
naso-temporal directed motion. The stimulus does not change over the trial time, so
possibly the reversal of running direction reflects a “winner-take-all” readout
mechanism, where “the winner” is determined by adaptation to the opposite motion
direction in the first phase. The initial bias phase towards temporo-nasal directed
motion could cause a motion adaptation effect during the following part of the
stimulus (Barlow and Hill 1963, Samonds, Lieberman et al. 2018), causing the nasotemporal motion to gain “attention/momentum” and prevail, resulting in a turn of the
OLR for the remainder of the stimulus.
These two findings combined are very characteristic for activity of midbrain
structure superior colliculus (SC), which integrates input of multiple sensory modalities
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(Wallace, Meredith et al. 1993, Stanford, Quessy et al. 2005, Rowland, Quessy et al.
2007, Gharaei, Arabzadeh et al. 2018) and is essentially involved in target selection for
either orienting eye movements (Goldberg and Wurtz 1972, Goldberg and Wurtz 1972,
Wurtz and Goldberg 1972, Wurtz and Goldberg 1972, Lee, Rohrer et al. 1988, Carello
and Krauzlis 2004, McPeek and Keller 2004, Dorris, Olivier et al. 2007, Nummela and
Krauzlis 2010), head and body movements (Freedman, Stanford et al. 1996, Guillaume
and Pélisson 2001, Corneil, Van Wanrooij et al. 2002, Walton, Bechara et al. 2007,
Felsen and Mainen 2008, Gandhi and Katnani 2011), or limb movement (Werner,
Dannenberg et al. 1997, Werner, Hoffmann et al. 1997, Philipp and Hoffmann 2014).
For eye movements it is well established that the superior colliculus first integrates
visual input before selecting a target is via WTA behavior (Case and Ferrera 2007,
Nummela and Krauzlis 2011) following the weighted integration of visual input,
resulting in one object to make a saccade to (Lisberger 1998, Gardner and Lisberger
2001, Liston and Krauzlis 2003, Liston and Krauzlis 2005). This pattern in motion
readout for eye movements of integration followed by WTA behavior matches that of
our mouse OLRs to transparently presented opposing dot patterns. Moreover,
direction sensitive neurons in the SC of mice are strongly biased for temporo-nasal
motion (Drager and Hubel 1975), suggesting an important role for SC in the asymmetry
found in our OLRs as well. Taken together, this supports our notion that the SC is
involved in mouse reflexive running behavior and provides a “first” asymmetric
integrative response, mirrored by the first phase in the mouse OLRs that we measured.
Subsequently, the second part of the response is characterized by WTA behavior.
Whether this phase is completely driven by SC activity, or whether there is also some
interference by cortical or other brain areas is interesting to further examine.
In response to monocularly presented unidirectionally moving dot patterns, we
found OLRs, which started off asymmetrically, due to a bias for temporo-nasal motion.
This bias had disappeared in the second phase of the response. Furthermore, in
response to transparent motion we find an initial integrative part of the response and
a subsequent winner-take-all (WTA) phase. The temporal characteristics of the OLR
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asymmetry correspond to that of the two readout mechanism phases, suggesting a
common underlying mechanism. Whether this is a division between the subcortical
and cortical system, cannot be concluded from this study, but involvement of the
superior colliculus is likely.
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Abstract
In a reverse-phi stimulus the contast luminance of moving dots is reversed each
displacement step. Under those conditions the direction of the moving dots is
perceived in the direction opposite to the displacement direction of the dots. In this
study, we investigate if mice respond oppositely to phi and reverse-phi stimuli. Mice
ran head-fixed on a Styrofoam ball floating on pressurized air at the center of a large
dome. We projected random dot patterns that were displaced rightward or leftward,
using either a phi or a reverse-phi stimulus. For phi stimuli, changes in direction caused
the mice to reflexively compensate and adjust their running direction in the direction
of the displaced pattern. We show that for reverse-phi stimuli mice compensate in
the direction opposite to the displacement direction of the dots, in accordance with
the perceived direction of displacement in humans for reverse-phi stimuli.
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5.1 Introduction
When the contrast of an apparent motion stimulus (phi stimulus) is flipped periodically,
the perceived direction of displacement reverses. This perceptual illusion is called a
reverse-phi percept is called a reverse-phi percept (Anstis 1970, Anstis and Rogers
1975, Anstis and Mather 1985). Reverse-phi stimuli have been used to investigate
neural mechanisms of visual processing in a wide variety of animals such as monkey,
cats, wallabies, beetles, fruit flies, and zebrafish (Hassenstein and Reichardt 1956,
Emerson, Citron et al. 1987, Orger, Smear et al. 2000, Ibbotson and Clifford 2001,
Livingstone and Conway 2003, Krekelberg and Albright 2005, Clark, Bursztyn et al.
2011, Tuthill, Chiappe et al. 2011).
The why and how of reverse-phi motion have been the topics of much debate.
Crucial to any explanation of the phenomennon is the detection of motion and
correlations across different contrasts. Classical approaches attribute the effect to
contrast reversals that shift Fourier energy to the opposite direction, which is picked
up by a motion detector tuned to that opposite direction (Adelson and Bergen 1983,
Van Santen and Sperling 1985, Krekelberg and Albright 2005, Leonhardt, Meier et al.
2017). Other explanations are based on spatiotemporal correlations between positive
and negative contrasts carried by the ON and OFF channels of the visual system, which
diverge as early as the level of retinal bipolar cells (Schiller 1992, Mo and Koch 2003,
Westheimer 2007, Bours, Kroes et al. 2009, Duijnhouwer and Krekelberg 2016,
Salazar-Gatzimas, Agrochao et al. 2018). Recent fly studies using contemporary
techniques demonstrate there is still no consensus about the mechanisms underlying
the phenomenon (Leonhardt, Meier et al. 2017, Salazar-Gatzimas, Agrochao et al.
2018).
Studies by Mo and Koch (Mo and Koch 2003) and Bours et al. (Bours, Stuur et
al. 2007) proposed models for motion detection that combine inputs from both ON
and OFF cells to generate direction selectivity. However, the models offer opposing
explanations of the apparent reversal seen in reverse-phi stimuli. The motion
101

5

CHAPTER 5

detectors proposed by Mo and Koch (Mo and Koch 2003) are excited by phi stimuli in
one directions as well as by reverse-phi stimuli in the opposite direction. The BoursLankheet model (Bours, Stuur et al. 2007), however, proposes excitation of motion
detectors by phi stimuli and inhibition by reverse-phi stimuli in the same direction. This
prediction was investigated by Duijnhouwer and Krekelberg (Duijnhouwer and
Krekelberg 2016) who measured directional tuning curves of neurons in primary visual
and middle temporal cortex areas of awake behaving macaques and claimed some
evidence to support the Bours-Lankheet ‘counterevidence’ model.
Although mice have much poorer visual acuity than primates, their visual
systems bear relevant similarities. Both animals perceive motion stimuli (Niell and
Stryker 2008, Huberman and Niell 2011, Wang, Gao et al. 2011, Priebe and McGee
2014)

and they both have separate ON and OFF channels that appear to share

evolutionary preseved pathways (Calkins, Tsukamoto et al. 1998, Ghosh, Bujan et al.
2004, Grubb and Thompson 2004, Ekesten and Gouras 2005, Mataruga, Kremmer et
al. 2007, Huberman, Wei et al. 2009, Huberman and Niell 2011, Puller and Haverkamp
2011, Volland, Esteve-Rudd et al. 2015). Furthermore, a wide variety of techniques
are applicable to mice that allow for relating neuronal function in retina and visual
cortex to visually driven behavior, such as genetically encoded calcium current and
voltage indicators (Tsien, Miyawaki et al. 1997, Tian, Hires et al. 2009, Akemann,
Mutoh et al. 2010, Knöpfel 2012, Chen, Wardill et al. 2013, Antic, Empson et al. 2016),
designer receptors activated by designer drugs (Wulff and Arenkiel 2012, Sternson and
Roth 2014) and optogenetics (Zhang, Wang et al. 2007, Han, Qian et al. 2009, Fenno,
Yizhar et al. 2011, Packer, Roska et al. 2013).
Taken together, this could make the mouse an excellent animal model to
further study how the ON and OFF pathways interact to give rise to the reverse-phi
phenomenon. As a first step, we developed a behavioral experiment to investigate
responses of mice to phi and reverse-phi stimuli. We positioned mice head-fixed on a
spherical, 2D treadmill and projected randomly positioned black and white dots on a
spherical screen surrounding the animal (Hölscher, Schnee et al. 2005, Harvey,
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Collman et al. 2009, Schmidt-Hieber and Häusser 2013, Kirkels, Zhang et al. 2018). We
measured the opto-locomotor reflex (OLR) (Kirkels, Zhang et al. 2018) in response to
phi and reverse-phi stimuli to the left and right by recording the rotation of the
treadmill along the vertical axis.

5.2 Methods
Animals
We used nine male C57BL/6J mice in this experiment. C57BL/6J are often used in
behavioral studies of mouse vision because their visual acuity and performance is
among the best of commonly used strains (Prusky and Douglas 2003, Wong and Brown
2006). Then the starting weights of all animals were determined (23.2 ± 2.6g). To
maintain a weight between 85% and 95% of their starting weight, the animals received
2.2 grams of food per day. Food was increased or decreased if animals fell outside the
thresholds. All mice were kept in a well-ventilated, temperature-controlled room
(21±2°C) with a 12/12h light/dark cycle. All experiments were conducted in
compliance with Dutch and European laws and regulations and were approved by the
animal ethical committee of Radboud University Nijmegen. All experiments adhered
to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Surgery
Anesthesia was induced and maintained via a nose cone during surgery (4% isoflurane
in oxygen at induction, 1.0-1.5% during surgery). After anesthetizing the animals, they
were placed in a stereotact and their eyes covered in sterile ocular lube (Puralube,
Dechra) to prevent eye dehydration. Next, the head of the animal was shaved and the
skin on top of the head was removed using fine scissors. A local anesthetic compound
(1 mg/ml Lidocaine HCL with 0.25 mg/ml Bupivacain Actavis) was applied to the
exposed periosteum and the skull was cleaned thoroughly with a bone scraper. Dental
cement (SuperBond C&B, Sun Medical) was used to fix a custom-made titanium head
plate to the skull. This head plate allowed fixation of the head during the experiments.
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Habituation
The mice were handled and head-fixed in the set-up for ten minutes after one week
of recovery from the surgery. The duration of this exposure to the set-up increased
gradually over the following 5 days to 2 sessions of 40 minutes each per day. Animals
were running spontaneously during large parts of a session, requiring no reward.
Therefore, no specific training beyond general habituation to the set-up was required.

Visual Stimulation
Stimuli consisted of white (0.78 cd/m2) and black dots (0.24 cd/m2) with a radius of
1.4 degrees on a mid gray background (0.51 cd/m2). We used an Optoma X501 video
projector (resolution: 1920 X 1080 at 60 Hz) to project the stimuli, via a quarterspherical mirror, onto the inside of a dome made of fiberglass-reinforced resin
(Fibresports UK; Basildon, UK) with an inner-diameter of 112 cm (Fig. 5.1a). We placed
the mouse on a treadmill consisting of a Styrofoam ball floating on air in a custommade socket (University College London workshops) at the center of this dome. The
display area covered 220 degrees of visual angle horizontally, and from 10 degrees
below the mouse to 80 degrees above it vertically (for details, see Kirkels, Zhang et
al.2018).
The motion stimuli were based on the single-step dot lifetime (SSDL) paradigm
(Morgan and Ward 1980), with randomly positioned dots making a single horizontal
displacement and then being randomly repositioned in the display area. Each frame
contained 1000 dots, half of which were newly created while the other half were
displaced dots. For phi stimuli, the dots maintained their luminance polarity (white or
black) during displacement, whereas in reverse-phi stimuli, the polarity of the dots
reversed. The use of single-step dot lifetime is crucial for clean reverse-phi stimulation.
If the dots were instead to move for multiple steps while flipping their contrast polarity,
every 2-back step would be a regular phi-motion correlation. Similar stimuli have been
used before (Bours, Kroes et al. 2007, Bours, Stuur et al. 2007, Bours, Kroes et al. 2009,
Duijnhouwer and Krekelberg 2016).
Trials started with the displacement parameter set to zero, resulting in a
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flickering display with no net direction. After either 1 or 2 seconds, the dots started
moving with single steps to the left or right for 2 seconds, followed by another
stationary flickering period of 1 second (Fig. 5.1b). The 1 or 2-second duration of the
initial static phase were randomly interleaved to reduce the animal’s ability to
anticipate motion onset. We created displacements by incrementing (or decrementing)
the azimuths of the dots at each 17-ms video frame, resulting in a rotation around the
vertical axis, or yaw. We varied the temporal interval from 1 to 7 times the frame
duration of the video frame (17 - 117 ms) while adjusting the displacement size (0.6 4.2 degrees) to maintain a speed of always 36 deg/s. The resulting 56 conditions (7
temporal intervals, 2 onset delays, phi/reverse-phi, left/right) were randomly
interleaved and repeated three times per 148 session. Each mouse completed at least
32 sessions.

Figure 5.1: Experimental set-up. (a) Schematic drawing of the set-up. A projector (P) displayed
patterns of randomly positioned dots via a mirror (M) onto the inside of a dome (D). Mice ran
under head-fixed conditions on a Styrofoam ball (SB) floating on air. (b) Schematic of the
stimulus and timing (see section Visual Stimulation for details).

Recording and data analysis
The 2D treadmill consisted of a Styrofoam ball (diameter 19.7 cm, mass 48.5g ) that
was floating on pressurized air in a semi-spherical socket (Dombeck, Khabbaz et al.
2007), adapted from insect studies (Dahmen 1980, Mason, Oshinsky et al. 2001,
Stevenson 2005). We used two optical computer mice to register the yaw and pitch of
the ball in deg/s with a sampling rate of 60 Hz. Yaw is a proxy for the OLR because it is
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the axis of rotation of the visual stimulus. For each trial, we defined the mean OLR
measured during the 500-ms period before motion onset as the baseline and
subtracted it from the OLR-over165 time trace. Because OLR could only be effectively
measured as a deviation from forward locomotion, we excluded those trials in which
the mice were sitting still by requiring a mean forward speed of at least 1 cm/s over
the course of the trial. In further analysis we required a minimum of 100 trials per
condition per mouse. To smooth the OLR traces, we applied cubic splines using
Matlab’s csaps function.

5.3 Results
We measured the reflexive opto-locomotor reflex (OLR) to phi and reverse-phi singlestep dot lifetime stimuli in nine mice. Figure 5.2a depicts the mean and standard error
of the mean of 129 OLRs 175 in response to phi motion to the left (blue line) and 122
OLRs in response to phi motion to the right (red line) of one example mouse. The
temporal interval here was 67 ms. In our experiment, a positive stimulus speed
corresponds to leftward displacement. Therefore, Figure 5.2a shows that the mouse
responded by attempting to turn in the same direction as the dots, as reported
previously for unlimited lifetime stimuli (Kirkels, Zhang et al. 2018). To test for
differences between the blue and red OLRs, we averaged each trace over the interval
from 1 to 2 seconds after stimulus onset and performed a one-sided, two-sample ttest (t(249) = -2.55, p = 0.006). For reverse-phi stimuli the mouse responded with OLRs
opposite to the direction of the moving patterns, as shown in Figure 5.2b (t(254) = 1.87,
p = 0.031). This reversal is consistent with the human percept of reverse-phi stimuli
and indicates that this mouse also experiences this motion illusion.
Figure 5.3 shows the variation within the population of all mice (n=9) we
recorded. We pooled the OLRs to leftward and rightward stimuli (red and blue curves
in Fig.5.2) by taking the difference between them and dividing by two. We found that
two animals from our pool, mouse 5 and mouse 7, did not respond in agreement with
the behavior of the other animals. This opposite behavior of those mice seemed
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consistent over frame duration. However, it should be noted that the OLRs of these
two animals, together with those of mouse 4, are based on fewer than 100 trials per
frame duration condition for both reverse phi and phi stimuli, unlike the other animasl.
We further explored the effect of temporal delay on the OLR by varying the
frame duration from 17 to 117 ms in steps of 17 ms, while maintaining the speed of
displacement at 36 deg/s. Figure 5.4a shows the average response of six mice over
time, excluding the three mice from the population that were left with fewer than 100
trials per frame duration condition for both reverse phi (dashed lines) and phi stimuli
(solid lines). We found significant divergence in the interval 1-2 seconds afer motion
onset for the conditions with a delay of 17 ms (t(5)=7.76, p < 0.001), 33 ms (t(5)=5.99,
p < 0.001) and for 83 ms (t(5)=2.43, p < 0.05) (Fig. 5.4a). In Figure 5.4b, the pooled OLR
is summarized as the mean between 1 and 2 seconds after motion onset. A frame
duration of 33 ms resulted in the largest difference between the response to phi and
reverse-phi stimulus.

Figure 5.2: Comparison of OLR to phi and reverse-phi stimuli. (a) The mean opto-locomotor
response (OLR) over time for one mouse showing a typical OLR to rightward (red solid line) or
leftward (blue solid line) phi stimuli. (b) Mean OLR for the same mouse to rightward (red
dashed line) or leftward (blue dashed line) reverse-phi stimuli. The temporal interval in this
example was 67 ms. Shaded bounds represent SEM, stars indicate significant differences
between OLRs (one-sided, two-sample t-test; * p < 0.05, ** p < 0.01).
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Figure 5.3: Pooled mean OLRs per animal to phi (solid line) and reverse-phi stimuli (dashed
line) for frame duration of 33 ms. Shaded bounds represent SEM.
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Figure 5.4: Effect of phi and reverse-phi stimuli on mice OLR for different delays. (a) The mean
opto-locomotor response (OLR) over time of all animals (n = 6) to phi (solid line) and reversephi stimuli (dashed line) for seven different frame durations, pooled for leftward and
rightward stimulus motion. Shaded bounds represent SEM. (b) Mean OLR was summarised
with a single number by taking the mean between 1 and 2 seconds after motion onset. Plotted
for every frame duration is the pooled OLR to leftward and right ward motion for phi (solid
line) and reverse-phi (dashed line) stimuli for all animals (n=6). Error bars represent SEM. Stars
indicate significance level of divergence (* p < 0.05, ** p < 0.01, *** p < 0.001; see main text
for details).
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5.4 Discussion
Here we measured opto-locomotor reflexes using our previously described head-fixed
paradigm (Kirkels, Zhang et al. 2018) to investigate whether mice perceive reverse-phi
stimuli. Mice respond to changes in direction for phi stimuli and reverse-phi stimuli in
opposite ways. Displacement of dot patterns in phi stimuli caused mice to reflexively
compensate and adjust their running direction to the direction of the moving pattern.
For reverse-phi, however, mice responded by turning in the opposite direction to the
dot displacement. This behavior is consistent with how human observers perceive phi
and reverse-phi stimuli and is in accordance with psychophysical and
neurophysiological findings from previous studies on reverse-phi in other animals and
humans (Hassenstein and Reichardt 1956, Emerson, Citron et al. 1987, Orger, Smear
et al. 2000, Ibbotson and Clifford 2001, Livingstone and Conway 2003, Krekelberg and
Albright 2005, Bours, Kroes et al. 2009, Clark, Bursztyn et al. 2011, Tuthill, Chiappe et
al. 2011).
Our results show that the responses of mice are variable. First of all, the
magnitude of the OLRs to phi and reverse-phi stimuli is considerably smaller than the
OLRs we observed to unlimited lifetime motion stimuli we used in previous work
(Kirkels, Zhang et al. 2018). In the present study, the mean OLR peaks at about 15 deg/s
with our most optimal parameter settings for perception of motion reversal, while our
previous work reported a peak amplitude of about 30 deg/s. While most parameters
such as speed, contrast, and dot size were identical in these studies, an important
difference was the use of single-step as opposed to unlimited lifetime for the dots,
which is necessary for clean reverse phi stimuli (Bours, Kroes et al. 2007). Shortened
dot lifetime has a negative effect on the signal-to-noise ratio of OLRs because more
noise is present in the stimulus, which results in less motion energy in one direction
(Hadad, Schwartz et al. 2015). Two of the mice in our population showed other
behavior with oppositely directed OLRs (Fig. 5.3), which might be a result of this
stimulus noise, or because the number of successfully completed trials was less than
for the other mice. It is also possible that signal-to-noise ratio is different in these mice
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since not all C57BL/6J mice have a fully functioning visual system. However, it is also
possible that these two mice really have oppositely directed OLRs, and the underlying
reason for this opposite behavior is unclear.
We demonstrated a dependency of the OLR reversal effect on step interval. We
found that the difference between the response to phi and reverse-phi stimulus is
largest at a temporal interval of 33 ms. This is on the same order of magnitude as the
slower delay filters mentioned in earlier studies in flies (Shoemaker, O’carroll et al.
2005, Brinkworth and O'Carroll 2009, Eichner, Joesch et al. 2011). A more recent fly
study, however, showed maximal responses around a delay of 17 ms in both
behavioral and neural measurements. It is important to note that results of these
experiments might be specific for the chosen stimulus condition. It has been shown in
human psychophysical studies that perception of reverse-phi motion depends on
many factors, for instance stimulus eccentricity, spatial proximity, contrast, spatial and
temporal frequency (Anstis and Rogers 1975, Chubb and Sperling 1989, Benton,
Johnston et al. 1997, Edwards and Nishida 2004, Wehrhahn 2006, Bours, Kroes et al.
2009, Oluk, Pavan et al. 2016). Therefore, changes in our parameters such as dot size,
step size and stimulus speed could very well affect our finding.
Although the mean pooled OLR to reverse-phi was largest at a delay of 17 ms,
the OLR to phi stimuli was almost entirely abolished at this delay. Why would the
difference between phi and reverse-phi OLRs be so different at this step-time? It
should be noted that, to keep the dot speed always at 36 deg/s, the displacement from
the first instance of the dot to the second was only 0.6 degrees, or 1/5 of the dotdiameter. Our data suggest that this was too small for the mouse to detect in the phi
condition. In the reverse-phi condition, however, because the first and second
instance are of opposite contrast polarity and displayed only briefly and in rapid
succession, the overlapping parts in effect cancel each other and blend into the midgray background. We speculate that the strong response to reverse-phi in this
condition is driven by the black and white slivers visible at either side of this cancelledout region.
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In this thesis, our main goal is to measure visual function in order to understand visual
processing in mice. We developed a new technique, and used this to further
investigate how mice perceive different direction of motion, transparent motion and
reverse-phi motion. The optomotor reflex and optokinetic reflex have been used
previously to measure visual function in animals (Prusky, Alam et al. 2004, Cahill and
Nathans 2008), however, our newly developed opto-locomotor reflex system is more
simple, more natural for the animal and allows rapid data collection. The data is
recorded by the rotation of a spherical treadmill. The head-fixed setup allows the mice
to stay focused on the stimulus and keep balance on the ball. In chapter 2 we
measured the optimal parameters of the newly developed technique.
Although the new OLR paradigm that we developed has various advantages as
we mentioned above, there still are some limitations. Mice can freely move on the
treadmill and do not require training or rewards, but it means that mice can also
choose to stop running freely. This can result in more noisy data, and the need for
more trials. In practice we experienced however that almost all mice liked to run a lot,
only specific mice were less interested in running. Another disadvantage of our
method is that a mouse is required to go under surgery to attach the head post.
However it is a minimally invasive surgery, and easily combined with two-photon
imaging or other neurophysiological recordings. Another disadvantage might be that
the OLR is a reflex and not necessarily related to the conscious percept of motion
perception. Furthermore, we did not measure eye movements and the setup will be
much improved if eye-tracking is incorporated in the measurements. Additionally, the
results we got from our measurements could be difficult to compare with other
methods that used grating patterns (Prusky and Douglas 2004, Kretschmer, Tariq et al.
2017). Moreover, we used a large stimulus which covered the whole visual field of
mice, and most other OKR measurement systems do not have such a large motion field.
Since we have not measured mice with a different stimulus sizes, we do not know
which part of the visual field has to be stimulated for OLR measurements or whether
differences exist for different parts of the visual field. Finally, in this thesis we only
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used C57/B6J mice to do our tasks. It is unknown whether OLR measurements work in
other types of mice such as BALB/C mice that are typically less visually capable.
Optimal stimulus properties
We found out that the mice exhibited the strongest response to stimulus speeds of
about 36 deg/s, a luminance contrast of about 0.68, and a dot radius of about 1.4
degree. Previous studies typically found optimal speeds around 12 deg/s with grating
stimulus in optomotor and optokinetic reflexes (Kretschmer, Tariq et al. 2017), which
is lower than what we found in our set-up. Most previous studies used moving gratings
as the stimulus, while we use moving random dots, and this might be critical, since
another study that also used random dots also found a higher preferred speed (about
25 deg/s) for the optokinetic response (Marques, Summers et al. 2018).
Mice have an optimal OLR response for a luminance contrast of 0.68, that is
largely independent on the speed of the pattern. Except speed and contrast, the dot
size also influenced the OLR response. Our results show that the mice have increasingly
stronger responses with increasing dot size for low speeds, while at higher speeds the
relation to dot-size follows an inverted-U tuning. Finally we showed that during the
later trials of the experiment the OLR responses became stronger.
Visual asymmetry and symmetry in monocular measurements
The methods in chapter 2 provided us the optimal parameters for measuring the optolocomotor reflex in mice. Then in chapter 3 we tried to determine the performance of
mice under both binocular and monocular conditions.
In chapter 3 we used dot patterns moving in horizontal directions similar to
those in chapter 2. The mice were head-fixed and their eyes could be covered by a cap
to compare binocular and monocular conditions. Previous literature showed an
asymmetry under monocular conditions, where the optokinetic reflex is strongly
biased in rodents and rabbit. The characteristic of the strong bias is that only temporonasal motion evokes the mice to express a reflexive response (Thomas, Seiler et al.
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2004, Douglas, Alam et al. 2005). This strong bias was not found in healthy adult
monkeys and humans, but can be found in infants and strabismic patients (Atkinson
1979, Tychsen and Lisberger 1986) and monkeys ((Kiorpes, Walton et al. 1996).
However, in our results the asymmetry appeared only in the early phase of the trials.
After a first phase of about 500 msec, the bias disappears and the OLR can be evoked
by two motion directions.
It is still unclear why the strong bias only occurs at the start of the reflex and
what the underlying neurobiological mechanisms are. One hypothesis is that the initial
response is determined by the subcortical system (superior colliculus). One way to test
this hypothesis is to lesion primary visual cortex or superior colliculus and investigate
the effect on the OLR response. Previous studies have shown that lesions of primary
visual cortex after only one week do not effect the optokinetic reflex of mice (Douglas,
Alam et al. 2005). However, cortical lesions for a long duration experiment were shown
to affect the optokinetic reflex (Prusky, Silver et al. 2008). So we indeed expect that
primary visual cortical lesions will affect the OLR.
Read-out of motion information
To study how directionally selective motion detectors are read out in our visual system,
often transparent motion stimuli are used. In non-human primate studies, it has been
shown that the outputs of motion are integrated (Groh, Born et al. 1997), but on the
other hand can also be read-out with a winner-take-all readout system (Ferrera and
Lisberger 1995, Lisberger and Ferrera 1997). In chapter 4 we tested how transparent
motion is processed by mice in reflexive behavior. We expect that both integration
and winner-take-all read-out mechanisms can play a role. Our results show two
different phases. In the early phase, mice run straight forward on the ball, which
means that integration read-out mechanism dominate the response. In the late phase,
our results show that winner-take-all readout mechanisms take place in motion
processing. Earlier reports also illustrated that the integration controlled the earliest
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response in optokinetic responses, and later responses reflected winner-take-all
mechanisms (Lisberger and Ferrera 1997).
Perception of visual illusions in mice
There is a long tradition of using visual illusions in visual perception research. In this
thesis we used the illusion of reverse-phi motion, where each motion step the contrast
is reversed, which leads to a motion perception in the opposite direction. Several
studies have shown that not only humans but also animals perceive reverse-phi
motion in the opposite direction, such as monkeys, fruit flies, and zebrafish (Orger,
Smear et al. 2000, Krekelberg and Albright 2005, Clark, Bursztyn et al. 2011). Because
of al the genetic tools available, the mouse model offers a great opportunity to further
unravel the underlying neural mechanism of reverse-phi motion percepts and to shed
further light on the ON and OFF pathways in the visual system. In chapter 5, we show
that similar to humans mice perceive reverse-phi motion in the opposite direction.
There are many factors that can affect the perception of reverse-phi motion, such as
contrast, spatial frequency and temporal frequency (Bours, Kroes et al. 2009, Oluk,
Pavan et al. 2016). We measured the responses to reverse-phi motion only for the
optimal speed, contrast and dot size parameter (as found in chapter 2), so it would be
interesting to further study how the reverse phi motion percept depends on those
parameters. Taken together, our results illustrate that mice are able to perceive
complex visual illusions. Our behavioral experiment is the first step to investigate
visual illusions, like reverse-phi motion, in mice.
Future research
After we developed the behavioral paradigm for mice, one of the next steps would be
to investigate the underlying neural mechanisms by simultaneously measuring neural
activity in different brain areas. Compared to the more traditional animal models for
visual perception (cats and primates), mice are easier to handle and house and a
plethora of advanced (genetic) techniques is available for future studies, such as
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optogenetics, two-photon calcium imaging, and genetically modified animals. Mouse
natural behavior is less visually driven than cats and monkeys, but many studies of the
last decade show that mice can still serve as an excellent model for vision studies, as
is supported by the results of this thesis.
For instance, we speculate that eye-dependent bias in rodents can rely on
subcortical structures. The midbrain structure, superior colliculus (SC), has been
described to have two functions: visual information is processed in the superficial
layers and the deep layers are related to sensory information integration, and
correlated with eye, head and body movements (Drager and Hubel 1975). Lesions of
the SC also have an effect on locomotion (Goodale, Foreman et al. 1978). So the SC
field could be involved in motion processing and the OLR.
It is also interesting to further explore the role of cortical visual processing in
the OLR. Studies show that neurons in layer 2/3 of V1 are associated with motion
discrimination in mice by using two-photon imaging (Marques, Summers et al. 2018).
Neurons in both layer 2/3 and layer 4-6 of mouse V1 have responses to gratings motion
and plaid pattern motion. About 20% of pyramidal cells in mouse V1 have no responses
to grating motion (Palagina, Meyer et al. 2017). This shows that motion is integrated
in mouse V1 (and higher cortical areas) and that might explain the response we
measured with transparent motion (Chapter 4).
In chapter 2, we used LCA5-/- mouse model in our opto-locomotor reflex
measurement. We showed that these mice with poor vision cannot response to our
moving random dot patterns. To rescue LCA5-/- mouse we will, in future studies, inject
Opto-mGluR6 into the retina via intraocular injections. With this treatment we expect
enhancement of light sensitivity in the retina of these mice. We can use the OLR
method we developed in this thesis to quantify how well vision capabilities are
regained in LCA5-/- mice. The behavioural paradigm can be combined with two-photon
microscope to investigate how the Opto-mGluR6 treatment interacts with plasticity in
visual cortical areas. Ultimately, this will lead to more basic knowledge and may lead
to treatment of blind or visually impaired persons in the future.
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In this thesis, we explored the visual function of mice using behavioural studies.

Although the mouse relies less on vision than other animal species, the mouse visual
system is highly similar to human in a number of respects. In the last decades, the
mouse has become a popular model in visual neuroscience, especially since
behavioural studies can be easily combined with advanced (genetic) tools to
manipulate and read out activity in different brain areas. Besides, mice models also
allow researchers to investigate neural mechanisms in modified animals related to
different diseases.
Chapter 2 provides a reliable method for measuring behavioral reflexes in mice
with a detailed quantitative description. The opto-locomotor reflex of mice is a natural
response to stimuli. We projected moving random dot patterns onto a large visual field
screen. We quantified the mice responses to different speeds ranging from 0 to 72
deg/s, different luminance contrasts (0.09, 0.37, 0.68, 0.89, 0.95) and dot radii (0.6,
0.9, 1.4, 2.3, 3.7 degree). Mice had stronger responses to a higher speed, and the
response reached a peak at around 36 deg/s. During the contrast experiment, the
strongest response of mice was at a luminance contrast of 0.68, and smaller responses
were observed for both lower and higher contrasts. Mice reacted differently to
different dot sizes, with a dot radius of 1.4 degrees evoking the largest reflex. The
method thus provides a simple and rapid measurement for visual function without the
need for training nor do the responses decay over time.
Chapter 3 continues to investigate binocular and monocular responses in mice
with the introduction of eye-caps in our system. This modified system allowed us to
comparatively evaluate the responses between monocular and binocular stimulation.
In most previous studies, the animals only responded to the temporo-nasal direction
during monocular stimulation. This monocular asymmetry predominantly appears in
lateral-eyed animals. However, our results showed that both temporo-nasal and nasotemporal directions could evoke responses under monocular stimulation. A similar
phenomenon has been found in the eye movements of monkeys (Kiorpes, Walton et
al. 1996). This phenomenon could reflect the characteristics of the subcortical system,
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such as the superior colliculus. It is possible that the early response is determined by
the asymmetrically organized subcortical system, and the later response is determined
by the symmetrical cortical system.
Chapter 4 presented transparently moving patterns to study motion integration
mechanisms of the visual system in the mice. In transparent motion, two patterns are
moving at the same location simultaneously, but in opposite directions. So far, the
optokinetic and optomotor reflexes have been investigated with transparent motion
only in humans. This chapter explored the readout mechanism of opto-locomotor
reflex in head-fixed mice via transparent motion stimulus. When the transparent
motion was displayed binocularly, within the first 700 ms, the mice did not select one
or the other direction, but continued to run forward. We deduced that the mice
followed the integration readout mechanism in the early phase during binocular
measurement, and run straight forward on the ball. Then after 700 ms, mice started
to respond to either rightward or leftward direction. During this period, the “winnertake-all” readout mechanism influenced the visual processing of the mice. When the
stimulus was presented monocularly, the mice responded rapidly to the temporonasal direction stimulus in an initial period. During the late phase, they responded to
the naso-temporal direction motion. As mentioned above, we proposed the
hypothesis that the “winner-take-all” read-out mechanism determined the reaction of
the mice in the monocular measurement after an initial bias. This “winner” could be
determined by a motion adaptation effect during the initial phase. For instance, when
the temporo-nasal direction motion leads to an opposite (naso-temporal) direction
adaptation.
Apart from using a transparent motion stimulus, chapter 5 introduced a motion
illusion stimulus, reverse-phi motion. This illusion has been investigated in a wide
variety of animals. We verified the possibility for mice to perceive the reverse-phi
motion via opto-locomotor reflex. As expected, the mice can identify both phi and
reverse-phi motions correctly.
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In conclusion, our findings show that mice are an excellent and reliable animal
model for visual motion studies.
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In dit proefschrift hebben we de visuele functie van muizen verkend door middel van
gedragsstudies. Alhoewel de muis minder afhankelijk is van zicht dan mensen en veel
andere diersoorten, is het visuele systeem van de muis in een aantal opzichten zeer
vergelijkbaar met die van de mens. In de laatste decennia is de muis een populair
model geworden

binnen de

visuele

neurowetenschappen,

vooral omdat

gedragsstudies gemakkelijk gecombineerd kunnen worden met geavanceerde
(genetische) technieken om activiteit te manipuleren en metingen te verrichten in
verschillende hersengebieden. Tevens laten muismodellen onderzoekers toe neurale
mechanismen te onderzoeken in gemodificeerde dieren gerelateerd aan verschillende
ziektes.
Hoofdstuk 2 hebben we een betrouwbare methode ontwikkeld voor het meten
van gedragsreflexen in muizen met een gedetailleerde kwantitatieve omschrijving. De
opto-locomotor reflex van muizen is een natuurlijke reactie op stimuli. We
projecteerden bewegende willekeurige puntpatronen op een groot scherm. We
kwantificeerden de reactie van muizen op verschillende snelheden variërend van 0 tot
72 graden/s, verschillende luminantie contrasten (0.09, 0.37, 0.68, 0.89, 0.95) en punt
radii (0.6, 0.9, 1.4, 2.3, 3.7 graden). Muizen reageerden sterker op een hoge snelheid,
met een maximum rond 36 graden/s. Tijdens het contrast experiment hadden de
muizen de sterkste reactie bij een luminantie contrast van 0.68, en kleinere reacties
werden waargenomen bij zowel lagere als hogere contrasten. Muizen reageerden
verschillend op verschillende puntgroottes, met een punt radius van 1.4 graden als
grootste reflex initiator. Deze methode levert een simpele en snelle meting van visuele
functie zonder dat training nodig is of de reacties afnemen met tijd.
Hoofdstuk 3 vervolgt het onderzoek in binoculaire en monoculaire reacties in
muizen met de introductie van oogkapjes aan onze opstelling. Deze aangepaste
opstelling liet ons toe monoculaire (met één oog) en binoculaire (met twee ogen)
stimuli aan te bieden. In voorafgaande studies rapporteerden onderzoekers dat dieren
tijdens monoculaire stimulatie van horizontale beweging alleen reageren voor
beweging in de temporaal-nasale richting (van buiten richting de neus). Deze
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monoculaire asymmetrie komt hoofdzakelijk voor in dieren met laterale ogen. Echter,
onze resultaten lieten zien dat zowel temporaal-nasale als nasaal-temporale
richtingen een reactie kunnen veroorzaken met monoculaire stimulatie. Een
vergelijkbaar fenomeen is gevonden in de oogbewegingen van apen (Kiorpes, Walton
et al. 1996). Dit fenomeen zou de eigenschappen van het subcorticale systeem kunnen
reflecteren, zoals de superior colliculus. Het is ook mogelijk dat de vroege reactie
wordt bepaald door het asymmetrisch georganiseerde subcorticale systeem en de
latere reactie door het symmetrische corticale systeem.
Hoofstuk

4

presenteert

transparant

bewegende

patronen

om

bewegingsintegratie mechanismen te studeren in het visuele systeem van de muis. In
transparante beweging, bewegen twee patronen op dezelfde plek in het visuele veld,
maar in tegengestelde richting. Tot op heden zijn optokinetische en optomotorische
reflexen met transparante beweging alleen onderzocht in mensen. Dit hoofdstuk
verkent het uitleesmechanisme van opto-locomotor reflexen in hoofd-gefixeerde
muizen met transparant bewegende stimuli. Wanneer de transparante beweging
binoculair werd weergegeven selecteerde de muis, in de eerste 700 ms, niet één van
de richtingen, maar bleef rechtdoor lopen. Wij leidde hieruit af dat de muizen het
integratie uitlees mechanisme volgden in de vroege fase van de binoculaire meting, en
rechtdoor rende op de bal. Na 700 ms begonnen de muizen te reageren op beweging
naar links of naar rechts. Gedurende deze periode, is er blijkbaar een ‘winnaar krijgt
alles’ uitlees mechanisme voor de visuele verwerking van de bewegingsinformatie bij
de muis. Als de stimulus monoculair werd gepresenteerd, reageerde de muis snel op
de temporaal-nasale richting stimulus in de initiële periode. In de latere fase reageerde
de muis op de nasaal-temporale bewegingsrichting. Dit laatste is ook in lijn met een
‘winnaar krijgt alles’ uitlees mechanisme na de initiële fase, waarbij één richting wordt
geadapteerd en daarna de tegenovergestelde richting wint.
In Hoofdstuk 5 wordt een illusoire stimulus gebruikt, de ‘omgekeerde-phi
beweging’. Als een patroon elke stap van de beweging van contrast verandert, dan zie
de beweging de andere richting op bewegen. Deze illusie is onderzocht in een grote

135

8

CHAPTER 8

variëteit aan dieren. Wij verifieerde de mogelijkheid dat muizen de omgekeerde-phi
beweging waarnemen via het opto-locomotor reflex. Zoals verwacht, muizen kunnen
zowel phi als omgekeerde-phi beweging correct identificeren.
Samenvattend, onze bevindingen laten zien dat muizen een uitstekend en
betrouwbaar proefdier voor visuele bewegingsstudies zijn.
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the way, I should ask my husband to learn from you to keep fit. Dear Lei, you are a very
calm and hard-working guy. I believe you can achieve anything if you like. Don’t worry
about your future, everything will be fine. Please take your time and enjoy your life
with your beautiful wife, Yujie. Yujie, I really love eating the shaomai you made and
brought. Thanks for helping me to apply for a family visitor visa. I hope everything goes
well as you planned, and a new member will join your family.
Next, I would like to express my gratitude to all the bio-technicians in Prime, where
I worked for 4 years. Bianca, Kitty, Iris, Wilma and Karin, thank you all for assisting me
during the experiments You contributed a lot to each chapter.
I also would like to acknowledge the friendship with my Chinese friends since the
first day of my PhD. Hongtao & Grace, Rongkang, Tao He & Mingmei, Xin Zhao, Xuan
Yan, Xiaojing, Jinhan,Yue Zhang, Yi Zou, Yidong, Yong Zhao…Dear people in my small
group, our friendship had started before I came to Nijmegen. Most of you have already
got a degree, and continue your new life in different universities. To my dear forever
housemate and friend. Yao, I can’t imagine how I can survive in Nijmegen without you.
I always feel lucky to meet you. When I checked the photos on my phone and computer,
you appeared everywhere. We prepared the surprise birthday parties to each other,
we had heart-to-heart talks, we encouraged each other, and we saw each other
growing during these years. I wish you, Yongjun and Nuannuan all the success,
happiness, and joy in life. I will meet you in China very soon. Dear Bohan, it has been
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5 years since we first met each other at Beijing airport. My dear, I always tell you that
you are more beautiful, excellent and outstanding than you think. You went through
some difficult time; however, I am glad you still have an instinct for loving people.
Come on girl! I am pretty sure you could get everything you want. Dear Xiangzhen,
you are the best researcher I have met. You are also a brilliant and kind person. Thanks
for renting No.88, where I have so many joyful memories. We have parties, play cards,
watch movies and bet on football. By the way, it is incredible that you can publish 3
papers in top journals in three years. Keep going! Dear Lily, I am so happy that you
have found a nice husband, had a sweet little Lily, and got a great job in the
Netherlands. Thanks for inviting us to have a nice meal at your house. Thank you for
sharing your experience in delivery. You told me your little girl brought a lot of
happiness to you and Casper. Life is so wondrous and Suki is 3.5 years old now! I wish
all the best to you, Casper, and your little angel. Dear Jinlong, I can directly recognize
you as a Shandong boy when we met in the Met & Eat. You take everything seriously
so that you can achieve your goal entirely. Thanks for helping me when I asked for a
favor. Also thanks for taking beautiful photos when we traveled in Spain. You told us
you have a gorgeous girlfriend in China, now she is your wife, and thank you for
bringing her to our group. Dear Bing, when my mum met you at the wedding, she said
you are the most beautiful girl among our friends. I told her you are not only beautiful
but also sweet, lovely, warm, smart and enthusiastic. Thanks for telling me there is a
cute colleague in your lab. The destiny between Jinmeng and I could not start without
you. You and Jinlong helped me a lot during these years, I am sure we will keep in
touch whenever and wherever we are. Congratulations on your marriage! Dear Min
Bao, thanks for preparing a wonderful dinner for me when I just came here. Before
this dinner, I never had any decent food except the instant noodle. I wish you all the
best in your research. Dear Min Zhang & Xi Sun, the dinner you prepared in the Meet
& Eat really impressed me. You both are the best chefs in our group. Thanks for inviting
us to your lovely house and serving us with delicious dishes. I hope Min will get the
title Min very soon. Xin, success in your work. Dear Zhi, you are the first one of our

146

ACKNOWLEDGEMENTS

group who gets the degree. How did you achieve that? I hope you will become the first
professor in our group. Dear Jiangyan, you are a lovely girl, and you are always helpful
to everyone. I wish you all the best in Dalian and take care. Dear Jieqiong and Zhaobao,
we are from the same province so that I feel very close to both of you. I cherish every
dinner we had, I wish both of you have a colorful life in the future. Dear Xiaowen, you
just stayed in Nijmegen for one year, however, the time cannot impede our friendship.
We had many memorable moments in Europe that we had joyful dinner, went
shopping and travelled a lot. You always help me deal with my skin issues. Now you
are a mother of a boy and a girl, I wish your babies become stronger and stronger.
Dear Chunling and Xiaolan, finally we become neighbors now. Chunling, you are the
master in photography and you helped us took so many perfect wedding photos, even
during the busiest period of you. Also thanks for sending me the Graghpad in the first
year. Xiaolan, I always have a lot of questions about health insurance, midwife,
delivery and more and more. Your reply is so quick and with great patient. Thanks for
the useful information and the baby stuff. Both of you are really nice and warmhearted. I wish all the best to you two and Xiaobao. Dear Chao Guo, we are from the
same group in China, now we meet again here. Don’t be afraid of those difficult
problems, you can do it. I hope you enjoy your time in the new apartment. Dear
Yanling, we come from the same province and the same university. Your hard-working
attitude shocked me when you told me that you had finished two papers and never
gone to the city center during the six months in Nijmegen. I wish all the best for you
and your family. Dear Minghui, you have left here for many years. You become a
lecturer in the university, and have a happy family now. I wish you all the best.
My appreciation also goes to those friends who I knew by Jinmeng. Dear Jiamian,
staying with you are always relax and full of joy. You are a fantastic person and always
try your best to help other people. Thanks for every dinner and every entertainment
time we shared. The love story between you and Yuhang touched me deeply, being
apart for almost four years is really hard, however you made it. I hope you enjoy a
happy life in the future and I am looking forward to attending your wedding. Dear Ke,
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you and Roel are the sweetest couple for sure. I noticed that Roel always stands beside
you. He asked me so many times whether you would be shy if he wrote ‘love you’ in
his thesis. I can feel both of you love each other so much. I hope he will find a great
job and you will finish your PhD on time. All the best in the future. Dear Xian and
Yanping, you two have met each other for over one year. I saw your relationship
changing from colleagues to a couple. Time flies! Xian, you will become a successful
researcher and doctor, as you can easily focus on the work. Yanping, thanks for helping
my friend to make an appointment at your hospital, and calculating the big date for
Jinmeng and me. You are a smart and kind person, that everyone likes you. I hope both
of you cherish each other forever. Dear Yang, I was surprised and impressed by your
achievement during your PhD. I can imagine how smart and hardworking you are. All
the best to you, Man Qin and Zhenzhen.To my dear friends Fang & Ronald, Jie Chen,
Jing Han, Qian Liu, Shanshan, Zhule we shared so many joyful moments and delicious
meals recently. I am pleased to know all of you, and I wish everyone all the best.
Dear Lin Shang, Sha Liu and Yuchen we have known each other for a long time.
All of you accompany me to have so many beautiful memories. I cherish every moment
we get together. Thanks for encouraging me when I am depressed and have negative
emotions in work and life. I hope all of you can find your own happiness in the future.
To my dear paranimph, dear Ahmed, I really like your warm smile, which makes
me relax and bring us closer. You are good at speaking Chinese, so I think you can
communicate with my family easily, right? Do you still remember how to say good
morning in Chinese? We repeated it every day whenever we met in the office. I am so
happy you found your beautiful wife, and you two support each other to do everything.
Thanks for becoming my paranimph, and I can remember every moment you helped
me with academic knowledge and Matlab problems. Good luck and success in your
new career. Dear Ying, we met only two years ago, but it seems like we have known
each other for a long time. I am delighted that a new Chinese girl joined Richard group,
and your positive attitude motivated me a lot to move on. Thanks for encouraging and
helping me during these years. Thanks for inviting us to your home, and I enjoy every
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moment we get together. I wish you good luck with your PhD, and have a colorful life
with Shaokang.
To my big and wonderful Chinese family, 何其有幸，能⽣长在⼀个温暖快乐的⼤家庭
里。我的太奶奶，爷爷奶奶，姥姥姥爷，都对我呵护有致，照顾有加。我的姨妈和小
舅，对我从小到⼤的成长都倾注了⼼⾎。在这个⼤家庭里，每当遇到事情，⼤家都会
自动拧成⼀股绳，排除万难。⼤家对⽣活的热情与积极向上的态度不断影响着我。⼤
姨，您是我最敬佩的⼈，您为了这个⼤家庭付出了很多。小时候在我考试发挥失常的
时候，是您紧紧把我抱在怀里安慰我，鼓励我。希望您身体健康，再接再厉，⾛遍世
界每⼀个角落！⼆姨，希望您在照顾家⼈的同时，多注意自⼰的身体健康。那个从小
被您辅导数学题的我，已经成长为⼀名博⼠⽣了。谢谢您帮我们制作如此精美的婚纱
照片！四姨，出国之前您特意跑到我家帮我打包⾏李，忙前忙后准备各种东西。虽然
您 2019 年有⼀些不顺，但⼀切都会在 2020 年有所好转。希望您⼀直平平安安，健健康
康! 五姨，在留学之前，我遇到困难就会找您聊天，是您⼀点点帮我排忧解难，支持鼓
励我。我⼀路⾛来您⼀直扮演⼼灵导师的角⾊，希望您⼀直保持好⼼情，健康平安！
小姨，从小我便知道您很爱很爱我，教我读诗，带我吃烤串，陪我照相还给我做项链。
您结婚的时候我还是个小不点⼉，现在轮到您送我出嫁。⼀年年过去，希望您在忙碌
的时候也多多爱惜自⼰的身体，操⼼的事情逐渐少⼀些，享受快乐悠闲的日⼦！小舅，
您喜欢摄影和写诗，并付诸努⼒⼀直坚持到现在。您的多才多艺令我好⽣羡慕。希望
您在自⼰喜爱的事情上继续前⾏！
亲爱的公公婆婆，2019 年伊始我们成为了⼀家⼈。谢谢你们培养了这么温暖善良
优秀的晋蒙，谢谢你们尽⼼尽⼒为我们准备了⼀场温馨美满的婚礼。你们⼀向对我们
嘘寒问暖，照顾有加。感恩有你们⼀直陪在我们身边！
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我最最爱的爸爸妈妈，“如果你们是参天⼤树，我就是⼀粒种⼦。你们宽⼤的树荫
把我守护，我每天眺望你们的⾼度。等到有⼀天我慢慢长⼤，你们的枝⼲开始逐渐⼲
枯。⽆论我的繁华蔓延何处，都没有忘记脚下那片泥⼟。我知道你们的辛苦，明白你
们的付出，但有时会忘记如何跟你们相处。我们都不善表露，可⼼里全都清楚。这就
是⾎脉相传的定数。”你们对我有满满的爱，都隐藏在种种细节中。你们望着我逐渐远
去的身影，会在⼼里默默祝福。我在你们的爱中慢慢长⼤，在你们的影响下，成为了
⼀个乐观善良的⼈。我之所以可以义⽆反顾的往前⾛，是因为我知道你们永远都站在
我的身后。谢谢我最爱的爸爸妈妈，谢谢你们给予我的所有支持和帮助！
来宝小朋友，你好。那天妈妈读到了⼀首诗叫《挑妈妈》，“你问我出⽣前在做什
么？我答：我在天上挑妈妈。看见你了，觉得你特别好，想做你的⼉⼦，又觉得自⼰
可能没那个运⽓。没想到，第⼆天⼀早，我已经在你肚⼦里。”爸爸妈妈在最相爱的时
候有了你，不早不晚时间刚刚好。谢谢你成为我们的⼉⼦，我们的⽣活因为有了你，
有了更多的感恩，快乐，牵挂和责任。你还在妈妈肚⼦里的时候，爸爸妈妈带你踏上
蔚蓝海岸，⾛过戛纳红毯，逛遍美丽奢华的摩纳哥，回到魂牵梦萦的中国。你⼀直很
乖，妈妈⼯作的时候你安安静静待在肚⼦里，从不打扰我，没有让妈妈难受过，妈妈
谢谢你。爸爸妈妈期盼你健康平安，快乐幸福的出⽣长⼤，我们永远爱你！

My dear husband Jinmeng, many times I ask you why you love me, why we got
married so fast, and why we have already had a baby now… When I recall the past
three years, from the first meeting till present. Everything looks unreal, till I see our
wedding photos and my round belly. I do not believe in falling in love at first sight, till
you greet me with a smile. I never expect I can find Mr. Right, who can understand and
love me, till you enter my life gradually. During these years, you are not only the love
of my life, but also the best friend of mine. You gave me the most enormous support

150

ACKNOWLEDGEMENTS

and helped me solve the problems. I can screw up my courage to do everything as you
always tell me you are here, stand beside me. Honey, you tell me although you struggle
with the experiment in the lab, you are full of happiness when you see me at home. I
hope I am able to encourage you and bring more and more positive effects on your
future life. 承蒙厚爱，伴君⼀⽣。我爱你，forever!
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Reserch Data Management
The results of animals studies were approved by the animal ethical committee of
Radboud University in Nijmegen, the Netherlands. This thesis research has been
carried out under the institute research data management policy of Donders Institute
for Brain, Cognition and Behavior.
The data in this thesis (behavioral measurements as reported in chapter 2, 3, 4, 5) are
collected and stored at local harddisks of the Preclinical Imaging Center of Centraal
Dierenlaboratorium/CDL of the Radboud University in Nijmegen, the Netherlands.
Data is be backed up and accessible via the Donders repository:
Data collected in Chapter 2:
https://WebDAV.data.donders.ru.nl/dcn/DAC_62001435_01_902/
Data collected in Chapter 3:
https://WebDAV.data.donders.ru.nl/dcn/DAC_62001435_01_841/
Data collected in Chapter 4:
https://WebDAV.data.donders.ru.nl/dcn/DAC_62001435_01_530/
Data collected in Chapter 5:
https://WebDAV.data.donders.ru.nl/dcn/DAC_62001435_01_113/
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Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation of young
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and
Behaviour established the Donders Graduate School for Cognitive Neuroscience
(DGCN), which was officially recognised as a national graduate school in 2009. The
Graduate School covers training at both Master’s and PhD level and provides an
excellent educational context fully aligned with the research programme of the
Donders Institute.
The school successfully attracts highly talented national and international students in
biology, physics, psycholinguistics, psychology, behavioral science, medicine and
related disciplines. Selective admission and assessment centers guarantee the
enrolment of the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide,
e.g. Stanford University, University of Oxford, University of Cambridge, UCL London,
MPI Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois,
North Western University, Northeastern University in Boston, ETH Zürich, University
of Vienna etc.. Positions outside academia spread among the following sectors:
specialists in a medical environment, mainly in genetics, geriatrics, psychiatry and
neurology. Specialists in a psychological environment, e.g. as specialist in
neuropsychology, psychological diagnostics or therapy. Positions in higher education
as coordinators or lecturers. A smaller percentage enters business as research
consultants, analysts or head of research and development. Fewer graduates stay in
a research environment as lab coordinators, technical support or policy advisors.
Upcoming possibilities are positions in the IT sector and management position in
pharmaceutical industry. In general, the PhDs graduates almost invariably continue
with high-quality positions that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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梦想还是要有的，万⼀实现了呢！
If you can dream it, you can do it!
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