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Preface

Roughly four years ago, in the summer of 2016, I approached Associate Professor Keisuke
Yonehara from the Department of Biomedicine regarding the possibility of pursuing a
PhD in his laboratory at Aarhus University. Quite fortunately for me, he looked
positively upon this, and in 2017 I began my three-year PhD studies in the Yonehara
laboratory. This dissertation serves as the final scientific outcome of my research
conducted during these three years.

The overall goal of my studies has been to provide answers to questions pertaining to
how the sensory periphery of the visual system, the retina, contributes to visual motion
processing by the cortex in mice. My pursuit of this goal has taken me on a truly
wonderful journey. In addition to the countless hours in front of a two-photon
microscope, I have been privileged to visit a number of inspiring scientific environments
around the world. T can genuinely say that 1 have relished these three years, I have
learned an exceptional amount — knowledge both theoretical and practical — T have
made new friends and collaborators from around the world, and I am certain that this
experience has prepared me well for a future within the realm of neuroscience research.

This dissertation is structured as a collection of papers related to my PhD project.
Chapters 1 and 2 provide a general introduction and background to the research area,
and outline the aim and main scientific objectives that the work presented in this
dissertation seeks to answer. Chapter 3 presents work published in the journal Nature
Communications, in which we demonstrate a segregated cortical stream for direction
selectivity computed in the retina (Rasmussen et al., 2020a). Chapter 4 provides a bridge
between experimental studies, offers an updated synthesis on the roles of retinal direction
selectivity for visual processing in central brain areas, and formulates specific testable
hypotheses, which we published as a review in the journal Current Biology (Rasmussen
and Yonehara, 2020). Chapter 5 presents unpublished work testing one of these
hypotheses, in which we demonstrate that optic flow processing in the visual cortex is
influenced by retinal direction selectivity (Rasmussen et al., 2020b). Finally, Chapter 6

draws conclusions and ends on considerations and future directions.

Rune N. Rasmussen
December 2020
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Abstract

Vision is an essential sensory modality, and motion is arguably one of the most salient
features that the visual system needs to detect. Cells preferentially responding to visual
motion in a particular direction are said to be direction-selective (DS), and these were
first identified in the primary visual cortex (V1). Since then, DS responses have been
observed in the retina of a number of species, including mice, indicating motion analysis
has begun even at the earliest stage of the visual hierarchy. These retinal DS cells send
projections to the visual cortex via the visual thalamus. Yet little is known about how
direction selectivity computed in the retina contributes to motion processing in primary
and higher-order areas of the visual cortex. The aim of this PhD project was to provide
answers to this question.

The first study of this dissertation examined whether retinal direction selectivity
contributes to the refinement of specialized neuronal representations in higher visual
cortical areas. We used two complementary genetic approaches to disrupt direction
selectivity in the retina and mapped cellular responses to visual motion in anaesthetized
and awake mice. We found that a subset of DS cells in the rostrolateral (RL) cortical
area were reduced when retinal direction selectivity was disrupted. These cells were
characterized by responding more vigorously, and developing a prominent preference for
posterior motion, when a stimulus moved at higher temporal frequencies. In stark
contrast, DS cells in the posteromedial (PM) cortical area were not affected by the
retinal manipulations. Notably, the response properties of DS cells in V1 projecting to
area RL, but not those projecting to area PM, were also affected by disruption of retinal
direction selectivity. This indicates that the specific connectivity of cortico-cortical
projections carries signaling originating from retinal DS cells preferentially to area RL.
This work thus identified a cortical processing stream for direction selectivity computed
in the retina.

The second study investigated whether retinal direction selectivity contributes to optic
flow processing in the visual cortex. We employed a visual stimulus that tests the full
horizontal motion repertoire, combined with genetic disruption of retinal horizontal
direction selectivity and mapping of cellular responses in the cortex of awake mice. We
found that all cortical areas imaged — V1, RL, PM, anterior (A), and anteromedial
(AM) — contained cells exhibiting response selectivity to translational or rotational optic
flow, but areas RL and A were preferentially enriched with these cells. Notably, the
proportions of translation-selective cells in V1 and translation- and rotation-selective cells
in areas RL and A, but not in areas AM and PM, were decreased in mice with disrupted

retinal direction selectivity. Furthermore, in wild-type mice, visual cortical areas were



clearly functionally segregated based on their proportions of optic flow-sensitive cells,
while in mice with disrupted retinal direction selectivity this segregation was blurred.
Thus, this work revealed that retinal direction selectivity causally influences area-specific
optic flow representations in the visual cortex.

Altogether, this PhD dissertation presents a novel account of how the brain processes
motion from the visual world. Our work demonstrates that direction selectivity computed
at the level of the retina — a stage of the visual hierarchy previously held to provide
considerably more mundane contributions to higher-order levels — serves to establish
specialized motion responses in distinct areas of the mouse visual cortex. Thus, the
findings gathered from these lines of investigation should compel us to revisit our notions
of how the brain builds complex visual representations, and underscores the importance

of the processing performed in the periphery of sensory systems.
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Resumé

Synet er en fundamental sans, og sansningen af beveegelse er velsagtens en af de vigtigste
opgaver for synsapparatet. Til dette formal findes der celler, som seerligt reagerer pa
objekter, der bevaeger sig i en bestemt retning og derfor siges at veere retnings-selektive
(RS). Siden denne type celler fgrst blev opdaget i den primaere visuelle hjernebark (V1),
har man fundet RS-celler i nethinden hos en rakke dyrearter inklusiv mus, hvilket
indikerer, at sansningen af beveegelser starter allerede her, i det fgrste trin af
synsbearbejdningen. Disse RS-celler sender forbindelser til den visuelle hjernebark via
den visuelle del af thalamus, men man ved ganske lidt om, hvordan nethindens RS-celler
bidrager til sansningen af visuel bevaegelse i den visuelle hjernebark. Denne PhD
afthandling sigter mod at belyse netop dette spgrgsmal.

Det fgrste studie i afhandlingen undersggte, hvordan specialiseret neuronal aktivitet i
hgjerestaende omrader af den visuelle hjernebark afhsenger af nethindens RS-celler. For
at undersgge dette anvendte vi to genetiske strategier med det forméal at forstyrre
nethindens retningsselektivitet, samtidig med at vi malte den celluleere aktivitet, der
opstod, nar synet blev stimuleret. For at udelukke ugnskede effekter af generel anzestesi
udfgrte vi malingerne i bade bedgvede og vagne mus. Vi fandt, at en seerlig gruppe af
RS-celler i det rostrolaterale (RL) omrade af den visuelle hjernebark var reducerede, nar
nethindens retningsselektivitet var forstyrret. Denne type celler var karakteriseret ved at
udvikle en igjefaldende praeference for bagudrettet beveegelse og ved at reagere kraftigere,
nar stimulus bevaegede sig med hgje hastigheder. I kontrast til dette var RS-celler i det
posteromediale (PM) omrade upavirkede af sndrede forhold i nethinden. Seerligt
interessant var det, at aktiviteten af RS-cellerne i V1 med forbindelse til RL, men ikke
RS-cellerne med forbindelse til PM, ogsa var pavirket, nar nethindens retningsselektivitet
var forstyrret. Dette studie kortlagde dermed et neuronalt netveerk, som sikrer, at
information fra nethindens RS-celler bliver dirigeret fortrinsvist til omradet RL via hgjt-
specialiserede neuronale forbindelser.

Det andet studie undersggte, hvorvidt nethindens RS-celler bidrager til sansningen af
optisk flow i den visuelle hjernebark. Til dette anvendte vi en type synsstimuli, som
tester hele repertoiret for horisontal bevaegelse i kombination med, at vi ved hjelp af
genetiske redskaber forstyrrede nethindens retningsselektivitet og efterfglgende malte den
celluleere aktivitet i hjernebarken pa vagne mus. I alle malte omrader — V1, RL, PM,
samt det anteromediale (AM) og anteriore (A) omrade — fandt vi celler som udviste
selektivitet for enten translationel eller rotationel optisk flow. Dog fandtes disse celler
isser hyppigt i omraderne RL og A. Seerligt interessant var det, at antallet af de

translations-selektive celler i V1 og af de translations-selektive og rotations-selektive
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celler i RL og A var reducerede i mus, hvor nethindens retningsselektivitet var forstyrret,
mens antallet af denne type celler i PM og AM var usendret. Herudover fandt vi at de
visuelle hjernebarksomrader i vildtype mus funktionelt kunne opdeles baseret pa deres
komposition af optisk flow-sensitive celler, mens denne opdeling var mindre klar i mus
med forstyrret retningsselektivitet i nethinden. Dette studie paviste dermed, at
nethindens RS-celler bidrager til omrade-specifik sansning af optisk flow i den visuelle
hjernebark.

Alt i alt praesenterer denne PhD afhandling en ny fortelling om hvordan hjernen
bearbejder visuel bevaegelse i omgivelserne. Vores resultater viser hvordan specialiseret
neuronal aktivitet i seerlige omrader af den visuelle hjernebark pa mus afhsenger af
sansningen af visuel bevaegelse i gjets nethinde — en del af synsapparatet som man
tidligere mente bidrog langt mere beskedent til aktiviteten i hgjerestaende omrader.
Saledes bgr fundne fra disse studier fa os til at revidere vores forestillinger om, hvordan
hjernen skaber komplekse visuelle repraesentationer, og de understreger vigtigheden af

sansebearbejdning i den perifere del af sensoriske systemer.
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1 Introduction

Sensations and perceptions from the surrounding world are delivered to us by our various
sensory systems and are fundamental to our everyday behavior. Many animals, including
humans, rely on vision as their primary sense for navigating the world and for making
decisions. Hence, deciphering the mechanisms giving rise to the experience of sight is a
major goal of neuroscience. This is a profound challenge because the visual system is
faced with the non-trivial task of transforming vast amounts of scene information from
the outside world into useful neural representations within the brain. The most salient
feature that the visual system detects and processes is arguably motion, and we still do
not fully understand how it accomplishes this.

A central function of the visual motion system is to provide sensory information for
the control of self-motion during periods of dynamic movement like locomotion (Gibson,
1950; Lappe et al., 1999). In humans, this is easily experienced firsthand, simply imagine
the difficulty of walking or running toward a goal with eyes closed. The global patterns
of visual motion generated by, and experienced during locomotion are called optic flow.
The precise pattern of optic flow depends on the specific movements made, such as
whether moving forward or making a turn, and therefore provides a powerful source of
visual information about self-motion. Thus, optic flow information is used to regulate
walking speed (Prokop et al., 1997), estimate distance travelled (Frenz and Lappe, 2005;
Srinivasan et al., 2000), and importantly, to control the direction of self-motion (Gibson,
1950; Schubert et al., 2003; Warren et al., 1988); all tasks relevant to navigation and
course control. Another important function of the visual motion system is the ability to
detect and represent the speed and direction of moving objects. Such information advises
animals as to which direction prey or a predator may be moving, allowing it to decide
whether it should flee, freeze, or attack.

Neurons which are deemed visually responsive react to certain visual stimulus features
presented within their receptive field — the volume of visual space that can elicit
responses from a particular neuron when a stimulus is presented. The foundation for our
present understanding of how the brain represents visual motion builds upon the
discovery of explicit neural representations of motion, namely in the form of neurons
which exhibit response selectivity depending on the direction in which an image feature
moves across its receptive field. Neurons exhibiting this property are classified as
direction-selective (DS), and were first observed in the primary visual cortex (V1) of cats
and monkeys (Hubel and Wiesel, 1959, 1968). Later, neurons of this type were found
within the visual cortex of many other mammalian species, including mice (Niell and

Stryker, 2008), one of the most common laboratory animals in modern times.
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A common notion in the field is that the brain constructs its visual motion perceptions
from information encoded by the responses of cortical DS neurons. This assumption is
largely built on work in monkeys that causally linked the activity of DS neurons residing
in a particular higher-order area of the visual cortex, the middle temporal area, to the
ability to successfully report the direction of object motion (Salzman et al., 1990),
indicating that cortical DS neurons may be the functional basis for creating motion
perceptions.

The detection of complex visual features within a scene, such as motion, was
historically thought to be a property unique to the visual cortex alone (Seabrook et al.,
2017). Along the same vein, DS responses are typically thought to emerge de novo within
V1 from the convergence of thalamic inputs, and such a mechanism has indeed been
identified in mice (Lien and Scanziani, 2018). Yet, fascinatingly, more than 50 years ago
DS responses were first recorded in the retina of rabbits (Barlow and Hill, 1963) and
have later been documented in several other species including mice (Weng et al., 2005),
indicating that motion analysis is not exclusive to the visual cortex, and instead begins
at the level of the retina. We now know that the retina of mice contains mosaic
arrangements of DS retinal ganglion cells (RGCs) that preferentially respond to motion
in one of the four cardinal directions (anterior, posterior, dorsal, and ventral) (Borst and
Euler, 2011; Dhande and Huberman, 2014). These cells fall into two main classes: ON
and ON-OFF DS cells (Dhande and Huberman, 2014; Wei and Feller, 2011; Yonehara et
al., 2009). The ON DS cells respond solely to light increments, while ON-OFF DS cells
respond to both light increments and decrements. Of these two cell classes, the function
of ON DS cells is best understood; these cells send projections exclusively to nuclei of the
accessory optic system and are thought to be dedicated to the mediation of the
optokinetic reflex, a type of involuntary eye movement used for gaze stabilization
(Yonehara et al., 2016; Yoshida et al., 2001). Conversely, while we know that ON-OFF
DS cells send their axons to areas of the central visual pathways (Borst and Euler, 2011;
Dhande and Huberman, 2014; Seabrook et al., 2017), their behavioral role remains
largely unknown. Furthermore, our causal and mechanistic understanding of how
signaling from these retinal DS cells influences visual processing in V1 and higher-order
visual cortical areas is very limited. Thus, the aspiration of the work presented in this
PhD dissertation was to narrow the gap in our knowledge of how direction selectivity
computed in the retina of mice subserves visual motion processing performed by the

visual cortex.
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2 Background

In this chapter, I provide background information useful for interpreting the subsequent
experimental work. I cover key structures and pathways of the mouse visual system, and
models for manipulating retinal direction selectivity; I present what we knew about the
contribution of retinal direction selectivity to cortical processing before I began my PhD
project; and finally, I outline the overall aim and research objectives to which the work

presented in this dissertation seeks to provide answers.

2.1 Overview of the mouse visual system

Much of our early knowledge of how the visual system processes information stems from
experiments performed in cats and non-human primates, such as monkeys. However,
nowadays the mouse is a preeminent animal model for studying the neural mechanisms
governing sight and the malfunctions thereof. Several advantages have prompted the use
of mice for studying vision, despite the fact that the mouse visual system exhibits some
notable differences to that of carnivores and primates (Baker, 2013; Huberman and Niell,
2011; Seabrook et al., 2017). These advantages include the mouse’s convenient size,
relatively low cost, and, most importantly, its outstanding tractability for genetic
manipulations. In this species, powerful tools for in wvivo labeling, activity monitoring,
and perturbations of neural cells are now available, making it possible to test the causal
involvement of specific cell types in visual processing and behavior.

The separation of visual circuits into image-forming and non-image-forming pathways
is possibly the roughest functional distinction one can use to segregate the organization
of the visual system (Seabrook et al., 2017). Image-forming pathways give rise to sight
and are involved in perceiving visual features such as shape, color, depth, and motion.
Conversely, non-image-forming pathways are involved in behaviors that occur below our
conscious perception, including the regulation of pupil size and circadian rhythm. The
image-forming pathways of mice can be further segregated into two pathways: the retino-
geniculate and the retino-collicular pathways (Dhande et al., 2015; Huberman and Niell,
2011; Seabrook et al., 2017) (Figure 1). The retino-geniculate pathway conveys retinal
information directly to the visual cortex via the dorsal lateral geniculate nucleus (dLGN)
of the thalamus, whereas in the retino-collicular pathway, information reaches the cortex
only after passing through the superior colliculus (SC) and then lateral posterior nucleus
(LP, analogous to the primate pulvinar nucleus) of the thalamus (Figure 1). To limit the
amount of information in this background chapter, this section focuses predominantly on

the retino-geniculate pathway, since this is the primary pathway under experimental
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investigation in the work presented in this dissertation, and historically thought to be the
pathway supporting conscious visual perceptions. The section is not intended as an
exhaustive review, but rather as an introduction to the visual areas, pathways, and cell
types that are directly relevant to the empirical investigations that comprise the

presented dissertation.

V1 HVAs

dLGN SC —>»| LP

@ Retino-collicular pathway

Figure 1 | Image-forming pathways of the mouse visual system. Diagram of the feedforward

connections in the retino-geniculate and retino-collicular pathways. The retino-geniculate pathway
conveys retina-originating information to the primary visual cortex (V1) and higher visual areas
(HVA) wvia the dorsal lateral geniculate nucleus (dLGN) of the thalamus. In the retino-collicular
pathway, retina-originating information reaches the visual cortex after passing through the superior
colliculus (SC) in the midbrain and the lateral posterior nucleus (LP) of the thalamus. Note that
dLGN sends information only to V1, whereas LP sends information to both V1 and HVAs. Diagram is
adapted from Glickfeld and Olsen (2017).

2.1.1 Cell types and the general circuit motif of the retina

The first steps of vision occur in the retina. The retina is a thin layer of neural tissue
located at the back of the eye (Figure 2), whose ultimate job is to detect and convert
incoming patterns of light into electrical signals — action potentials — and to transmit
them to downstream visual areas. Consistent with being part of the central nervous
system, the retina contains complex neural circuits (Baden et al., 2020; Dhande et al.,
2015; Masland, 2001). The retina contains five classes of neurons: photoreceptors, bipolar
cells, horizontal cells, amacrine cells, and RGCs (retinal ganglion cells), which are

organized into five layers: three nuclear and two synaptic layers (Figure 2). The cell
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Rod photoreceptor
Cone photoreceptor

ONL

OPL

BC

INL . ‘

IAC
[ — ]OFF
IPL e
- ]ON
RGC
" GCL ; L

Figure 2 | General organization and major cell types in the mouse retina. Diagram of the

organization of the retina, and the major classes of retinal cells (photoreceptors, bipolar cells [BC],
horizontal cells [HC|, amacrine cells [AC], and retinal ganglion cells [RGCs|). Photoreceptors have
their outer segment within the photoreceptor layer (PL). Cell bodies reside in the nuclear layers (outer
nuclear layer [ONL], inner nuclear layer [INL], and ganglion cell layer [GCL]), and their dendrites
and synapses reside in the synaptic layers (outer plexiform layer [OPL] and inner plexiform layer
[IPL]). The IPL contains two sublaminae: the OFF and ON sublamina. Cells with their synapses or
dendrites in the OFF and ON sublamina are excited by light decrements and increments, respectively.
The output information, encoded by the action potential firing pattern of RGCs, is sent to the brain

via the RGC azons, forming the optic nerve. Diagram is adapted from Baden et al. (2020).

bodies reside in the outer, inner, and ganglion cell layers, and the dendrites and synapses
reside in the outer plexiform and inner plexiform layers. In the first synaptic layer, the
outer plexiform layer, rod and cone photoreceptors synapse onto bipolar and horizontal
cells. Upon the absorption of light, rods and cones hyperpolarize and release less
glutamate onto the postsynaptic dendritic processes of bipolar and horizontal cells.
Bipolar cells come in two main variants: OFF and ON bipolar cells (Masland, 2001).
OFF bipolar cells are excited by glutamate, and thus when glutamate release decreases
during light exposure, these cells hyperpolarize, whereas they are activated when light is
off. Conversely, ON bipolar cells hyperpolarize in response to glutamate, and thus when
light is on, and glutamate release is low, these cells are excited. Horizontal cells connect

laterally and provide modulatory feedback and feedforward signals to photoreceptors and
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bipolar cells, respectively. The bipolar cells extend their axons into the second synaptic
layer, the inner plexiform layer, where they form glutamatergic synapses on the dendrites
of amacrine cells and RGCs. OFF bipolar cells make connections in the OFF sublamina
of the inner plexiform layer, whereas ON bipolar cells make connections in the ON
sublamina (Figure 2). Similar to horizontal cells, amacrine cells connect laterally, but
also across the inner plexiform layer, to provide inhibitory feedback and feedforward
signals to bipolar cells and RGCs, respectively. Finally, the RGCs, existing as ON, OFF,
and ON-OFF variants, integrate the synaptic input from bipolar and amacrine cells and
send their output as action potentials to the brain via the optic nerve (Figure 2). Hence,
all the information that the brain receives about the visual world, and builds its
representations from, is encoded by the patterns of action potentials in the RGCs.

The general circuit organization described here is highly conserved across species
(Baden et al., 2020). Yet, the mouse is arguably the species for which we have the most
detailed understanding of the anatomical, molecular, and functional properties of retinal
cell types and circuits processing distinct features (Baden et al., 2020). The current
estimate is that the mouse retina contains 40—50 types of RGCs (Baden et al., 2016;
Masland, 2001). Of these, seven or more are directionally selective (Borst and Euler,
2011; Vaney et al., 2012). Noticeably, retinal DS cells are numerous in the mouse, where
they are suggested to comprise up to 35% of the RGCs (Baden et al., 2016), indicating
that these cells likely serve important functions in this species. The next subsection
focuses on these retinal DS cells by introducing the different types, the computational
mechanisms for creating retinal direction selectivity, and their downstream projection
patterns. Parts of this text are represented in the review article presented in Chapter 4

but have been paraphrased for this subsection.

2.1.2 Direction-selective cells of the retina

The first experimental evidence of DS cells in the mammalian retina emerged in the
1960s in a series of foundational experiments by Barlow, Levick, and colleagues, wherein
they demonstrated DS responses in the retina of rabbits (Barlow and Hill, 1963; Barlow
and Levick, 1965; Barlow et al., 1964). Since then, retinal DS cells have been identified in
a range of species, including mice (Weng et al., 2005), and the circuitry creating retinal
DS responses is likely one of the most investigated and best understood neural circuitries

of the mammalian brain (Borst and Euler, 2011).

2.1.2.1 Retinal DS cell types

The retina contains several types of DS cells which fall into two main classes: ON-OFF
and ON DS cells (Borst and Euler, 2011; Mauss et al., 2017; Vaney et al., 2012). ON-
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OFF DS cells fire action potentials both at the leading and the trailing edge of a bright
stimulus when moving along the preferred direction through the receptive field on a dark
background, that is, they respond to both light increments and decrements (Barlow and
Levick, 1965). Conversely, ON DS cells respond only to the leading edge of a bright
stimuli moving on a dark background through the receptive field, meaning they only
respond to light increments. Thus, ON-OFF DS cells are bistratified and ramify their
dendrites within both the ON and OFF sublamina of the inner plexiform layer, whereas
ON DS cells only ramify within the ON sublamina (Borst and Euler, 2011; Vaney et al.,
2012). Another distinction between ON-OFF and ON DS cells is their motion speed
preference; ON-OFF DS cells respond to a broad range of speeds up to at least 100
degrees per second, whereas ON DS cells are best tuned to slower motion speeds around
5 degrees per second (Weng et al., 2005; Yonehara et al., 2016).

ON-OFF and ON DS cells can be classified into several subtypes based on their
preferred direction of motion (Oyster and Barlow, 1967) and, more recently, on genetic
markers (Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion et al., 2011; Trenholm et
al., 2011; Yonehara et al., 2008). ON-OFF DS cells include four subtypes, each of which
prefers motion in one of the four cardinal directions: anterior, posterior, dorsal, or ventral
motion (Figure 3A). ON DS cells can be grouped into three subtypes, preferring anterior,
dorsal, or ventral motion (Figure 3A). It should be noted that a third type of retinal DS
cells, named OFF DS cells, has been described (Kim et al., 2008). These cells are
characterized by having their dendrites located in the OFF sublamina of the inner
plexiform layer, responding to light decrements, and they have a response preference to
dorsal motion. However, these OFF DS responses have not been consistently detected in
other studies (Sabbah et al., 2017), and it is therefore still debated whether these cells

comprise a distinct type of retinal DS cell.

2.1.2.2 Synaptic mechanisms creating retinal direction selectivity

Both ON-OFF and ON DS cells receive glutamatergic excitation from bipolar cells and
GABAergic inhibition and cholinergic excitation from a type of amacrine cell called
starburst amacrine cells (SACs) (Figure 3B). The SACs exist in ON and OFF variants
and co-stratify with the respective dendritic trees of ON-OFF and ON DS cells. This can
be visualized by staining retinal tissue for choline acetyltransferase (ChAT), a marker of
SACs, revealing stratification in two distinct ChAT-positive bands, corresponding to the
ON and OFF sublamina of the inner plexiform layer (Jeon et al., 1998). Importantly, the
inhibition from SACs is directionally tuned: during motion in the retinal DS cell’s
preferred direction, SAC-mediated inhibition is minimal, while during motion in the
opposite direction (also known as the null direction), inhibition is maximal (Figure 3B).

This directionally tuned inhibition is necessary for establishing DS responses in ON-OFF
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and ON DS cells (Yonehara et al., 2016). Two key mechanisms underlying this tuned
inhibition are the spatially asymmetric inhibitory connectivity between the SAC and the
RGC (Briggman et al., 2011; Wei et al., 2011; Yonehara et al., 2011), and the centrifugal
direction selectivity within the dendrites of the SAC (Borst and Euler, 2011; Vaney et
al., 2012). Recently it was discovered that ON DS cells have an additional circuit
mechanism, consisting of glutamatergic excitation provided by two different groups of
bipolar cells with distinct temporal dynamics: slow sustained and fast transient inputs
(Matsumoto et al., 2019) (Figure 3B). Slow sustained and fast transient inputs are biased
to the preferred and null sides of the ON DS cell’s dendrites, respectively. When motion
is in the preferred direction, the synaptic delays between the two types of input are offset
by the preceding activation of the slow sustained input, yielding temporal summation,

however, in the null direction such temporal summation is less efficient (Figure 3B).
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Figure 3 | Retinal direction selectivity in the mouse. (A) Diagram of the preferred motion
directions of retinal direction-selective (DS) cells with respect to the visual field. ON-OFF DS cells
include four subtypes, each preferring motion in one of the four cardinal directions: anterior (A),
posterior (P), dorsal (D), or ventral (V). ON DS cells contain three subtypes, each preferring either
anterior, dorsal, or ventral motion. (B) Diagram of the circuitry underlying direction selectivity in
ON-OFF and ON DS cells. ON-OFF and ON DS cells receive glutamatergic excitation (Glu) from
bipolar cells (BC) and GABAergic inhibition (GABA) and cholinergic excitation (ACh) from starburst
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amacrine cells (SAC). The inhibition from SACs is directionally tuned: during motion in the preferred
direction (indicated by the white arrow), SAC-mediated inhibition is small, while during motion in the
null direction, inhibition is stronger. ON DS cells have an additional mechanism, mediated by two
different groups of BCs: slow sustained and fast transient inputs, each biased to the preferred and null
sides of the ON DS cell’s dendrites, respectively. During motion in the preferred direction, excitatory
inputs summate, whereas in the null direction, summations is less efficient. Panel (A) is adapted from
Borst and Euler (2011); (B) is adapted from Rasmussen and Yonehara (2020).

2.1.2.3 Projection targets of retinal DS cells

Between the ON-OFF and ON DS cells, the behavioral role of ON DS cells is more well
understood. Earlier work, done mainly in rabbits, implicated ON DS cells as the main
RGC type involved in gaze-stabilizing eye movements (Simpson, 1984). These cells do
indeed project selectively to nuclei of the accessory optic system that are involved in
generating the reflexive eye movements required for gaze stabilization (Yonehara et al.,
2008, 2009). More recent work tested the causal involvement of retinal DS for eye
movements, and showed that interfering with direction selectivity in these cells abolishes
optokinetic reflex eye movements (Sun et al., 2015; Yonehara et al., 2009, 2016; Yoshida
et al., 2001). These findings provide a compelling case for ON DS cells as the main RGC
type for eliciting involuntary eye movements.

Importantly, unlike ON DS cells, ON-OFF DS cells project to visual areas of the
image-forming pathways and send their main axonal projections to the SC and their
collaterals innervate the dLGN (Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion et
al., 2011) (Figures 1 and 4A). This difference in connectivity may suggest that ON-OFF
DS cells contribute to functions occurring in higher-order areas of the visual hierarchy
including the visual cortex (Huberman and Niell, 2011). Yet, this question remains

largely unexplored and the behavioral roles of ON-OFF DS cells are still unresolved.

2.1.3 The dorsal lateral geniculate nucleus

The dLGN of the thalamus is a main conduit for visual information from the retina to
V1 and thus considered a starting point of higher-order visual processing (Dhande et al.,
2015). In mice, the dLGN is located in the dorsal aspect of the diencephalon, situated
between the intergeniculate leaflet and wventral lateral geniculate nucleus on the
ventrolateral border, and the LP on the dorsomedial border (Kerschensteiner and Guido,
2017; Liang and Chen, 2020). The simple organization of the mouse dLGN compared to
that described in cats and monkeys highlights the distinct evolutionary path of different

species, recently reviewed in detail (Liang and Chen, 2020).
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2.1.3.1 Retinal inputs are functionally organized in the dLGN

The dLGN receives inputs from several different types of RGCs, including DS cells
(Dhande et al., 2015; Liang and Chen, 2020; Seabrook et al., 2017). In the adult mouse,
most of these RGCs innervate the contralateral dLGN, but a small portion project
ipsilaterally. Hence, the majority of the dLGN is innervated by the contralateral eye,
with only a small volume of ipsilateral projections being located in the anteromedial
aspect of this nucleus. Although eye-specific zones distinguish different regions of the
dLGN, the dLGN of rodents lacks clear lamination, which is in contrast to its
counterparts in carnivores and primates (Kerschensteiner and Guido, 2017; Liang and
Chen, 2020; Reese, 1988). Yet, studies using retrograde tracer injections (Martin, 1986)
or genetic labeling of distinct types of RGCs (Ecker et al., 2010; Huberman et al., 2008,
2009; Kay et al., 2011; Kim et al., 2008, 2010; Rivlin-Etzion et al., 2011) have revealed
that the retinal innervation of the rodent dLGN is far from random. The dLGN of the
mouse can be divided into two distinct regions; the core and the shell, each containing a
retinotopic representation of visual space (Dhande et al., 2015; Liang and Chen, 2020;
Reese, 1988). The core and the shell regions receive inputs from different types of RGCs
(Figure 4A). The core gets the majority of its input from non-DS RGCs, such as alpha-
like and melanopsin-expressing intrinsically photosensitive RGCs (Ecker et al., 2010;
Huberman et al., 2008). Conversely, the shell is notably innervated by different types of
retinal DS cells (Cruz-Martin et al., 2014; Huberman et al., 2009; Kay et al., 2011; Kim
et al., 2008, 2010; Martersteck et al., 2017; Rivlin-Etzion et al., 2011). ON-OFF DS cells
preferring posterior motion in the visual field exclusively innervate the superficial part of
the shell region (Cruz-Martin et al., 2014; Huberman et al., 2009; Kay et al., 2011;
Rivlin-Etzion et al., 2011), while ON-OFF DS cells tuned to dorsal motion innervate
both the shell and the core region, with maybe a slight preference for the core (Hong et
al., 2014; Kay et al., 2011; Kim et al., 2010) (Figure 4A).

2.1.3.2 Functional responses of dLGN neurons

The cellular landscape of the dLGN is populated by two types of neurons that receive
direct inputs from the retina: excitatory thalamocortical relay neurons and GABAergic
local interneurons, the latter represents roughly 10% of dLGN neurons and have neurites
that never exit the dLGN (Kerschensteiner and Guido, 2017; Rasmussen and Sabbagh,
2020). To date, a handful of studies have characterized the response properties of neurons
residing within the dLGN of the mouse. One study used in wvivo calcium imaging
(Marshel et al., 2012) and four others used single-unit electrophysiology (Piscopo et al.,
2013; Roméan Roson et al., 2019; Scholl et al., 2013; Zhao et al., 2013). In addition to

center-surround neurons, these studies showed that mouse dLGN contains a substantial
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population of neurons with more complex and selective functional properties, including
direction and orientation selectivity. This is congruent with studies measuring the tuning
properties of dLGN-originating axonal boutons in V1 (Cruz-Martin et al., 2014; Kondo
and Ohki, 2015; Roth et al., 2015; Sun et al., 2016). Interestingly, two studies also
discovered that the shell region is enriched with DS and orientation-selective (OS)
neurons (Marshel et al., 2012; Piscopo et al., 2013). With this notable anatomical and
functional correspondence between ON-OFF DS cell innervation and density of DS and
OS neurons in the shell region of the dLGN, a pressing question is whether the
convergence of ON-OFF DS cells is involved in creating DS and OS responses in the
thalamocortical relay neurons. For now, this remains an unresolved question. However,
the finding that at least a dozen or more RGCs converge onto a single thalamocortical
relay neuron (Hammer et al., 2015; Morgan et al., 2016; Rompani et al., 2017) and that
RGC inputs onto dLGN shell neurons are functionally organized (Liang et al., 2018)

makes this a reasonable hypothesis to consider.
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Figure 4 | Connectivity patterns within the retino-geniculate pathway in mice. (A)
Diagram of the retino-geniculate projection pattern of direction-selective (DS) and non-DS retinal
ganglion cells (RGCs). ON-OFF DS cells tuned to posterior motion in the visual field selectively
project to the shell region of the dorsal lateral geniculate nucleus (dLGN) of the thalamus; ON-OFF
DS cells tuned to dorsal motion project to both the shell and core regions; non-DS RGCs project to the
core region. (B) Diagram of the geniculo-cortical projection pattern of thalamocortical relay cells.
Relay cells residing in the shell region of the dLGN target the superficial layers 1 and 2/3 of the
primary visual cortex (V1), whereas core-residing relay neurons target deep layers — mainly layer 4,
but also layers 5 and 6. Panels (A) and (B) are adapted from Seabrook et al. (2017).
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2.1.4 The primary visual cortex

In the mouse, like other mammals, the visual cortex resides in the dorsal aspect of the
posterior cortex. The visual cortex is often considered to be the site where conscious
motion perceptions are formed (Albright and Stoner, 1995; Andersen, 1997; Salzman et
al., 1990; Tong, 2003). In the retino-geniculate pathway, visual information from the
dLGN converges within V1, and is, after further processing, split into distinct parallel
processing streams targeting specific higher visual areas (HVAs, or extrastriate areas) of
the cortex (Nassi and Callaway, 2009). The visual cortex of the mouse, including V1,
exhibits many similarities to that of other species, including its characteristic six-layered
anatomy, retinotopic organization of visual space, and populations of excitatory

pyramidal neurons intermixed with inhibitory interneurons.

2.1.4.1 Regions of the dLGN differentially innervate V1

Careful anatomical work has established that the specific innervation of RGC types to
the core and shell dLGN regions recapitulates as segregated output circuits as well
(Bickford et al., 2015; Cruz-Martin et al., 2014). Thus, a general picture of how
thalamocortical relay neurons innervate V1 has emerged. Neurons residing in the shell
region of the dLGN, innervated preferentially by retinal DS cells, project to layers 1 and
2/3 of V1 (Figure 4B). Interestingly, one study showed that a notable fraction of the
neurons projecting from the shell to the superficial layers of V1 are indeed directionally
tuned, suggesting a disynaptic circuit motif through which signaling from retinal DS cells
reach V1 (Cruz-Martin et al., 2014). Conversely, neurons located in the core region of the
dLGN, preferentially innervated by non-DS RGCs, send their projections mainly to layer
4 of V1 (Cruz-Martin et al., 2014), the layer receiving the densest dLGN innervation (Ji
et al., 2016; Morgenstern et al., 2016; Roth et al., 2015) (Figure 4B). Collectively, these
data seem to indicate parallel processing streams from the dLGN to V1 in the mouse. It
should, however, be noted that one study employing in vivo calcium imaging found that
a considerable portion of dLGN-originating axonal boutons in layer 4 of V1 are also DS
(Sun et al., 2016), seeming to suggest that different subnetworks may convey motion-

related information to V1 in parallel.

2.1.4.2 Functional responses of V1 neurons

Experimental investigations of the response properties of visual cortex neurons in the
mouse began more than 40 years ago (Drager, 1975). Since then, a staggering number of
studies have probed the visually evoked responses of V1 neurons in mice using in vivo

electrophysiology or calcium imaging, a few of them referenced here (Adesnik, 2017;
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Adesnik et al., 2012; Dréger, 1975; Gao et al., 2010; Girman et al., 1999; Hofer et al.,
2011; Van Hooser et al., 2005; Kerlin et al., 2010; Ko et al., 2011; Lien and Scanziani,
2018; Marshel et al., 2011; Métin et al., 1988; Niell and Stryker, 2008; Ohki and Reid,
2007; Ohki et al., 2005; Scholl et al., 2017). These studies have shown that V1 neurons in
mice exhibit orientation selectivity, spatial and temporal frequency tuning, speed tuning,
contrast-invariant tuning, contrast gain control, surround suppression, linear and
nonlinear receptive field structure, and not least direction selectivity. The emerging
picture is thus that mouse V1 contains all of the fundamental response properties that
have been described in other mammals, such as cats or monkeys, indicating that the
mouse visual cortex may be performing computations similar to those in other species,
including motion processing (Hiibener, 2003; Huberman and Niell, 2011). On this note, a
recent study that investigated the role of V1 neurons for the ability of mice to
discriminate and report different motion directions is worth highlighting (Marques et al.,
2018). Inspired by previous experiments carried out in primates (Britten et al., 1992;
Newsome and Paré, 1988), this work showed that a visual stimulus consisting of a
random pattern of moving dots strongly drove DS responses in a subset of V1 neurons.
Interestingly, when the authors inactivated V1 using a pharmacological approach, the
mice were now worse at discriminating the global motion direction of the moving dots
stimulus. This suggests that neuronal activity in mouse V1 is causally involved in the
perception of visual motion, a plausible finding due to the motion representation encoded
by cortical DS neurons. With the large experimental toolbox afforded to the mouse
(O’Connor et al., 2009), this species therefore provides a tractable model system for
probing the detailed circuit mechanisms of motion processing and perception.

Yet, in this endeavor, it should be kept in mind that a number of differences do exist
between V1 of mice and that of carnivores and primates. One of these is that mouse V1
neurons prefer lower spatial frequencies, and their receptive fields are generally larger,
compared to other mammals (Girman et al., 1999; Niell and Stryker, 2008). Another
difference is the absence of a columnar architecture for feature selectivity; neighboring
neurons in V1 of rodents do not show a strong functional clustering for orientation or
direction preference (Van Hooser et al., 2005; Ohki and Reid, 2007; Ohki et al., 2005;
Roth et al., 2012; Scholl et al., 2017) nor for ocular dominance (Mrsic-Flogel et al., 2007)
or motion speed preference (Glickfeld et al., 2013). This, however, does not mean that
the organization of response selectivity in mouse V1 is entirely random. Seminal studies
have shown that excitatory pyramidal neurons sharing similar tuning preferences are
more likely to be connected than neurons exhibiting different preferences (Cossell et al.,
2015; Hofer et al., 2011; Ko et al., 2011; Lee et al., 2016; Li et al., 2012), suggesting the
existence of intracortical subnetworks dedicated to processing of related visual

information.
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2.1.4.3 Direction selectivity computed de novo in layer 4 of V1

Although the work in this dissertation focused on the role of retinal direction selectivity
for motion processing by the cortex, it is important to establish that a form of de novo
direction selectivity arises in mouse V1. One impressive study leveraged in vivo single-
unit and whole-cell electrophysiology, in combination with optogenetics, to demonstrate
that DS responses in layer 4 of V1 emerge from non-DS dLGN inputs that are spatially
and temporally offset (Lien and Scanziani, 2018). Mechanistically, when gratings move in
a layer 4 DS neuron’s preferred direction, dLGN inputs with sustained excitatory
temporal kinetics are initially activated and as the stimulus phase moves across the
visual field, inputs with transient excitatory kinetics are subsequently activated.
Conversely, when gratings move in the opposite, null direction, excitatory inputs with
transient kinetics are activated before inputs with sustained excitation. As a result, the
temporal summation of the excitatory inputs reaches a greater amplitude, causing more
action potentials being fired, for motion in the preferred rather than the null direction.
This finding raises fascinating questions regarding why the mouse visual system creates
direction selectivity de novo at two separate stages of the visual hierarchy, whether
retinal and cortically generated direction selectivity converges or stays segregated within
the cortex, and whether retinal and cortically generated direction selectivity subserve

different behavioral functions.

2.1.5 Higher visual areas of the cortex

V1 sends its outputs to a series of HVAs (higher visual areas) within the cortex, which
are increasingly specialized in the visual features they encode (Nassi and Callaway, 2009).
In primates, an organizing principle of these HVAs is the division into multiple parallel
processing streams, including the well-known ventral and dorsal streams. Simplified, the
ventral stream conveys information regarding object identity, whereas the dorsal stream
conveys information about object location (Maunsell and Newsome, 1987). However, the
specific circuits from which these specialized neuronal responses emerge are not
sufficiently understood in detail, primarily due to experimental challenges and the lack of

extensive genetic manipulations in the primate.

2.1.5.1 Discrete HV As of the mouse visual cortex

Over the last decade, anatomical and physiological studies have mapped and segmented
the mouse visual cortex into a discrete set of HVAs, each containing a retinotopic
representation of visual space (Andermann et al., 2011; Garrett et al., 2014; Juavinett et
al., 2016; Marshel et al., 2011; Wang and Burkhalter, 2007; Wang et al., 2011, 2012;
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Zhuang et al., 2017). Due to the use of different experimental techniques across studies,
reaching a consensus on the exact number of HVAs has been challenging — a topic that
has been comprehensively reviewed (Glickfeld and Olsen, 2017). For use in the work
presented in this dissertation, I lean toward the formulation of Glickfeld and Olson
(2017), which considers the following HVAs to be constituents of the mouse visual
cortex: lateromedial (LM), anterolateral (AL), rostrolateral (RL), anterior (A),
anteromedial (AM), posteromedial (PM), laterointermediate (LI), posterior (P), and
postrhinal (POR) (Figure 5A). Akin to the primate, the HVAs in the mouse have been
categorized into a dorsal and ventral stream dichotomy based on their connectivity and
physiology, with areas LM and LI consistently being categorized as ventral-like, and
areas AL, RL, and AM as dorsal-like (Marshel et al., 2011; Smith et al., 2017; Wang et
al., 2011, 2012). However, given the vast interconnectivity between visual cortical areas
in the mouse (Gamanut et al., 2018; Wang et al., 2012) and their weaker hierarchical
organization compared to the primate, it seems reasonable to suggest that the ventral

and dorsal stream division may be more blurred in the mouse than in the primate.

2.1.5.2 Functional areal specialization

An important property of HVAs in the primate is the progressive specialization of their
visual feature tuning (Nassi and Callaway, 2009). Intriguingly, HVAs of the mouse visual
cortex seem to exhibit a similar property by being more specialized in their visual
processing than V1. Generally, the receptive field size of HVA neurons is larger than
those observed in V1 (Wang and Burkhalter, 2007), likely indicative of converging inputs
from neurons with differential, and spatially offset, receptive field properties. In addition,
although each HVA contains a retinotopic representation of visual space, each area shows
a biased representation of the visual field. For example, area PM is biased toward the
upper temporal part of visual space, whereas area RL is biased toward the lower nasal
part (Garrett et al., 2014). However, it is not only the receptive field size and visual field
bias that suggest HVA specialization. Technical advancements in functional HVA
mapping, and the ability to record the activity from hundreds to thousands of neurons
with 4n vivo two-photon calcium imaging, has now begun to uncover the diversity and
specialization in neuronal responses within HVAs (Andermann et al., 2011; Beltramo and
Scanziani, 2019; Blot et al., 2020; Glickfeld et al., 2013; Juavinett and Callaway, 2015;
Marshel et al., 2011; Roth et al., 2012; Smith et al., 2017; Tohmi et al., 2014). For
example, several studies have probed the spatiotemporal preference of neurons populating
different HVAs (Andermann et al., 2011; Blot et al., 2020; Glickfeld et al., 2013; Marshel
et al., 2011; Roth et al., 2012; Tohmi et al., 2014). These studies have painted a picture
of two polarized groups. One that prefers low spatial frequencies but high temporal

frequencies, such as areas AL and RL, and another that prefers high spatial frequencies
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but low temporal frequencies, such as area PM (Figure 5B). Conversely, the areas LM,
AM, and LI seem to prefer high spatial and intermediate temporal frequencies. Hence,
areas AL and RL prefer higher motion speeds (temporal frequency divided by spatial
frequency), whereas LM, AM, and LI prefer intermediate speeds, and PM prefers lower
speeds (Andermann et al., 2011; Blot et al., 2020; Glickfeld et al., 2013; Marshel et al.,
2011; Tohmi et al., 2014). In addition, areal specialization for orientation and direction
tuning has been investigated, although these results seem more variable across studies
(Andermann et al., 2011; Juavinett and Callaway, 2015; Marshel et al., 2011; Roth et al.,
2012). In one study, the areas AL, RL, AM, and PM were found to contain higher
proportions of, and more selective, OS and DS neurons compared to areas V1, LM, and
LI (Marshel et al., 2011). Yet, another study found no difference in the abundance nor in
the selectivity of OS neurons between areas V1, AL, and PM; but did find more DS
neurons in V1 compared to areas AL and PM (Andermann et al., 2011).

In addition, one study explored how local and global motion is encoded by neurons in
HVAs of mice (Juavinett and Callaway, 2015) — a topic that we discussed in a previous
review article (Rasmussen and Yonehara, 2017). A large body of literature in primates
has shown that neurons encoding the local direction of motion of a plaid visual stimulus,
termed component direction-selective, are found in both V1 and HVAs (Movshon and
Newsome, 1996; Movshon et al., 1985). In contrast, neurons encoding the global direction
of plaid motion, called pattern direction-selective, are predominantly found in areas of
the dorsal stream, particularly in the middle temporal area (Movshon et al., 1985;
Rodman and Albright, 1989; Smith et al., 2005; Solomon et al., 2011). The work
performed by Juavinett and Callaway (2015) found that only the areas RL and LM
contained pattern direction-selective neurons, whereas areas V1, AL, and AM did not
contain such neurons, but rather only component direction-selective neurons, indicating
that specific HVAs may be preferentially involved in global motion analysis.

An important open question pertains to how this response specialization in HVAs
relates to specific behaviors. Studies are now emerging that test the role of specific HVAs
in visually guided behaviors (Goldbach et al., 2020; Jin and Glickfeld, 2020; Odoemene et
al., 2018). One recent study demonstrated that inhibiting areas LM or AL during a
visual stimulus orientation discrimination task significantly hampered task performance
of mice, suggesting the involvement of these areas in visual perception (Jin and Glickfeld,
2020). In contrast, inhibiting area PM during this task did not affect the orientation
discrimination performance. Thus, neurons within HVAs clearly exhibit response
specialization, especially for spatial and temporal visual properties, but still much work
remains in order to obtain a comprehensive description of neuronal specialization within

HV As of the mouse and determining how such specialization translates to behavior.
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Figure 5 | Organization of the mouse visual corter and functional areal specialization.
(A) Diagram of the parcellations and anatomical organization of the mouse visual cortex. The primary
visual cortex (V1) is surrounded by at least nine higher visual areas: lateromedial (LM), anterolateral
(AL), rostrolateral (RL), anterior (A), anteromedial (AM), posteromedial (PM), laterointermediate
(LM), posterior (P), and postrhinal (POR). L, lateral; M, medial; A, anterior; P, posterior. (B)
Diagram exemplifying the functional specialization of higher wvisual area neurons and V1 cortico-
cortical projection neurons. Area AL neurons prefer stimuli with a high temporal frequency (TF) and
low spatial frequency (SF), whereas PM neurons prefer low TF and high SF stimuli. This functional
specialization is matched by the V1 neurons projecting to areas AL and PM. Visual cortical map in
panel (A) is adapted from Wang and Burkhalter (2007); (B) is adapted from Glickfeld et al. (2013).

2.1.5.3 Specialized inputs from V1 to HV As

The presence of specialized response properties in HV As invites the question of how these
responses arise. One can imagine at least three mechanisms: 1) specialized responses
emerge locally within each HVA as a result of complex neuronal interactions; 2)
specialized responses are inherited from upstream visual areas projecting to the HVAs;
and 3) a combination of both. This question has been experimentally tackled (Blot et al.,
2020; Glickfeld et al., 2013; Kim et al., 2018; Matsui and Ohki, 2013). Foundational work
imaged V1 axonal boutons terminating in HVAs, thus probing what information is sent
from V1 to these areas (Glickfeld et al., 2013; Matsui and Ohki, 2013). One study
showed that V1 neurons projecting to areas PM, AL, or LM exhibited distinct response
properties: V1 boutons in PM preferred slower motion speeds, whereas those in LM and
AL preferred intermediate and faster speeds, respectively (Glickfeld et al., 2013) (Figure
5B). Similar trends were found in a study that imaged the activity of V1 cell bodies,
labeled in a retrograde manner from either area AL or PM (Kim et al., 2018), although,
tuning distributions overlapped considerably between AL- and PM-projecting V1

neurons. In addition, one study found that V1 boutons targeting area AL were more
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selective regarding the orientation and direction of moving stimuli than to those
innervating area LM (Matsui and Ohki, 2013). The stimulus preference of V1 projection
neurons thus seems to match well with the preference of neurons within their target
areas, indicating that the specialized responses in HVAs may, at least in part, originate
from V1 inputs. However, response properties of HVA neurons are still more specialized
than the V1 neurons targeting these areas (Glickfeld et al., 2013), suggesting that other
mechanisms are also involved in creating HVA specialization in the mouse. These
mechanisms could be local computations within the HVAs, but could also include
alternative input pathways, such as the retina — SC — LP — HVA pathway (Seabrook
et al., 2017) (Figure 1). Indeed, recent work has shown that the responses of projection
neurons from LP targeting area AL were more similar to the responses of AL-residing
neurons compared to the responses of V1 projection neurons terminating in AL (Blot et
al., 2020). This suggests that HVAs may also inherit their response selectivity from the
LP. Along these lines, one study demonstrated that motion-evoked responses in the
cortical area POR originates from LP as opposed to from V1 (Beltramo and Scanziani,
2019). Hence, it appears that neuronal responses in HVAs of the mouse visual cortex
develop via different circuits, in an area-dependent manner, but many questions and

experimental avenues still remain open.

2.2 Strategies for manipulating retinal direction selectivity

A useful approach to investigate causal relationships in neural circuits is to perturb
components of the circuit. As a result of our more comprehensive mechanistic knowledge,
such perturbations are now possible for retinal direction selectivity. Currently, three
main strategies have been employed for disturbing direction selectivity in the retina, and
what they have in common is that they all target SACs (Hillier et al., 2017; Pei et al.,
2015; Shi et al., 2017; Yonehara et al., 2016; Yoshida et al., 2001); the major cell type
involved in creating DS responses in RGCs (Borst and Euler, 2011; Vaney et al., 2012)

(Figure 3B). In this section, I briefly summarize these three models.

2.2.1 Ablating starburst amacrine cells

The first strategy is to ablate SACs. One study did this by expressing an interleukin-2
receptor under the metabotropic glutamate receptor 2 promoter, targeting the expression
preferentially to SACs (Yoshida et al., 2001). Next, the authors injected an immunotoxin
consisting of an interleukin-2 receptor antibody fused to a bacterial toxin into the
vitreous of the eye, resulting in toxin-triggered SAC ablation. Another study employed a

similar approach, but with some nuanced differences (Hillier et al., 2017). Here, the
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authors selectively expressed the diphtheria toxin receptor in SACs by crossing two
transgenic mouse lines: one expressing a floxed version of the diphtheria toxin receptor,
and the other expressing Cre recombinase under the ChAT promoter, a specific marker
of SACs. By intravitreal injection of diphtheria toxin, they could then selectively ablate
SACs. Both of these strategies potently impair DS responses in retinal DS cells. The
advantage of this strategy is that SAC ablation is controlled by the timing of the
intravitreous injection of the toxin, and retinal direction selectivity can thus be disrupted
acutely in adult mice without developmental effects or compensations. One disadvantage
is that by killing cells with a toxin, immune reactions in the retina may occur. Hence, the
effects observed following toxin injection might not exclusively result from the ablation of

SACs per se, but immune-related alterations could also add to these effects.

2.2.2 Depleting starburst amacrine cells of GABA

Another strategy is to deplete SACs of GABA, preventing them from sending
directionally tuned inhibition to the RGCs. This has been accomplished via conditional
knockout of the vesicular GABA transporter gene selectively in SACs (Pei et al., 2015;
Shi et al., 2017). This approach has the advantage that no toxin is injected into the eye,
avoiding unwanted immune reactions. It should, however, be noted that one study
employing this strategy showed that retinal direction selectivity was not completely
abolished, but some DS responses persisted, potentially mediated by acetylcholine co-
release from SACs (Pei et al., 2015). For this reason, this method seems imperfect when

aiming to completely abolish retinal direction selectivity.

2.2.3 Frmd7 mutant mice

The third model for disrupting retinal direction selection is the Frmd7 mutant mouse
(Frmd7"™), in which a targeted mutation in the Frmd?7 gene is introduced (Hillier et al.,
2017; Macé et al., 2018; Yonehara et al., 2016). This transgenic model was originally
developed for studying the underlying molecular and circuit mechanisms causing
dysfunctional eye movements in human patients with idiopathic congenital nystagmus
(Yonehara et al., 2016). Specifically, the two major symptoms of this disease are
oscillating eye movements along the horizontal plane, and the lack of the horizontal
optokinetic reflex, resulting in impaired vision (Gottlob and Proudlock, 2014). The
rationale for targeting the Frmd7 gene was the clinical observation that in 70% of
detected cases, idiopathic congenital nystagmus was associated with a mutation in this
gene (Tarpey et al., 2006). Remarkably, the missing horizontal optokinetic reflex is
phenocopied in mice with a mutated Frmd?7 gene (Yonehara et al., 2016). Within the
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Figure 6 | Retinal direction selectivity is disrupted in Frmd7 mutant mice. (A) Polar plots
showing preferred directions of ON-OFF and ON retinal direction-selective (DS) cells with respect to
the visual field from wild-type and Frmd7 mutant (Frmd?t ") mice; each arrow denotes the preference
of one recorded cell. A, anterior; P, posterior; D, dorsal; V, ventral. (B) Left: diagram of the spatial
organization of synaptic connectivity between a starburst amacrine cell (SAC; center, black) and the
four types of ON-OFF DS cells, color-coded according to their preferred direction with respect to
retinal space. Right: diagrams of the proposed spatial organization of horizontal inhibitory synapses of
a single SAC from a wild-type and Frmd7™ adult mouse; inhibitory synapses are color-coded
according to the preferred direction of the postsynaptic DS cell with respect to retinal space. Notice
the lack of asymmetric inhibitory connectivity in Frmd7"™ mice. Data in panel (A) and diagrams in
panel (B) are adapted from Yonehara et al. (2016).

developing and adult retina of mice, Frmd7 is selectively expressed in SACs (Yonehara et
al., 2016). Importantly, in wvitro recordings revealed that DS responses to horizontal
motion, but not vertical, are lacking in both ON-OFF and ON DS cells in the Frmd7™
mice (Hillier et al., 2017; Yonehara et al., 2016) (Figure 6A). This effect results from the
absence of directionally tuned inhibition from SACs onto the RGCs, which is a
consequence of the transition from asymmetric to symmetric inhibitory connections from
SACs (Yonehara et al., 2016) (Figure 6B), that are critical for the establishment of
direction selectivity (Briggman et al., 2011; Wei et al., 2011; Yonehara et al., 2011)
(Figure 3B). Because horizontally tuned DS responses are missing in ON-OFF DS cells,
Frmd7™ mice can be used as a model to study the contribution of retinal direction
selectivity to visual processing along the retino-geniculate as well as the retino-collicular

pathway. The advantage of this strategy is that direction selectivity along the horizontal
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axis is exclusively affected, making it more specific than the other two methods described
here. In addition, SACs are not killed and abolished from the circuit, which prevents
unwanted immune response-related effects. Finally, because the Frmd7™ mouse is a
model of idiopathic congenital nystagmus, it is possible to investigate how visual
processing in the cortex, or other brain areas, may be altered in this disease. The
disadvantage of this model is that retinal direction selectivity is disrupted from birth,
and why compensatory mechanisms due to developmental plasticity cannot be ruled out.

Taken together, as with most methodologies employed in research, the methods for
disrupting retinal direction selectivity have advantages and drawbacks. Of the three
strategies, depleting vesicular GABA from SACs seems least ideal because some DS
responses persist in the RGCs. The SAC ablation and Frmd7™ mouse are not without
complications either, and it therefore seems valuable to tackle research question using

both methodologies to bolster the findings and conclusions.

2.3 Retinal DS cell-dependent motion processing in V1

At the outset of the work detailed in this dissertation, only one study had probed the
causal influence of retinal direction selectivity on visual processing by individual neurons
in the visual cortex (Hillier et al., 2017). This study disrupted retinal direction
selectivity, either along all motion directions by ablating SACs, or exclusively along the
horizontal axis using Frmd7™ mice, and showed, as expected, that both strategies
significantly reduced DS responses in ON-OFF DS cells in vitro and in vivo. To monitor
cortical neuronal activity, the authors performed in vivo two-photon calcium imaging
from layer 2/3 of V1 in anaesthetized mice during monocular visual motion stimulation.
In wild-type mice, they found an enrichment of V1 DS neurons preferring posterior
motion, particularly at higher motion speeds, whereas in Frmd7™ and SAC-ablated mice
this enrichment disappeared. Conversely, the authors found that the proportion of V1 DS
neurons preferring dorsal motion was increased in Frmd7™ and SAC-ablated mice
compared to wild-type mice. This work thus provided the first experimental
demonstration that direction selectivity computed in the retina is causally involved in
motion processing by the visual cortex. At the same time, these results inspire a stream
of further questions: Does retinal direction selectivity contribute to motion processing in
layers of V1 other than layer 2/37 Does retinal direction selectivity likewise influence
motion processing in HVAs? Are these findings recreated in awake mice? Where along
the retino-geniculate pathway does the posterior motion preference first emerge? What is
the functional significance of this posterior motion bias of V1 DS neurons? Hence, the
work by Hillier and co-authors serves as an excellent starting point for deciphering how

retinal DS signaling contributes to visual processing in the visual cortex.



33

2.4 Aim and research objectives

The role of direction selectivity computed in the retina as a factor influencing visual
motion processing in the cortex is not well appreciated, and has been largely overlooked
in the field for the better part of a half a century. The question remains; to what extent
do cortical motion representations rely on DS signaling in the retina, as opposed to
direction selectivity computed de novo in the cortex? The aim of the work presented in
this dissertation was thus to provide answers to the questions of how direction selectivity
arising in the retina contributes to visual motion processing in V1 and higher-order visual

cortical areas of mice.
To achieve this, the following research objectives were defined:

e Measure the influence of retinal direction selectivity on visual motion-evoked
neural activity across distinct areas of the visual cortex, including V1 and
HVAs.

e Investigate whether retinal direction selectivity contributes to motion
processing and further functional specialization within individual neurons

populating distinct HV As.

e Examine whether a neural pathway conveying signaling from retinal DS cells
to DS neurons in specific HVAs exists, or whether signaling from retinal DS

cells is broadcasted evenly to all HV As.

e Explore the functional role of direction selectivity computed in the retina;
specifically, testing whether retinal DS cells causally influence optic flow

responses and representations within V1 and HVAs.

This concludes the background chapter, and in the following chapters I will present the

three main papers derived from my PhD studies.
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3 A segregated cortical stream for retinal

direction selectivity

In this chapter, I present the first research project that I carried out during my PhD
studies. For this study, I needed to establish a suite of experimental techniques, new to
our laboratory setting. With support from Ashley Juavinett and Kachi Odoemene (Cold
Spring Harbor Laboratory, at the time), I implemented a pipeline for identifying visual
cortical areas using intrinsic signal optical imaging. To visualize the activity of individual
neurons, [ applied in vivo two-photon calcium imaging. To facilitate this, I participated
in an imaging course organized by the Max Planck Florida Institute for Neuroscience,
and I visited the Friedrich Miescher Institute for Biomedical Research. Most critically,
the inputs I received from Daniel E. Wilson (Max Planck Florida Institute for
Neuroscience, at the time) were central for establishing a two-photon imaging and
analysis pipeline. The results from this study were published in Nature Communications

with myself as shared co-first author (Rasmussen et al., 2020a).

3.1 Brief introduction

In mice, the visual cortex contains multiple HVAs (Chapter 2, Figure 5A), each with a
unique set of response sensitivities to visual features, resulting in areal specialization
(Blot et al., 2020; Garrett et al., 2014; Jin and Glickfeld, 2020; Marshel et al., 2011;
Zhuang et al., 2017). Interestingly, a degree of functional specialization is observed
beforehand, in the V1 neurons projecting to the HVAs (Glickfeld et al., 2013; Kim et al.,
2018; Matsui and Ohki, 2013) (Chapter 2, Figure 5B), indicating that areal specialization
of HVAs may, at least in part, be inherited from V1. Yet, how signaling from specific
types of RGCs contributes to the specialized neuronal activity in V1 and downstream
HVAs has hitherto remained unresolved. In this work, we investigated this question in
the context of visual motion processing. Specifically, we asked how signaling from retinal

DS cells influences motion processing in different visual cortical areas of mice.

3.2 Brief methods

For this study we leveraged several experimental techniques, which I will here briefly
summarize. For manipulating retinal direction selectivity, we used two approaches. First,
we used Frmd7"™ mice in which retinal horizontal direction selectivity is disrupted from
birth (Yonehara et al., 2016) (Chapter 2, Figure 6). Second, we ablated SACs in adult

mice, causing a loss of retinal direction selectivity for all motion directions (Hillier et al.,
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2017; Yoshida et al., 2001). We used intrinsic signal optical imaging in anaesthetized
mice to identify visual cortical areas (Juavinett et al., 2016) and to map motion-evoked
areal responses. T'o monitor the responses of neuronal cell bodies or axonal boutons, we
transfected brain areas (visual cortex, dLGN, or retina) with the genetically encoded
calcium indicator GCaMP6 and measured changes in fluorescence intensity using two-
photon imaging (Chen et al., 2013). With this approach, we recorded, in wvivo, the
activity of thalamic boutons in superficial layers of V1, neurons in layers 2/3 and 4 of
V1, neurons in layer 2/3 of areas RL and PM, and separately recorded in wvitro the
activity of RGCs. Furthermore, by injecting an adeno-associated virus with retrograde
access (Tervo et al., 2016) into either area RL or PM, we expressed GCaMP6 in RL- or
PM-projecting V1 neurons, permitting us to record, in V1, the activity of layer 2/3
neurons in a projection-specific manner. These methods allowed us to investigate motion-
related response differences between wild-type mice and mice with disrupted retinal

direction selectivity.

3.3 Main findings

This work presents four main findings concerning how direction selectivity computed in
the retina contributes to motion processing in the visual cortex of mice. First, we found
that the response properties of DS neurons in layer 2/3 of area RL were notably impaired
in Frmd7™ and SAC-ablated mice with disrupted retinal direction selectivity. In
contrast, the responses of DS neurons in area PM were not affected in these mice.
Second, the responses of layer 2/3 cortico-cortical V1 projection neurons targeting area
RL, but not those targeting area PM, were likewise impaired by disrupting retinal
direction selectivity. Conversely, in layer 4 of V1, response properties of DS neurons were
unaffected. Third, the responses of thalamic DS axonal boutons, originating in the dLGN
and projecting to superficial layers of V1, were altered by retinal direction selectivity
disruption. Finally, the major influence of retinal DS cell signaling on the response
properties of thalamic and cortical DS neurons was to bias their directional preference

toward posterior motion as the temporal frequency of the stimulus increased.

3.4 Reflections and significance

Our results provide new insights into how cortical areas achieve their sensory response
specialization. A general notion in the field has been that specialized sensory
representations in higher-order brain areas emerge from divergence and convergence of
the neuronal activity originating from the peripheral sensory output channels. However,

this has been difficult to establish causally. By leveraging our ability to manipulate the
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activity of a single retinal output channel, namely direction selectivity, we revealed a
causal relationship between the activity of retinal DS cells and motion processing in a
specific HVA — area RL. From this, we put forward the idea that specialized sensory
streams begin earlier than previously thought, in the periphery of the sensory system. In
addition, this work provides answers to the question regarding how cortico-cortical
projection neurons residing in V1 establish their response selectivity, which they
propagate to HVAs. Our findings indicate that signaling from retinal DS cells is directed
toward specific subsets of superficial V1 neurons, likely via the shell region of the dLGN
(Cruz-Martin et al., 2014) (Chapter 2, Figure 4), and these inputs endow these cortical
neurons with specialized responses. This work thus adds to our understanding of how

visual feature selectivity emerges in cortical subnetworks.

3.5 Author contributions
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Figure 7 | Author contributions. Box colors denote the relative author contribution; blue: shared

the work; orange: did the majority of the work; red: did essentially all of the work.

Supplementary material

The supplementary information accompanying the paper is in Appendix A.
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Visual features extracted by retinal circuits are streamed into higher visual areas (HVAs)
after being processed along the visual hierarchy. However, how specialized neuronal repre-
sentations of HVAs are built, based on retinal output channels, remained unclear. Here, we
addressed this question by determining the effects of genetically disrupting retinal direction
selectivity on motion-evoked responses in visual stages from the retina to HVAs in mice.
Direction-selective (DS) cells in the rostrolateral (RL) area that prefer higher temporal fre-
quencies, and that change direction tuning bias as the temporal frequency of a stimulus
increases, are selectively reduced upon retinal manipulation. DS cells in the primary visual
cortex projecting to area RL, but not to the posteromedial area, were similarly affected.
Therefore, the specific connectivity of cortico-cortical projection neurons routes feedforward
signaling originating from retinal DS cells preferentially to area RL. We thus identify a cortical
processing stream for motion computed in the retina.
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he mammalian visual system analyzes the external world

through a set of distinct spatio-temporal channels!. The

mouse retina contains >40 distinct types of ganglion cells,
each encoding a discrete set of visual features such as color,
luminance, edges, and motion direction?. The general consensus
is that central visual areas combine signaling originating from
different ganglion-cell types3, and the output from each ganglion-
cell type diverges into multiple central visual areas?, embodying a
feature-combinatorial system®.

The mouse visual cortex includes up to 16 retinotopically
organized higher visual areas (HVAs), varying in preferences for
temporal and spatial frequency, motion speed, color, and visual-
field coverage®-10: these are categorized into a dorsal and ventral
stream dichotomy”-!112, In rodents, functionally segregated
streams are already observed in the cortico-cortical projection
neurons of the primary visual cortex (V1)!314, However, it is not
yet understood how signaling originating from individual retinal
channels influences the activity of HVAs and, hence, how HVA-
specific properties and distinct visual streams emerge!>16. One
possibility is that each retinal channel influences all HVAs to a
similar extent. Alternatively, in an extreme scenario, the impact of
each retinal channel may be localized to a single HVA. If so, it
will be critical to determine how V1 cortico-cortical projection
neurons integrate inputs originating from individual retinal
ganglion-cell types.

One fundamental task of the visual system is to detect the
direction and speed of visual motion to analyze object motion or
optic flow. The direction and speed of visual motion are first
encoded by retinal direction-selective (DS) cells, preferentially
responding to visual stimuli moving in a particular direction!7:15,
Retinal ON-OFF DS cells include four subtypes: each prefers one
of four cardinal directions!®-2l. In mice, the shell region of the
dorsal lateral geniculate nucleus (dLGN) relays signals from retinal
horizontal ON-OFF DS cells to superficial layers of V1 (refs. 22-24),
and genetic knockout of retinal horizontal direction selectivity
reduces a posterior motion preference in V1 layer (L) 2/3 DS
cells?>. However, how direction selectivity originating in the retina
is processed beyond V1 remains unexplored. It could be broad-
casted to all HVAs equally or, alternatively, it may be preferentially
transmitted to specific HVAs. In addition, direction selectivity is
also computed de novo at the thalamocortical synapses in L4 of V1
in mice2°, but it remains unknown whether retina-dependent and
-independent direction selectivity mechanisms are combined or
stay segregated in HVAs.

To probe these questions, we used Frmd7 mutant mice
(Frmd7"™) to disrupt horizontal direction selectivity in the
retina?>2728, and transgenic mice expressing diphtheria toxin
receptors in starburst amacrine cells (ChAT-Cre x LSL-DTR) to
genetically ablate the cells, leading to the loss of retinal direction
selectivity2>29. We tested the effect of these manipulations on
visual motion processing in the retina, thalamic axons, V1, and
HVAs in anaesthetized and awake mice. We show that the
preference of the rostrolateral (RL) area for higher temporal
frequencies (TFs) in the posterior direction is the major
response feature affected by the alteration of retinal motion
computations. We determine a functional pathway that links
retinal horizontal DS cells to area RL while bypassing L4 of V1:
dLGN — V1 L2/3 — RL. Importantly, V1 L2/3 neurons that
project to area RL, but not the posteromedial (PM) area, were
affected by the disruption of retinal horizontal direction selec-
tivity, indicating a segregated V1 circuitry that routes retinal
DS signaling preferentially to area RL. Our results indicate
there is a cortical space for retinal direction selectivity and a
distinct pathway that enables specialized response properties in
HVAs.

Results

Mapping the sensitivity of cortical areas. We mapped the visual
cortex organization in anesthetized control and Frmd7"™ mice
using intrinsic signal optical imaging (ISOI; Fig. 1a). We gener-
ated visual-field sign maps (Fig. 1a) from horizontal and vertical
retinotopic maps, and reliably identified six visual areas: VI,
lateromedial (LM), anterolateral (AL), RL, anteromedial (AM),
and PM (Fig. 1a). It is worth noting that the RL area we identified
may possibly include the anterior HVA (area A), which has been
identified previously®’. We found no differences in visual cortical
organization or size proportions between control and Frmd7"™
mice (Supplementary Fig. 1). To test the contribution of retinal
direction selectivity to motion responses in visual areas, we
measured evoked intrinsic signal activity levels!? in response to
gratings drifting in the cardinal directions at a TF of 0.3, 0.75, 1.2,
or 1.8 Hz with a fixed spatial frequency of 0.03 cycles/°. In areas
V1 and RL, we found significantly decreased responses to hor-
izontal motion in Frmd7"" mice at multiple TFs (Fig. 1b). In
control mice, these areas responded strongly to horizontal motion
moving at higher TFs (Fig. 1b). In areas LM and AM, only
posterior responses at 1.2 Hz were significantly decreased and
increased, respectively, in Frmd7"" mice (Fig. 1b). These findings
suggest that retinal horizontal direction selectivity contributes to
motion responses in a subset of visual cortical areas. In particular,
the higher-TF preference of areas V1 and RL for horizontal
motion was dominantly impaired in mice with disrupted retinal
horizontal DS signaling.

RL DS cells rely on retinal direction selectivity. To elucidate the
cellular underpinnings of the ISOI results, we used in-vivo two-
photon calcium imaging from anesthetized mice (Fig. 1c and
Supplementary Fig. 2). We focused on the areas RL and PM
because RL was notably affected in Frmd7"™ mice, whereas PM
was unaffected (Fig. 1b). We imaged neurons in L2/3 using the
virally transduced GCaMP6f, and stimuli consisted of gratings
drifting in 12 directions at TFs of 0.3, 0.75, 1.2, or 1.8 Hz with a
fixed spatial frequency of 0.03 cycles/® (Fig. 1d—f). RL DS cells
(direction selectivity index [DSI] > 0.3) in control mice preferred
higher TFs, particularly in the posterior direction (Fig. 1g, h),
whereas PM DS cells preferred low TFs at a similar level in all
directions (Fig. 1g, h). In Frmd7"" mice, RL DS cells preferred
lower TFs (Fig. 1g, h), whereas the preference of PM DS cells was
unchanged (Fig. 1g, h). We found no differences in vertical
motion responses in area RL or PM between control and Frmd7"™
mice (Fig. 1h). In both control and Frmd7"" mice, RL DS cells
developed a posterior bias in the distribution of preferred direc-
tions as the TF increased from 0.3 to 1.2 Hz (P>0.05 and P<
0.01, Rayleigh test; Fig. 1i): however, a notably smaller fraction of
DS cells in RL of Frmd7"™ mice preferred posterior motion
(29.3%) compared to control mice (48.1%) at 1.2Hz (Fig. 1j).
Preferred directions of PM DS cells showed a posterior bias at 0.3
and 1.2 Hz (P <0.001, Rayleigh test; Fig. 1i) in both control and
Frmd7'™ mice (Fig. 1i, j).

Anesthesia is known to influence, for example, cortical dynamics
and synaptic excitation and inhibition3®3!, Thus, to validate our
findings, we repeated the experiment in awake, quietly resting mice
(Supplementary Fig. 3). Overall, these experiments confirmed that
the key findings in anesthetized mice (Fig. 1f—j) were preserved
in awake mice. RL DS cells in awake control mice preferred
motion moving along the horizontal axis at higher TFs, while PM
DS cells preferred motion at low TFs equally across all directions
(Supplementary Fig. 3c, d). In contrast, RL DS cells in awake
Frmd7"™ mice preferred low TFs, whereas the preference of PM DS
cells was unchanged (Supplementary Fig. 3¢, d). Importantly, as the
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Fig. 1 Posterior motion preference of RL neurons at higher TFs depends on retinal horizontal direction selectivity. a Upper: ISOI in control and Frmd7t™
mice. Lower: Example vertical and horizontal retinotopic maps and the computed visual-field sign map. Scale bar, 1 mm. b Response strength as a function
of motion direction (anterior [A], posterior [P], dorsal [D], and ventral [V]) and TF (five mice per genetic group). White and black asterisks: significantly
decreased and increased responses, respectively, two-sided Mann-Whitney U-test. € Two-photon calcium imaging from L2/3 in areas RL and PM of
control (1452 and 1098 DS cells, respectively; ten mice) and Frmd7t™ mice (1387 and 1217 DS cells, respectively; 11 mice). d Example control and Frmd7tm
RL and PM neurons expressing GCaMP6f (scale bar, 5 um) and trial-averaged fluorescence (AFf/Fy) time courses for the same neurons. Shading indicates
SEM. e Tuning curves for neurons shown in d. Error bars are SEM; solid line is Gaussian fit. f Fraction of DS cells in RL and PM (two-sided 2 test with Yates
correction). g Preferred TF for DS cells in RL (two-sided Mann-Whitney U-test) and PM (two-sided Mann-Whitney U-test). Triangles show medians.
h Response amplitude as a function of motion direction and TF for RL and PM DS cells. White asterisks: significantly decreased response amplitude in
Frmd7t™ mice, two-sided Mann-Whitney U-test. i Fractional distributions of preferred motion directions for RL and PM DS cells at 0.3 and 1.2 Hz; fractions
are normalized to the largest fraction across genetic groups. j Distributions of preferred direction at 0.3 and 1.2 Hz in RL and PM (two-sided
Kolmogorov-Smirnov test). **P < 0.01, ***P < 0.001, n.s., not significant, in f, g, and j. Source data are provided as a Source Data file.

TF increased from 0.3 to 1.2 Hz, RL but not PM DS cells from

potentially triggering plasticity-related changes in the downstream
awake control mice developed a strong bias for posterior motion,

visual pathways. Thus, we next genetically ablated retinal starburst

and this bias was significantly impaired in Frmd7"™ mice (Supple-
mentary Fig. 3e, f). These results suggest the following: First,
increased response amplitude at higher TFs is correlated with a
gain of bias towards posterior motion in RL DS cells. Second,
these TF-dependent changes in response amplitude and directional
preference in area RL depend on retinal horizontal direction
selectivity. Third, the effect of disrupting retinal direction selectivity
appears to be specific to certain HVAs.

RL DS cells are impaired by retinal starburst cell ablation. The
effect of Frmd7 mutation on starburst cells is chronic from birth;

amacrine cells in adult mice to acutely abolish retinal direction
selectivity. For this we used ChAT-Cre x LSL-DTR mice in which
diphtheria toxin receptors are selectively expressed in starburst
amacrine cells?>?°. Intravitreal injection of diphtheria toxin into
these mice led to the selective ablation of starburst amacrine cells
(Supplementary Fig. 4; referred to as ‘starburst-ablated mice’) and
a loss of optomotor responses (OMR; Supplementary Fig. 4). We
imaged neurons in L2/3 of areas RL and PM in awake, quietly
resting mice (Supplementary Fig. 5). We found no differences in
the fraction of DS cells between control and starburst-ablated mice
in area RL or PM (Supplementary Fig. 5b). In starburst-ablated
mice the distribution of TF preference was shifted toward slower
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TFs for RL DS cells compared to control mice, whereas we found
no difference for PM DS cells (Supplementary Fig. 5¢). Similar to
what we observed in Frmd7/ mice, RL DS cells from starburst-
ablated mice showed a lack of horizontal motion response pre-
ference at higher TFs, in contrast to RL DS cells from control
mice (Supplementary Fig. 5d). Notably, the posterior motion bias
at 1.2 Hz was significantly impaired in RL DS cells from starburst-
ablated mice (19.4% of DS cells) compared to control mice
(29% of DS cells), whereas we found no difference for PM DS cells
(Supplementary Fig. 5e). Thus, the key findings from Frmd7'™
mice were largely supported by results from starburst-ablated
mice.

Distinct RL neurons rely on retinal motion computation. To
test whether there is a trend in affected response properties in
Frmd7"™ mice, we performed decomposition and segmentation
on the datasets from areas RL and PM. First, we composed a TF-
dependent response matrix for RL L2/3 DS cells, pooled from
control and Frmd7" mice (Fig. 2a). Next, we used principal
component analysis (PCA) to decompose the response matrix
into two dimensions (Fig. 2b). Noticeably, the PCA distribution
showed a clear distribution trend depending on the TF pre-
ference: neurons sharing the same TF preference tended to be
locally clustered (Fig. 2c). We then determined the fraction of RL
neurons in local regions of the PCA distribution by super-
imposing 8 x 8 grids (Fig. 2d and Supplementary Fig. 6). Statis-
tical comparisons of fractions between control and Frmd7"" mice
revealed grids where the fraction of neurons was decreased,
increased, or unchanged in Frmd7'™ mice (Fig. 2e). Next, we
probed the functional characteristics of these three groups.
Notably, RL neurons that were decreased in Frmd7"™ mice
showed a prominent response amplitude increase as the TF
increased (P < 0.001 for 0.3 versus 1.2 Hz for control and Frmd7i™
mice, Wilcoxon signed-rank; Fig. 2f). In contrast, neurons that
were increased or unchanged in Frmd7"™ mice showed a TF-
dependent decrease in response (P < 0.05 for 0.3 versus 1.2 Hz for
control and Frmd7"™ mice, Wilcoxon signed-rank; Fig. 2f).
Neurons that were decreased in Frmd7"™ mice showed a clear
shift in direction tuning: at 0.3 Hz neurons uniformly encoded all
directions while at 1.2 Hz they developed a preference for pos-
terior motion together with an increase in DSI (P < 0.001 for 0.3
versus 1.2 Hz for control and Frmd7"™ mice, Wilcoxon signed-
rank; Fig. 2g). In contrast, neurons that were increased or
unchanged in Frmd7" mice showed no obvious direction tuning
bias at either low or high TFs, but did decrease their DSI at the
higher TF (P<0.001 for 0.3 versus 1.2Hz for control and
Frmd7'™ mice, Wilcoxon signed-rank; Fig. 2g).

We repeated the above analysis for PM L2/3 DS cells (Fig. 2h).
Similar to in area RL, neurons from area PM showed a TF-
dependent PCA distribution trend (Fig. 2i, j). We found no grids
where the fraction of neurons was significantly different between
control and Frmd7!™ mice (Fig. 2k, 1). PM neurons decreased
their response amplitude as a function of increasing TF (Fig. 2m),
with no clear change in direction tuning bias or DSI (P > 0.05 for
0.3 versus 1.2Hz for control and Frmd7'™ mice, Wilcoxon
signed-rank; Fig. 2n). Together, these data indicate that the
coupling of a high-TF motion preference and the development of
posterior motion bias at high TFs is the major response feature
that depends on retinal horizontal direction selectivity. Thus, the
retinal contribution to motion processing in HVAs appears to
be specific not only to area, but also to ensemble.

Projection-specific impairment of V1 neurons. Previous work
has shown that V1 neurons provide target-specific input to

HVAs!314, Here, we investigated whether the sensitivity to dis-
ruption of retinal horizontal direction selectivity is routed by V1
DS cells that project to areas RL and PM. Alternatively, such
sensitivity may originate from inputs from other HVAs or higher-
order thalamic areas. To probe this, we labeled RL- and PM-
projecting V1 L2/3 neurons by injecting rAAV2-retro expressing
GCaMP6m into either area PM or RL (Supplementary Fig. 7)
and imaged these neurons and target-unspecific V1 L2/3 neu-
rons in anaesthetized mice (Fig. 3a—c). The density of GCaMP6-
labeled projection neurons did not differ significantly between
genetic conditions (Supplementary Fig. 7e). Notably, the frac-
tion of RL-projecting neurons that showed direction selectivity
was reduced from 60% in control mice to 34% in Frmd7"" mice,
whereas the fraction of DS cells among PM-projecting neurons
was not altered in Frmd7'™ mice (Fig. 3d). RL-projecting and
target-unspecific DS cells from control mice preferred higher
TFs, particularly in horizontal directions (Fig. 3e, f). In Frmd7"™
mice, RL-projecting and target-unspecific DS cells preferred the
lowest TF, showing lower responses than control mice to hor-
izontal motion at higher TFs (Fig. 3e, f). PM-projecting DS cells
preferred low TFs for all directions in control mice, and this was
the same in Frmd7"" mice (Fig. 3e, f). Consistent with previous
work?>, target-unspecific neurons developed a posterior bias in
the distribution of preferred directions as the TF increased (P >
0.05 and P<0.05 for 0.3 and 1.2Hz, respectively, Rayleigh
test) with significantly less bias in Frmd7"" than in control
mice at 1.2 Hz (Fig. 3g, h). PM-projecting DS cells from both
control and Frmd7"" mice developed a posterior bias as the
TF increased from 0.3 to 1.2Hz (P20.05 and P <0.001, Ray-
leigh test; Fig. 3g, h). RL-projecting DS cells from control mice
developed a posterior bias (P>0.05 and P<0.001 for 0.3 and
1.2 Hz, respectively, Rayleigh test), but this did not occur in
Frmd7" mice (Fig. 3g, h). These data suggest that the distinct
sensitivity of areas RL and PM to disruption of retinal horizontal
direction selectivity is already found in V1 L2/3 DS cells that
project to these areas.

Distinct V1 neurons rely on retinal motion computation. Next,
we correlated the response properties of V1 L2/3 DS cells and the
differences between control and Frmd7!" by first decomposing the
response matrix into two dimensions using PCA (Fig. 4a, b). Similar
to in areas RL and PM, V1 L2/3 neurons sharing the same TF
preference were locally clustered (Fig. 4c). We found grids where
the fraction of neurons was decreased, increased or unchanged in
Frmd7"™ mice (Fig. 4e). Neurons that were decreased in Frmd7!™
mice increased their response amplitude as the TF increased (P <
0.001 for 0.3 versus 1.2 Hz for control and Frmd7" mice, Wilcoxon
signed-rank; Fig. 4f). In contrast, neurons that were increased in
Frmd7"™ mice showed a TF-dependent decrease in responses (P <
0.001 for 0.3 versus 1.2 Hz for control and Frmd7"™ mice, Wilcoxon
signed-rank), while neurons that were unchanged showed no TF-
dependent response modulation (P = 0.05 for 0.3 versus 1.2 Hz for
control and Frmd7"™ mice, Wilcoxon signed-rank; Fig. 4f). Ana-
lyzing preferred motion directions for individual V1 L2/3 neurons
at 0.3 and 1.2Hz revealed that neurons that were decreased in
Frmd7"™ mice exhibited a direction tuning shift: at 0.3 Hz neurons
uniformly encoded all directions, while at 1.2Hz they notably
preferred posterior motion and this was paralleled with an increase
in DSI (P<0.001 for 0.3 versus 1.2 Hz for control and Frmd7i™
mice, Wilcoxon signed-rank; Fig. 4g). In contrast, neurons that were
increased or unchanged in Frmd7"™ mice showed no obvious
direction tuning bias at either low or high TFs, but neurons that
were increased in Frmd7" mice decreased their DSI (P < 0.001 for
0.3 versus 1.2 Hz for control and Frmd7"™ mice, Wilcoxon signed-
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rank; Fig. 4g). Finally, we investigated the relationship between the
effects of altered retinal horizontal direction selectivity and the
target region of V1-projecting DS cells. We analyzed the fraction of
PM- and RL-projecting neurons in each of the significantly affected
grids. Importantly, this showed that the grids enriched in RL- and
PM-projecting DS cells tend to be decreased and increased in

Frmd7"™ mice, respectively (Fig. 4h). These results suggest that the
impact of disrupted retinal horizontal direction selectivity in L2/3 of
V1 is biased to a subset of neurons that prefer high-TF motion and
preferentially encode posterior motion at high TFs. Furthermore,
this subset of V1 neurons appeared to preferentially project to
area RL.

NATURE COMMUNICATIONS | (2020)11:831] https://doi.org/10.1038/s41467-020-14643-z | www.nature.com/naturecommunications 5



ARTICLE

42

Fig. 2 Neurons with distinct functional characteristics are sensitive to disruption of retinal horizontal direction selectivity in area RL. a Response
matrix composed of TF-dependent response amplitudes and DS for RL L2/3 DS cells sorted by TF preference. b Two-dimensional (2D) visualization of the
1st and 2nd principal components for the response matrix shown in a. Each point represents one neuron. ¢ TF preference of individual RL neurons.

d Fraction of neurons in 8 x 8 grids (gray lines) calculated from the PCA plot shown in b. e Fraction difference map between control and Frmd7t™ mice.
Black and white asterisks: significantly decreased and increased fractions in Frmd7t™ mice, respectively, P < 0.05, two-sided y2 test with Yates correction.
f Peak response amplitude as a function of TF for three groups (decreased, increased, or unchanged in Frmd7t™ mice) in control (572, 304, and 575 DS
cells, respectively) and Frmd7t™ mice (219, 508, and 659 DS cells, respectively). Error bars are SEM. g TF-dependent tuning characteristics of individual RL
neurons from the three groups in control and Frmd7t™ mice. Angular coordinate: preferred direction. Radial coordinate: DSI. Inner circle: DSI of 0.5.

h Response matrix composed of TF-dependent response amplitudes and DSI for PM L2/3 DS cells sorted by TF preference. i 2D visualization of the Ist and
2nd principal components for the response matrix shown in h. Each point represents one neuron. j TF preference of individual PM neurons. k Fraction of
neurons in 8 x 8 grids (gray lines) calculated from the PCA plot in i for control and Frmd7t™ mice. | Fraction difference map between control and Frmd7tm
mice. m Peak response amplitude as a function of TF for the unchanged group in control (1098 DS cells) and Frmd7t™ mice (1217 DS cells). Error bars are
SEM. n TF-dependent tuning characteristics of individual PM neurons from the unchanged group in control and Frmd7t™ mice. Angular coordinate:
preferred direction. Radial coordinate: DSI. Inner circle: DSI of 0.5. Source data are provided as a Source Data file.

V1 L4 DS cells are insensitive to retinal manipulation. Signaling
from the retino-geniculate pathway is conveyed to L2/3 of V1
mainly via L4 (ref. 32), and feature-tuned V1 L2/3 neurons receive
L4 inputs33. Here, we investigated whether retina-originating DS
signaling is routed to V1 L2/3 via L4, in addition to a previously
suggested dLGN to V1 L1/2 shortcut pathway?3. We imaged
GCaMP6f-labeled neurons in L4 of V1 in anaesthetized mice
(Supplementary Fig. 8), and identified DS cells from control and
Frmd7'™ mice (Fig. 5a). In contrast to L2/3, L4 DS cells from
control and Frmd7"™ mice were quantitatively very similar, both
preferring 0.75Hz TF, and showing no significant response
amplitude differences (Fig. 5b, ¢). In control mice, the preferred
directions of L4 DS cells showed a posterior bias at 0.3 and 1.2 Hz
(P<0.05, Rayleigh test; Fig. 5d), and this effect was not sig-
nificantly different in Frmd7"" mice (Fig. 5d, €). The insensitivity
of L4 DS cells to disruption of retinal horizontal direction
selectivity at the population level was also supported by decom-
position and segmentation analyses (Fig. 5f-h): none of the grids
showed significantly different fractions between control and
Frmd7" mice (Fig. 5i, g). V1 L4 neurons showed no obvious
change in direction tuning bias as a function of increasing TF, but
neurons in both control and Frmd7"" mice increased their DSI
(P<0.01 for 0.3 versus 1.2 Hz for control and Frmd7"™ mice,
Wilcoxon signed-rank; Fig. 5i). These data show that DS cells in
L4 of V1 are not noticeably sensitive to disruption of retinal
horizontal direction selectivity, suggesting that retina-originating
DS signaling reaches L2/3 of V1 via a pathway bypassing L4.

DS thalamic axons are affected by retinal manipulation. We
examined whether the coupling of a high-TF preference and the
TF-dependent development of posterior motion preference,
which relies on retinal horizontal direction selectivity in areas V1
and RL, is already established in dLGN neurons. For this, we
transfected dLGN neurons with GCaMP6f and imaged axons in
L1 and L2/3 of V1 of anaesthetized mice (Fig. 6a). During grating
stimuli, fluorescence increased in individual micron-sized var-
icosities along the axonal arborizations (Fig. 6b, ¢), confirming
they were putative presynaptic boutons!323, The fraction of DS
boutons preferring high and low TFs decreased and increased,
respectively, in Frmd7!™ mice (Fig. 6e). In control mice, DS
boutons preferred higher TFs in response to horizontal motion
(Fig. 6f). In contrast, in Frmd7"™ mice, DS boutons preferred
lower TFs in horizontal directions, showing higher responses than
control mice at 0.3 Hz and markedly lower responses at 1.2 and
1.8 Hz (Fig. 6f). Responses to vertical motion were unaltered
in control and Frmd7"™ mice (Fig. 6f). In control mice, the
fraction of horizontally tuned DS boutons was significantly higher
than vertically tuned boutons at both 0.3 and 1.2 Hz (Fig. 6g),
whereas the fraction of vertically tuned DS boutons in Frmd7""

mice was significantly higher at 1.2 Hz than horizontally tuned
boutons (Fig. 6g). Thus, in control mice, the preferred directions
of DS boutons showed a TF-invariant bias for posterior motion
(P <0.001 for 0.3 and 1.2 Hz, Rayleigh test; Fig. 6h), whereas they
were biased to ventral at 1.2 Hz in Frmd7"™ mice (P> 0.05 and P
<0.01 for 0.3 and 1.2 Hz, respectively; Rayleigh test; Fig. 6h, i). In
control mice, 36.9% of DS boutons increased response amplitudes
as the TF increased from 0.3 to 1.2 Hz, whereas only 17.1%
increased in Frmd7"" mice (Fig. 6). Noticeably, posteriorly tuned
DS boutons in control mice showed larger TF-dependent
response increments than boutons preferring other directions
(Fig. 6j, k). Conversely, DS boutons from Frmd7"™ mice
decreased their responses as the TF increased in all preferred
directions (Fig. 6k), although posteriorly tuned boutons did show
a smaller response decrement than anteriorly tuned boutons
(Fig. 6k). These data suggest that two response characteristics of
dLGN DS axons arriving in L1 and L2/3 of V1 were impaired in
Frmd7"™ mice: the preference for high-TF horizontal motion and
the TF-invariant population bias for preferring posterior motion.

Altered TF-dependent responses in the retina of Frmd7"" mice.
TF-dependent responses of retinal neurons in Frmd7!" mice have
not previously been examined?>2’. We sought to link the TF-
dependent response modulation observed in thalamic axons and
cortical neurons to that in retinal neurons. We performed two-
photon calcium imaging from the ganglion-cell layer in isolated
retinas by the virally transduced GCaMP6s (Fig. 7a—c). In control
retinas, neurons preferred high-TF stimuli moving in posterior,
anterior, and ventral directions (i.e., nasal, temporal, and superior
on the retina, respectively), whereas we found no TF-dependent
response modulation for dorsal motion (ie., inferior on the
retina; Fig. 7d). In Frmd7"" retinas, the high-TF preference of
neurons was impaired for horizontal motion: their responses to
higher TFs were significantly lower than control mice (Fig. 7d). In
contrast, responses to vertical motion were unaltered, as has been
shown previously?’.

Next, we restricted our analyses to retinal neurons showing both
ON-OFF responses and DS tuning (36.7% and 35.8% of all
responsive neurons in control and Frmd7™™ retinas, respectively;
Supplementary Fig. 9). As previously reported?’, Frmd7" retinas
showed significantly decreased ON-OFF DS responses to hor-
izontal motion (Fig. 7e). In control mice, there was a population
bias for posterior motion at 1.2 Hz (P < 0.05, Rayleigh test; Fig. 71),
whereas DS cells from Frmd7"" mice were biased towards vertical
motion at both 0.3 and 1.2Hz (P<0.001 for 0.3 and 1.2 Hz,
Rayleigh test; Fig. 7f, g). Interestingly, only posteriorly tuned ON-
OFF DS cells showed larger TF-dependent response increments
and a larger TF-dependent increase in DSI in control retinas (P <
0.001 and P>0.05 for all comparisons in control and Frmd7"
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mice, respectively, Mann-Whitney U-test; Fig. 7h, i). These data
suggest at least two mechanisms underlying the retinal over-
representation of a preference for high-TF posterior motion: First,
ON-OFF DS cells that prefer posterior motion are more abundant
than other populations, which becomes more evident as the DSI of
these cells increases at high TFs. Second, posteriorly tuned retinal
DS cells show larger response increments than DS cells preferring

other directions as TF increases. Importantly, both of these
posterior biases are markedly impaired in Frmd7™ retinas.

Discussion
Our results provide three major insights into the functional
organization of murine visual pathways for processing visual
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Fig. 3 V1 DS cells projecting to area RL or PM respond differently to disruption of retinal direction selectivity. a Target-unspecific V1 neurons were
labeled by injecting AAV2/1-GCaMP6f into the V1. PM- (PM-p) and RL-projecting (RL-p) V1 neurons were labeled by injecting rAAV2-retro-GCaMP6m
into PM and RL, respectively. b Two-photon calcium imaging from L2/3 in V1 of control (1087 target-unspecific, 109 PM-p, and 513 RL-p DS cells; 5 mice
per group) and Frmd7t™ mice (954 target-unspecific, 93 PM-p, and 235 RL-p DS cells; five mice per group). Left: example PM- and RL-projecting neurons
expressing GCaMP6ém (scale bar, 10 um). Right: trial-averaged fluorescence (AF/Fo) time courses for the same neurons. Shading: SEM. ¢ Tuning curves for
neurons shown in b. Error bars: SEM. Solid line: Gaussian fit. d Fraction of DS cells in target-unspecific, PM-p, and RL-p V1 neuronal populations (two-sided
42 test with Yates correction). e Preferred TF for target-unspecific (two-sided Mann-Whitney U-test), PM-p (two-sided Mann-Whitney U-test), and RL-p
(two-sided Mann-Whitney U-test) V1 DS cells. Triangles: Medians. f Response amplitude as a function of motion direction and TF for target-unspecific,
PM-p, and RL-p V1 DS cells. White asterisks: significantly decreased in Frmd7t™ mice, two-sided Mann-Whitney U-test. g Fractional distributions of
preferred motion directions for target-unspecific, PM-p, and RL-p V1 DS cells at 0.3 and 1.2 Hz. The fractions are normalized to the largest fraction across
genetic groups. h Distributions of preferred motion directions at 0.3 and 1.2 Hz for target-unspecific, PM-p, and RL-p V1 DS cells (two-sided
Kolmogorov-Smirnov test). **P < 0.01, ***P < 0.001, n.s., not significant, in d, e, and h. Source data are provided as a Source Data file.
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Fig. 4 V1 L2/3 neurons with distinct functional characteristics are sensitive to disruption of retinal horizontal direction selectivity. a Response matrix
composed of TF-dependent response amplitudes and DSI for all pooled V1 L2/3 DS cells (target-unspecific, PM-p, and RL-p) sorted by TF preference.
b Two-dimensional (2D) visualization of the Ist and 2nd principal components for the response matrix shown in a. Each point represents one neuron. ¢ TF
preference of individual V1 neurons. d Fraction of neurons in 8 x 8 grids (gray lines) calculated from the PCA plot shown in b for control and Frmd7tm mice.
e Fraction difference map between control and Frmd7!™ mice. Black and white asterisks: significantly decreased and increased fractions in Frmd7t™ mice,
respectively, P < 0.05, two-sided y2 test with Yates correction. f Peak response amplitude as a function of TF for three groups (decreased, increased, or
unchanged in Frmd7t™ mice) in control (886, 845, and 591 DS cells, respectively) and Frmd7!™ mice (169, 825, and 381 DS cells, respectively). Error bars
are SEM. g TF-dependent tuning characteristics of individual V1 neurons from the three groups in control and Frmd7t™ mice. Angular coordinate: preferred
direction. Radial coordinate: DSI. Inner circle: DSI of 0.5. h Relationship between effect of Frmd7t™ mutation and enrichment in PM-p or RL-p neurons.
x-axis: Index comparing axonal projection pattern for the individual grids in e that were decreased and increased in Frmd7t™ mice; groups with positive and
negative index values are enriched in RL- and PM-projecting neurons, respectively. y-axis: Index comparing sensitivity to altered retinal direction selectivity
for grids; grids with a positive and negative index value are decreased and increased in Frmd7!™ mice, respectively. Source data are provided as a Source
Data file.
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Fig. 5 Direction selectivity in V1 L4 is insensitive to disruption of retinal horizontal direction selectivity. a Fraction of DS cells in V1 L4 (678 and 536 DS
cells in control and Frmd7t™ mice, respectively; four mice per group; two-sided 42 test with Yates correction). b Preferred TF for DS cells in V1 L4 (two-
sided Mann-Whitney U-test). Triangles: Medians. ¢ Response amplitude as function of motion direction and TF for V1 L4 DS cells. d Fractional distributions
of preferred motion directions for V1 L4 DS cells at 0.3 and 1.2 Hz, normalized to the largest fraction across genetic groups. e Distributions of preferred
motion directions at 0.3 and 1.2 Hz for V1 L4 DS cells (two-sided Kolmogorov-Smirnov test). f Response matrix composed of TF-dependent response

amplitudes and DSI for V1 L4 DS cells sorted by TF preference. g Two-dimensional (2D) visualization of the Ist and 2nd principal components for the

response matrix shown in f. Each point represents one neuron. h TF preference of individual V1 L4 neurons. i Fraction of neurons in 8 x 8 grids (gray lines)
calculated from the PCA plot shown in g for control and Frmd7t™ mice. j Fraction difference map between control and Frmd7t™ mice. k Peak response

amplitude as a function of TF for the unchanged group in control (678 DS cells) and Frmd7t™ mice (536 DS cells). Error bars are SEM. | TF-dependent
tuning characteristics of individual V1 L4 neurons from the unchanged group in control and Frmd7t™ mice. Angular coordinate: preferred direction. Radial

coordinate: DSI. Inner circle: DSI of 0.5. n.s., not significant. Source data are provided as a Source Data file.

motion. First, we identified area RL as a higher visual cortical
area, where the response properties of DS cells prominently rely
on retinal motion computations. Second, we identified a con-
nection motif in the cortico-cortical V1 L2/3 projection neurons,
by which feedforward signaling, originating from retinal DS cells,
is selectively routed to area RL, but not to area PM (Fig. 7j).
Third, retinal DS cells influence cortical neurons by biasing their
direction tuning toward posterior motion in a stimulus TF-
dependent manner. Our results thus point to an unexpected
causal link between a specialized response feature of HVAs and a
particular form of retinal computation.

Our work provides key insights into the neural circuit
mechanisms enabling functional diversity in HVAs. Examining
the input-output relationship of the mouse V1 has been chal-
lenging, since distinct projection neurons do not have any known
histological characteristics, unlike their counterparts in primates
where V1 neurons mediating the magnocellular and parvocel-
lular pathways can be distinguished by histological features343°.

Recent research has demonstrated that the connections between
projection neurons in V1 that project to different targets are rare,
regardless of response similarities!®. Thus, our results suggest
that each of these segregated subnetworks potentially receives a
unique combination of retino-geniculate inputs, enabling spe-
cialized responses of individual HVAs to emerge. Our findings
invoke the intriguing question of how such specific multi-
synaptic connectivity may be established during development.
One possibility is that downstream circuits of retinal DS cells are
wired together based on a set of uniquely expressed molecules.
Alternatively, or synergistically, mechanisms dependent on pat-
terned spontaneous activity>® or visual experience may guide the
synaptic connections.

By analyzing the PCA distributions of the imaged neurons,
we identified that the coupling of response amplitude increments
and the development of a posterior motion preference as the
stimulus TF increases are the key response features in RL and V1
L2/3 DS cells that rely on retinal motion computations along the
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Fig. 6 Directionally tuned thalamic boutons in the superficial V1 are sensitive to disruption of retinal horizontal direction selectivity. a Top:

thalamocortical axons in V1 were labeled by injecting AAV2/1-GCaMPéf into the dLGN. Bottom: Example GCaMPé6f-positive neurons in dLGN (scale bar,
100 um; inset, 10 um). b Left top: Example two-photon image of dLGN axons in L2/3. Left bottom: magnified axonal boutons expressing GCaMP6f (scale
bar, 35 um; inset, 10 um). Right: trial-averaged fluorescence (AF/Fo) time courses for the boutons indicated. Shading: SEM. ¢ Tuning curves for boutons
shown in b. Error bars: SEM. Solid line: Gaussian fit. d Fraction of DS boutons (5,121 and 5,525 DS boutons from control and Frmd7t™ mice, respectively; five
mice per group; two-sided 42 test with Yates correction). e Preferred TF for DS boutons (two-sided Mann-Whitney U-test). Triangles: Medians. f Response
amplitude as a function of motion direction and TF for DS boutons. White and black asterisks: significantly decreased and increased responses,

respectively, in Frmd7t™ mice, P < 0.05, two-sided Mann-Whitney U-test. g Fraction of horizontally- and vertically tuned DS boutons at 0.3 and 1.2 Hz (two-
sided 42 test with Yates correction). h Fractional distributions of preferred motion directions for DS boutons at 0.3 and 1.2 Hz, normalized to the largest
fraction across genetic groups. i Distribution of preferred motion directions at 0.3 and 1.2 Hz in DS boutons (two-sided Kolmogorov-Smirnov test). j TF-
dependent characteristics of DS boutons. Angular coordinate: Directional preference at 1.2 Hz. Radial coordinate: Ratio of response amplitudes at 1.2 and
0.3 Hz. Inner circle: Response ratio of 1. k Ratio of response amplitudes at 1.2 and 0.3 Hz as a function of motion direction preference of DS boutons (two-
sided Mann-Whitney U-test). Center line is median, box limits are 25th and 75th percentiles, and whiskers show minimum and maximum values. *P <

0.05, **P<0.01, ***P<0.001, n.s., not significant. Source data are provided as a Source Data file.

horizontal axis. How do such TF-dependent changes in responses
and tuning rely on retinal motion computations? We propose
that the retinal over-representation of posterior motion that
develops with increasing TF, and which is conveyed via the
dLGN, is amplified by the local circuitry within V1, shifting the
balance of cortical DS responses to the posterior direction. The
suppression of responses to non-posterior directions at higher
TFs could result from cortical normalization3”. The larger retinal
population responses to posterior compared to anterior motion at
higher TFs may be advantageous for distinguishing rotational and
translational optic flow by enabling differences of summed output
activity from left versus right retinas. The higher TF sensitivity of
horizontal compared to vertical retinal DS cells may be explained
by the two-dimensional nature of terrestrial navigation in mice.
In contrast to RL and V1 L2/3 neurons, direction selectivity in V1
L4 and PM L2/3 neurons is most likely generated by non-retinal
mechanisms?® (Figs. 1 and 5), indicating spatially segregated
processing of direction selectivity computed by retina-dependent
and -independent mechanisms. Lastly, it is worth noting that we

10

cannot exclude the possibility that signaling from retinal DS cells
is also conveyed to area RL via extrageniculate pathways38-40,
given the innervation of the superior colliculus by retinal ON-
OFF DS cells*!, despite collicular outputs preferentially target the
postrhinal cortex!®,

What is the possible behavioral role of area RL and retinal ON-
OFF DS cells? In mice, area RL is thought to belong to a dorsal-
like stream”-11:12:38 and the anterior part of RL is considered to
be part of the posterior parietal cortex#243, which is important for
visually guided navigation*$%5, Furthermore, area RL is strongly
interconnected with other areas such as area AL, the primary
somatosensory cortex, and the secondary motor cortex*¢. Nota-
bly, >50% of RL L2/3 pyramidal neurons are multisensory, inte-
grating both tactile and visual inputs*’, and RL is also thought to
be involved in visuo-motor integration. Lastly, the receptive
field location of RL neurons is biased to the anterior, lower visual-
field® and the neurons respond to visual stimuli very close to the
mouse®. Altogether, these prior findings indicate that area RL is
ideally adapted to sensori-motor coordination for the lower
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visuo-tactile space near the face of the mouse. Interestingly, the
ventral intraparietal area of the human posterior parietal cortex,
which is referred to as the dorsal stream of vision, also contains
visual and tactile maps, and is focused on processing the face-
centered sensory space®. In macaque monkeys, this area contains
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many DS cells, which prefer high speeds, and some of these cells
are sensitive to the trajectory of visual stimuli moving toward the
face®l. Furthermore, this area jointly represents translation
direction and rotation velocity during self-motion based on optic
flow®2. Together with a recent finding that preferred directions of
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Fig. 7 Preference of retinal neurons to posterior motion at higher TFs is disrupted in Frmd7t™ mice. a Two-photon calcium imaging was performed on
retinas from control (1157 cells; four mice) and Frmd7t™ mice (953 cells; four mice). b Left: example control and Frmd7t™ retinal neurons expressing
GCaMP6s (scale bar, 10 um). Right: trial-averaged fluorescence (AF/Fy) time courses for the same. Shading indicates SEM. ¢ Tuning curves for neurons
shown in b. Error bars are SEM. Solid line: Gaussian fit. d Response amplitude as a function of motion direction (nasal [N], temporal [T], inferior [11, and
superior [S]) and TF for retinal cells. White asterisk: significantly decreased response in Frmd7t™ mice (two-sided Mann-Whitney U-test). e Fraction of
horizontally- and vertically tuned retinal ON-OFF DS cells (425 and 342 ON-OFF DS cells in control and Frmd7t™ mice, respectively) at 0.3 and 1.2 Hz (two-
sided 42 test with Yates correction). f Fractional distributions of preferred motion directions for ON-OFF DS cells at 0.3 and 1.2 Hz, normalized to the
largest fraction across genetic groups. g Distribution of preferred motion directions at 0.3 and 1.2 Hz in ON-OFF DS cells (two-sided Kolmogorov-Smirnov
test). h TF-dependent characteristics of ON-OFF DS cells. Angular coordinate: Directional preference at 1.2 Hz. Radial coordinate: Ratio of response
amplitudes at 1.2 and 0.3 Hz. Inner circle: response ratio of 1. i Ratio of response amplitudes at 1.2 and 0.3 Hz as a function of motion direction preference of
cells that showed ON-OFF DS responses (two-sided Mann-Whitney U-test). Center line is median, box limits are 25th and 75th percentiles, and whiskers
show minimum and maximum values. j Schematic diagram of proposed neural pathway linking retinal ON-OFF DS cells to RL DS cells. *P < 0.05, **P < 0.01,
***P<0.001, n.s., not significant. Source data are provided as a Source Data file.

retinal ON-OFF DS cells are aligned with translatory and rotatory
optic flow fields?!, our findings raise the intriguing hypotheses
that the mouse area RL may be a functional counterpart of the
primate ventral intraparietal area, and visual motion analyses in
the primate posterior parietal cortex may rely on signaling from
such retinal DS cells. However, it is still unknown if dLGN-
projecting retinal DS cells exist in primates.

Methods

Experimental animals. Wild-type control mice (C57BL/6]) were obtained from
Janvier Labs. Frmd7"™ mice are homozygous female or hemizygous male
Frmd7m1b(KOMP)Wtsi mice, which were obtained as Frmd7tm1a(KOMP)Wsi from the
Knockout Mouse Project (KOMP) Repository?>2’: Exon 4 and neo cassette flanked
by loxP sequences were removed by crossing with female Cre-deleter Edil378(Sox2
—cre)IAmel] mice (Jackson laboratory stock 4783) as confirmed by PCR of genome
DNA, and maintained in C57BL/6] background. ChAT-Cre (strain: Chattm2(cre)
Lowl/Mwar], Jackson laboratory stock: 028861)33 and LSL-DTR (strain: Gt(ROSA)
268ortm1(HBEGE)Awaiy Jackson laboratory stock: 007900)°* were purchased from
Jackson laboratory and maintained in C57BL/6] background. Experiments were
performed on 34 male and female wild-type control mice, 33 male and female
Frmd7"" mice, and 10 female ChAT-Cre x LSL-DTR mice. All mice were between
two and four months old. Mice were group-housed and maintained in a 12-h/12-h
light/dark cycle with ad libitum access to food and water. Experiments were per-
formed according to standard ethical guidelines and were approved by the Danish
National Animal Experiment Committee.

Head-plate and cranial window implantation. Mice were anaesthetized with an
intraperitoneal injection of a fentanyl (0.05 mg/kg body weight; Hameln), mid-
azolam (5.0 mg/kg body weight; Hameln) and medetomidine (0.5 mg/kg body
weight; Domitor, Orion) mixture dissolved in saline. The depth of anesthesia was
monitored by the pinch withdrawal reflex throughout the surgery. Core body
temperature was monitored using a rectal probe and temperature maintained at
37—38°C using a feedback-controlled heating pad (ATC2000, World Precision
Instruments). Eyes were protected from dehydration during the surgery with eye
ointment (Oculotect Augengel). The scalp overlaying the left visual cortex was
removed, and a custom head-fixing imaging head-plate with a circular 8 mm
diameter opening was mounted on the skull using cyanoacrylate-based glue (Super
Glue Precision, Loctite) and dental cement (Jet Denture Repair Powder) to allow
for subsequent head fixation during imaging. The center of the head-plate was
positioned above V1, 2.5 mm lateral and 1 mm anterior of lambda®. To gain
optical access to the cortex, a 5mm diameter craniotomy was performed. After
removing the skull flap, the cortical surface was kept moist with a cortex buffer
containing 125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, 2 mM
MgSO,, and 2 mM CaCl,. The dura was left intact (except in two animals in which
the dura spontaneously detached with the skull flap) and any occasional bleedings
were immediately stopped with Gelfoam (Pfizer). A 5 mm glass coverslip sterilized
in ethanol (0.15 mm thickness, Warner Instruments) was placed onto the brain to
gently compress the underlying cortex and dampen biological motion during
subsequent imaging>®. The cranial window was hermetically sealed using a
cyanoacrylate-based glue (Super Glue Precision, Loctite) mixed with black dental
cement (Jet Denture Repair Powder mixed with iron oxide powdered pigment) to
prevent the entry of stray light from the screen through the skull and/or cement
during imaging®. Mice were returned to their home cage after anesthesia was
reversed with an intraperitoneal injection of a flumazenil (0.5 mg/kg body weight;
Hameln) and atipamezole (2.5 mg/kg body weight; Antisedan, Orion Pharma)
mixture dissolved in saline, and after recovering on a heating pad for one hour.

Intrinsic imaging. For ISOI mice were anesthetized with isoflurane (2—3%
induction) and head-fixed in a custom holder. Chlorprothexine was administered
intraperitoneally (2.5 mg/kg body weight; Sigma) as a sedative!?, and isoflurane
reduced to 0.5—1% and kept constant during visual stimulation. Core body tem-
perature was maintained at 37—38 °C using a feedback-controlled heating pad
(ATC2000, World Precision Instruments). The stimulated contralateral eye was
kept lubricated by hourly application of a thin layer of silicone oil (OFNA Racing,
10,000 molecular weight). The experimental setup employed for ISOI was adapted
from a similar system>’ and made publicly available (https://snlc.github.io/ISI/). A
2 x air-objective (Olympus, 0.08 NA, 4 mm field of view) was mounted on our
Scientifica VivoScope, which was equipped with a CMOS camera (HD1-D-D1312-
160-CL-12, PhotonFocus), a large-well-depth camera that offers high signal-to-
noise measurements in bright light conditions. The camera was connected to a
Matrox Solios (eCL/XCL-B) frame-grabber via Camera Link. The acquisition code
for the Matrox board was written in Matlab using the Image Acquisition Toolbox.
From the pial surface, the microscope was defocused down 400—600 pm, where
intrinsic signals were excited using a red LED (KL1600, Schott) delivered via light
guides through a 610 nm long-pass filter (Chroma). Reflected light was captured
through a 700 + 50 nm (mean + SEM) band-pass filter (Chroma) positioned right
in front of the camera at a rate of 6 frames per second (512 x 512 pixels). At
700 nm there is a large change in the absorption coefficient between oxyhe-
moglobin and deoxyhemoglobin, contributing to the intrinsic signal measured in
these experiments!2. The 47.65 x 26.87 cm (width x height) screen was angled 30°
from the mouse’s midline and positioned so that the perpendicular bisector was 10
cm from the bottom of the screen, centered on the screen left to right (23.8 cm on
each side), and 10 cm from the eye57. This resulted in a visual-field coverage from
—41.98° to 60.77° (total 102.75°) in elevation and from —67.23° to 67.23° (total
134.46°) in azimuth. Thus, the stimulus covered almost the entire known visual
hemi-field of the mouse, which is estimated to be at most 110° vertically and 140°
horizontally. For the ISOI experiments presented in Fig. 1, each mouse was imaged
on three separate days, and the data averaged to reduce the chance of day-to-day
variations confounding group-level results.

Visual stimuli for ISOI. Retinotopic maps were generated by sweeping a spheri-
cally corrected (Matlab code provided by Spencer Smith: https://labrigger.com/
blog/2012/03/06/mouse-visual-stim/) full-field bar across the screen in both azi-
muth and elevation directions®”. The bar contained a flickering black-and-white
checkerboard pattern on a black background”>”. The width of the bar was 12.5°
and the checkerboard square size was 25°. Each square alternated between black
and white at 4 Hz. In each trial, the bar was drifted 10 times in each of the four
cardinal directions (0°, 90°, 180°, and 270°), moving at 8—9°/s. Usually, two to
three trials were sufficient to achieve well-defined retinotopic maps. For measuring
and characterizing the evoked areal activity in V1 and HVAs we presented 100%
contrast black and white sinusoidal gratings drifting in each of the four cardinal
directions. We presented gratings with four different TFs: 0.3, 0.75, 1.2, and 1.8 Hz
(0.03 cycles/°). Each stimulus was stationary for 10 s and in motion for 10,
comprising a stimulus period of 20 s, which was repeated 5 times in each direction.
All stimuli used for ISOI were produced and presented using Matlab and the
Psychophysics Toolbox8.

Image analysis for ISOL. To generate functional visual cortex maps from the raw
image data, we took the response time course for each pixel and computed the
phase and magnitude of the Fourier transform at the stimulus frequencies (0.067
and 0.088 Hz, for azimuth and vertical, respectively)s‘z The bar was drifted in
opposite directions in order to subtract the delay in the intrinsic signal relative to
neuronal activity®®. The resulting phase maps were then converted into retinotopic
coordinates (visual degrees) from the known geometry of our setup to retrieve
absolute retinotopy. We used automated, publicly available code to identify visual
area borders based on their visual-field sign maps®’ (see also description below),
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and superimposed those borders with the anatomical blood-vessel images to
accurately localize V1 and individual HV As.

To evaluate and quantify the spatial properties of visual areas, we first computed
and identified the borders of each visual area, using a dissociation algorithm and
the Image Processing Toolbox in Matlab. The identification process constituted
three conventional edge-detection steps. (1) Thresholding of the obtained visual-
field sign map. For this we used a definition of I + SD(I) where I equals the
intensity of a pixel and I denotes the mean pixel intensity of the visual-field sign
map. The thresholded image was smoothed using a median filter (filter size, 3 x 3
neighborhoods). (2) Isolation and segmentation of pixels. For this step we used the
8-neighbors criterion. If there were >4 non-zero pixels among the eight neighbors
of one pixel, the pixel was retained and any gaps between pixels within the eight
neighbors were filled with a non-zero value. If this criterion was not met, the pixel
value was set to 0. The value of all non-zero pixels was set to 1. (3) Edge detection.
The isolated and segmented pixels were next binarized, and each edge was
computed based on a Sobel method using the edge function in Matlab. After
identifying visual area borders, we computed the size of the area (first in pixels and
then converted to mm2) and defined the center position of each area as a centroid.
From this, we calculated two-dimensional coordinates of each HVA as coordinates
relative to the V1 centroid. For ISOI experiments in which sinusoidal gratings were
presented, the raw response signal was first determined as the peak power of the
stimulus-evoked signal by employing Fast-Fourier transform analyses of each pixel
column at the frequencies of the visual stimuli; 0.05—0.1Hz!2. To quantify the
response for each visual cortical area, the raw response signal was first normalized
to the raw response signal from before the visual stimulation (averaged over a 10's
period). Next, regions of interest (ROIs) within the visual cortical areas were
defined based on the visual area border map. The response strength of each area
was determined as the maximum value within each ROIL For group-level
quantifications, the response strength for a given area was averaged across the three
experimental days before pooling data from all mice.

Local viral labeling. For local viral injections in the visual cortex or dLGN, mice
were first anesthetized with an intraperitoneal injection of a fentanyl (0.05 mg/kg
body weight; Hameln), midazolam (5.0 mg/kg body weight; Hameln) and mede-
tomidine (0.5 mg/kg body weight; Domitor, Orion) mixture dissolved in saline. For
injections yielding GCaMP6 expression in areas V1, RL and PM, three 0.4 mm
diameter craniotomies were performed over the left visual cortex and 100 nl
AAV2/1-Syn-GCaMP6f-WPRE (2.13 x 1013 vg/ml, Penn Vector Core #AV-1-
PV2822) slowly injected at depths of 100—500 pm using a borosilicate glass
micropipette (30 um tip diameter) and a pressure injection system (Picospritzer III,
Parker). For labeling geniculo-cortical axons projecting from the dLGN, 20—40 nl
AAV2/1-Syn-GCaMP6f-WPRE (2.13 x 10'3 vg/ml, Penn Vector Core #AV-1-
PV2822) was slowly injected into the left dLGN using stereotaxic coordinates:
2.1 mm posterior of the Bregma; 2.2 mm lateral of the midline; 2.3 mm below the
pial surface?3. To prevent backflow during withdrawal, the micropipette was kept
in the brain for a minimum of 5 min before it was slowly retracted. The skin was
afterwards sutured shut. Mice were returned to their home cage after the anesthesia
was reversed with an intraperitoneal injection of a flumazenil (0.5 mg/kg body
weight; Hameln) and atipamezole (2.5 mg/kg body weight; Antisedan, Orion
Pharma) mixture dissolved in saline, and after recovering on a heating pad for 1 h.
Although the injection sites in the visual thalamus were always within the dLGN,
there were sometimes spillover expressions in the neighboring ventral LGN
(VLGN), intergeniculate leaflet (IGL), and the pulvinar nucleus similar to pre-
viously reported®®. The VLGN and IGL do not project to V1 (ref. °1); compared to
the dLGN, projections from the pulvinar to V1 are much sparser and limited to the
superficial L1 (ref. ©2). Hence, the majority of thalamic axons that we imaged in V1
most likely originated from the dLGN.

Retrograde viral labeling. To achieve GCaMP6 expression in V1 neurons pro-
jecting to area RL or PM we employed a slightly modified surgery protocol. First,
we implanted a custom head-fixing imaging head-plate and mapped the visual
cortex using ISOI through the intact skull. This allowed us to identify the precise
anatomical location of areas RL and PM. Next, we performed a single, local virus
injection into either area RL or PM by slowly injecting 100 nl of ssAAV-retro/2-
hSyn1-mRuby2-GCaMP6m-WPRE (7 x 1012 vg/ml, VVF Zurich #v187-retro) at
depths of 100—300 um. This AAV-retro serotype permits selective retrograde
labeling of projection neurons and enables sufficient expression for functional two-
photon calcium imaging®3. After slowly retracting the micropipette, the craniotomy
was carefully cleaned and the exposed skull covered with a silicone sealant (Kwik-
Cast, World Precision Instruments). One day later, the animal was implanted with
a chronic cranial window, exposing V1 for two-photon calcium imaging targeted to
V1 neurons projecting specifically to either the RL or PM area.

Diphtheria toxin injections. To abolish retinal direction selectivity acutely in adult
mice, we injected diphtheria toxin intravitreously into ChAT-Cre x LSL-DTR

mice?’. Diphtheria toxin stock solution was made from diphtheria toxin (Sigma,
DO0564) dissolved in phosphate-buffered saline (PBS) to a concentration of 1 pg/ul
and stored at —80 °C. Before injections, the stock solution was diluted in PBS to a
final concentration of 0.8 ng/ul. Mice were first anesthetized with an intraperitoneal

injection of a fentanyl (0.05 mg/kg body weight; Hameln), midazolam (5.0 mg/kg
body weight; Hameln) and medetomidine (0.5 mg/kg body weight; Domitor,
Orion) mixture dissolved in saline. A hole was made near the border between the
sclera and the cornea using a 30-gaugle needle; 2 pl toxin was then injected into the
vitreous of both eyes using a borosilicate glass micropipette connected to a pressure
injection system (Picospritzer III, Parker). Mice were returned to their home cage
after the anesthesia was reversed with an intraperitoneal injection of a flumazenil
(0.5 mg/kg body weight; Hameln) and atipamezole (2.5 mg/kg body weight;
Antisedan, Orion Pharma) mixture dissolved in saline. Each eye was re-injected
2 days after the initial injection. OMR recordings were performed 7—9 days after
the initial injection, and in-vivo two-photon calcium imaging experiments were
initiated 10—12 days after the initial injection.

Optomotor resp measur t. For recording the optomotor reflex the
mouse was placed on a central, raised platform and presented visual stimuli in the
form of drifting sinusoidal gratings projected onto a virtual cylinder on the four
surrounding computer screens®%. The gratings were drifting horizontally at 12°/s,
alternating the drift direction every 60°. One trial consisted of six 1 min repeats;
after each repeat, the spatial frequency of the stimulus was sequentially changed
(0.05, 0.1, 0.2, 0.25, 0.3, 0.4 cycles/°). Mouse head movements were tracked using
OKR arena software®, where the angle of the head is automatically calculated and
used to quantify the OMR for each stimulus condition®*. OMR was determined by
calculating the ratio of the sum of frames where head movements occurred in the
stimulus direction versus in the opposite direction®.

Cortical two-photon calcium imaging. Imaging was performed 2—4-weeks after
virus injections, when most neurons exhibited cytosolic-only GCaMP6 expression.
Mice were anesthetized with 0.3-0.8% (typically 0.5%) isoflurane, and chlor-
prothexine was delivered intraperitoneally (2.5 mg/kg body weight; Sigma) as a
sedative!2. The stimulated contralateral eye was kept lubricated by hourly appli-
cation of a thin layer of silicone oil (OFNA Racing, 10,000 molecular weight). Core
body temperature was maintained at 37—38 °C using a feedback-controlled heating
pad (World Precision Instruments, ATC2000). A subset of experiments was per-
formed in awake mice. To habituate the mice to handling and experimental con-
ditions, each mouse was head-fixed onto the imaging stage with its body restrained
in a cylindrical cover, reducing struggling and substantial body movements®0-6>,
The habituation procedure was repeated for 3 days for each mouse at durations of
15, 30, and 60 min on day 1, day 2, and day 3, respectively. Mice were rewarded
with chocolate paste (Nutella) at the end of each habituation/imaging session. For
imaging, the mouse was placed under the microscope 10 cm from the 47.65 x
26.87 cm (width x height) screen, with the screen subtending 134.46° in azimuth
and 102.75° in elevation and angled 30° from the mouse’s midline. The visual area
targeted for two-photon calcium imaging was localized based on superimposing the
ISOI border map onto the cortical surface. Imaging was performed 50-100 pm
(L1), 120-250 um (L2/3), and 350-550 um (L4) below the dura using a scanning
microscope (VivoScope, Scientifica) with a 7.9 kHz resonant scanner running
SciScan version 1.3 with dispersion-compensated 940 nm excitation provided by a
mode-locked Ti:Sapphire laser (MaiTai DeepSee, Spectra-Physics) through either
a Nikon 16x (0.8 NA; somata imaging) or an Olympus 25x (1.05 NA; axonal
bouton imaging) objective. Clear ultrasound gel was used as an immersion medium
(Aquasonic, Parker Laboratories). To prevent light leak originating from the
visual stimulation, an imaging well was constructed from a black O-ring and the
objective shielded with black tape. Average excitation power after the exit pupil
of the objective varied from 25 to 60 mW. Typical images had 512 x 512 pixels, at
0.3—0.35 um per pixel for axons, and 0.92 um per pixel for somata, and were
acquired at 30.9 Hz using bidirectional scanning. By correcting for any slow drifts
in neuron or axon location within the field of view using a reference image®23, we
were able to record from the same population of neurons or axons over extended
periods of time (~40 min), allowing us to assess responses as a function of TF
conditions. There was no evidence of GCaMP6 bleaching during experiments. Each
mouse was imaged repeatedly over the course of 1-2 weeks.

Visual stimuli for cortical two-photon calcium imaging. Visual stimulation for
cortical two-photon calcium imaging was generated and presented via Python-
based custom-made software. To measure directional tuning, we presented 100%
contrast black and white sinusoidal drifting gratings. Drifting gratings were pre-
sented in six trials for 3 s at a time, with 3 s of gray screen between presentations,
and were drifted in 12 different directions (0°, 30°, 60°, 90°, 120°, 150°, 180°, 210°,
240°, 270°, 300°, and 330°) in a pseudorandomized order, with a spatial frequency
of 0.03 cycles/® and TFs of 0.3, 0.75, 1.2, and 1.8 Hz.

Image analysis for cortical two-photon calcium imaging. Imaging data were
excluded from analysis if motion along the z-axis was detected. Raw images
from somata imaging were corrected for in-plane motion via a correlation-based
approach in Matlab>>. Raw images from axonal bouton imaging were corrected
for in-plane motion using a piecewise non-rigid motion correction algorithm®.
ROIs were drawn in Image] (Cell Magic Wand; https://github.com/fitzlab/
CellMagicWand) and selected based on mean and maximum fluorescence ima-
gesSG: somata ROIs were polygonal; axonal bouton ROIs were circular. The same
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ROI set was used for all imaging stacks acquired in a given field of view. Fluor-
escence time courses were computed as the mean of all pixels within ROIs and were
extracted using MIJ (http://bigwww.epfl.ch/sage/soft/mij/). Baseline-normalized
fluorescence time courses (AF/F,) were computed using a 60 s 10th percentile filter
and 0.01 Hz low-pass Butterworth filter to define F, (ref. 5°). For each of the twelve
directions, the response amplitude in each trial was determined by sorting all AF/F,
values (down-sampled to 15.4 Hz) during the 3 s drift period, and taking the mean
of the larger 50% of data points?>. Somata and axonal boutons were defined as
visually responsive if AF/F, in the preferred direction of motion exceeded 0.06
(refs. 767) in at least one of the four TFs. They were defined as DS if: (1) They were
visually responsive; and (2) their DSI exceeded 0.3 (refs. 26°9) in at least one of the
four TFs:

DSI — Rpref B Ropp

Rpref+Ropp

where Ry, denotes the mean AF/F, response to the preferred direction of motion
and R, the mean AF/F, response to the opposite direction. The preferred
direction of motion for each cell was calculated as the angle, in polar coordinates,

of the vector sum?27:68;
12 .
o[ 2021 R sind;
0=tan' | EF——F
>_ic1 Ry cosd

where d; denotes the motion direction of direction i and R; the mean AF/F,
response to direction i.
OSI was computed as:
Rorth

ost =Rt ~ Ronn
Rpref +Ronh

where R, denotes the mean AF/F, response to the preferred orientation and Ry
the mean AF/F, response to the orthogonal orientation. The preferred orientation
was defined as the axis including the preferred direction and its opposite direction.

Data decomposition and segmentation. To correlate the TF-dependent response
properties in individual cortical DS cells and the fractional changes of neurons
between control and Frmd7"" mice, we performed decomposition and segmenta-
tion of datasets summarizing response features of the identified DS cells. First, we
composed a response matrix for each visual area (e.g., area RL) using a total of
eight parameters for each neuron: peak AF/F, amplitudes and DSI values under
each of the four TF conditions. The response matrix included datasets from both
control and Frmd7"™ mice. For the V1 L2/3 response matrix, we pooled the
datasets from target-unspecific, PM-projecting, and RL-projecting DS cells. Next,
the response matrix was decomposed into two dimensions by PCA. The resulting
PCA distributions showed a distribution trend depending on the TF preference of
the individual neurons, indicating that neurons sharing the same TF preference
tended to be clustered in the local region of the PCA distribution. To quantify the
localization of neurons, we segmented the PCA distribution by 8 x 8 grids. We then
calculated the fraction of neurons located within each of the grids, and examined
the fractional changes between control and Frmd7"™ mice. Based on the fractional
changes, we statistically classified neurons into three groups: (1) “Increased”, (2)
“Decreased”, and (3) “Unchanged” in Frmd7"" mice, compared to control mice.
We tested the number of grids for this segmentation, and confirmed that the results
were not qualitatively changed by the size of the grids (Supplementary Fig. 6).

To investigate the relationship between the effects of altered retinal horizontal
direction selectivity and the target region of V1-projecting DS cells, we analyzed the
fraction of PM- and RL-projecting cells in each grid based on a projection target
index (PTI):

prri— R ~ Frwp
Figp + Fongy

Where F; denotes the fraction of cells projecting to area y in a grid x. A positive
PTT indicates that the neurons within the grid are biased towards RL-projecting
neurons, while a negative PTI indicates a bias towards PM-projecting neurons.

The effects of altered retinal horizontal direction selectivity was evaluated using
a mutation index (MI):

i i
ML = FContml — FFrmd7tm

1 1
Feontrol T Fmdzim

Where F; denotes the fraction of cells in population y in grid x. A positive MI

indicates that the fraction of neurons originating from Frmd7"™ mice is decreased
in the grid, while a negative MI indicates that the fraction is increased.

Virus injections for retinal two-photon calcium imaging. For intravitreal viral
injections, mice were anesthetized with an intraperitoneal injection of a fentanyl
(0.05 mg/kg body weight; Hameln), midazolam (5.0 mg/kg body weight; Hameln),
and medetomidine (0.5 mg/kg body weight; Domitor, Orion) mixture dissolved in
saline. We made a small hole at the border between the sclera and the cornea with
a 30-gauge needle. Next, we loaded 2 ul of AAV1-CAG-GCaMP6s-WPRE-SV40

(1 x 1013 vg/ml, Penn Vector Core, #AV-1-PV2833) into a pulled borosilicate glass
micropipette, and the AAV was pressure-injected through the hole into the vitr-
eous of the left eye using a Picospritzer III (Parker). Mice were returned to their
home cage after anesthesia was reversed by an intraperitoneal injection of a flu-
mazenil (0.5 mg/kg body weight; Hameln) and atipamezole (2.5 mg/kg body
weight; Antisedan, Orion Pharma) mixture dissolved in saline.

Retinal two-photon calcium imaging. Retinal imaging was performed 3—4-weeks
after virus injections. Mice were first dark-adapted for 1 h, and next the retina was
prepared®. The retina was isolated from the left eye, and mounted ganglion-cell-
side up on a small piece of filter paper (Millipore, MF-membrane), in which a 2 x
2 mm aperture window had previously been cut. During the procedure, the retina
was illuminated by dim red light (KL1600 LED, Schott) filtered with a 650 nm
high-pass optical filter (650/45x, Chroma) and bathed in extracellular solution (in
mM): 110 NaCl, 2.5 KCI, 1 CaCl,, 1.6 MgCl,, 10 p-glucose, 22 NaHCO; bubbled
with 5% CO,, 95% O,. The retina was kept at 35—36 °C and continuously
superfused with oxygenated extracellular solution during recordings. For retinal
two-photon calcium imaging we employed an equipment setup similar to that
previously employted®®. The isolated retina was placed under a microscope (Sli-
ceScope, Scientifica) equipped with a galvo-galvo scanning mirror system (8315 K,
Cambridge Technologies), a mode-locked Ti:Sapphire laser tuned to 940 nm
(MaiTai DeepSee, Spectra-Physics), and an Olympus 20x (1.0 NA) objective. The
GCaMPé6s signals emitted were passed through a set of optical filters (ET525/50 m,
Chroma; Ip GG495, Schott) and collected using a GaAsP detector (Scientifica).
Images were acquired at 6—10 Hz using custom-made software developed by
Zoltan Raics (SELS Software).

Visual stimuli for retinal two-photon calcium imaging. The visual stimulation
was generated via custom-made software (Python and LabVIEW) developed by
Zoltan Raics, projected by a DLP projector (LightCrafter Fiber E4500 MKII, EKB
Technologies) coupled via a liquid light guide to an LED source (4-wavelength
high-power LED Source, Thorlabs) with a 400 nm LED (LZ4-00UA00, LED Engin)
through a band-pass optical filter (ET405/40x, Chroma), and focused onto the
photoreceptor layer of the mounted retina through a condenser (WI-DICD,
Olympus). The stimuli were exclusively presented during the fly-back period of the
horizontal scanning mirror. To measure directional tuning and TF preference, we
presented 100% contrast black and white sinusoidal drifting gratings (mean
intensity, 0.058 mW/cm?). Light intensity was measured using a power meter
(PM200, Thorlabs) and a spectrometer (USB4000-XR1, Ocean Optics). Drifting
gratings were presented in 3 trials for 3 s at a time, with 3 s of gray screen between
presentations, and shown in 8 different directions (0°, 45°, 90°, 135°, 180°, 225°,
270°, and 315°) in a pseudorandomized fashion, with a spatial frequency of 0.03
cycles/° and TFs of 0.3, 0.75, 1.2, and 1.8 Hz. To measure ON and OFF responses,
we presented static flash spots (2's in duration, 50, 100, 200, 400, 800 pm in
diameter). To classify retinal cells into ON-OFF and non-ON-OFF populations, we
used an ON-OFF index (OOI)?> (Supplementary Fig. 9):

001 — Ron — Rogr
Ron+Ropr

Where Ron and Ropr denote peak calcium responses during the static spot illu-

mination phase, and the phase after the illumination, respectively. If the mean OOI
for 50—800 um spots was <0.3, the cell was defined as an ON-OFF cell. We cal-

culated the DSI for individual cells, and defined cells with DSI > 0.3 as DS cells,

similar to experiments performed in the cortex.

Image analysis for retinal two-photon calcium imaging. The raw two-photon
scanning imaging data acquired was initially loaded into Matlab and converted into
accessible image files. The ROIs for cell bodies of retinal cells were drawn in Matlab
by fitting polygons, and selected based on mean and maximum fluorescence
images. Fluorescence time courses were computed as the mean of all pixels within
the ROI at each timepoint and were extracted in Matlab. The raw GCaMP6
fluorescence signals for each ROI were normalized (AF/F,) using the mean
fluorescence (F) in a 2 s window before visual stimulation, and then synchronized
with visual stimulus information. The AF/F, signals were resampled using the
interp function in Matlab, and smoothed by a moving average filter (width: two
data points). To evaluate cell responsiveness, we determined a threshold for each
cell as meanag/ry + 2 SDag/ro, and any cell with response amplitudes higher than
their threshold was defined as visually responsive and included in further analysis.

Histology and confocal imaging. To validate the injection site in the dLGN,
mice were anesthetized with an intraperitoneal injection of a fentanyl (0.05 mg/kg
body weight; Hameln), midazolam (5.0 mg/kg body weight; Hameln) and mede-
tomidine (0.5 mg/kg body weight; Domitor, Orion) mixture dissolved in saline, and
transcardially perfused with PBS and then with 4% paraformaldehyde (PFA).
Brains were removed, fixed overnight in PFA and then transferred to PBS and
stored at 4 °C. Brain slices (200 um thick) were collected in the coronal plane using
a vibratome (Leica, VT1000S). Slices were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI; 1:1000 dilution, ThermoFisher) before mounting with
mounting medium (Fisher Scientific). Images of 1024 x 1024 pixels were acquired
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using a confocal microscope (Zeiss LSM 780) with a 10x (0.45 NA) objective. To
validate the specificity of starburst amacrine cell ablation in diphtheria toxin-
injected ChAT-Cre x LSL-DTR mice and PBS-injected littermates, we performed
immunohistochemical analyses of the retinas?’. A nasal mark was applied to the
eyes and fixed for 20 min at room temperature (RT) in 4% PFA before dissection.
Afterwards, eyes were rinsed in PBS, dissected, mounted on flatmount paper in 4%
PFA for 30 min at RT and then washed with PBS overnight at 4 °C on a shaker. The
next day, retinas were incubated in 30% sucrose in PBS for at least 3 h at RT.
Afterwards, retinas were transferred in the sucrose buffer to microscope slides
(SUPERFROST PLUS, Thermo Scientific) and frozen and thawed three times using
dry ice to enhance antibody penetration. After washing with PBS, retinas were
blocked for 3 h in blocking buffer (1% bovine serum albumin (BSA), 10% normal
donkey serum (NDS), 0.5% TritonX 100, 0.02% sodium azide in PBS) at RT.
Primary antibodies (rabbit anti-RBPMS 1:500 [Milipore, ABN1362] and goat anti-
ChAT 1:200 [Milipore, ABN1144P]) were incubated for 5 days in antibody reaction
buffer (1% BSA, 3% NDS, 0.5% TritonX 100, 0.02% sodium azide in PBS) at 4 °C
on a shaker. Secondary antibodies (donkey anti-rabbit IgG Alexa Fluor 568 1:200
[Invitrogen], donkey anti-goat IgG Alexa Fluor 488 1:200 [Life Technologies]
together with DAPI 1:1000 [ThermoFisher]) were incubated overnight at 4 °C in
antibody reaction buffer. After a final wash in PBS, retinas were embedded in
Fluoromount-G (eBioscience). For cell density analysis, z-stacks containing images
of 1024 x 1024 pixels (1.38 um per pixel) were acquired at an interval of 4 um (total
thickness of 75—80 pm) with a confocal microscope (Zeiss LSM 780) using a 10x
(0.45 NA) objective, and cells were counted using Image]J. For detailed confocal z-
stacks, we used a 40x (1.4 NA) objective and acquired 1024 x 1024 pixel (0.35 um
per pixel) images at an interval of 0.3 um (total thickness of ~75 um).

Statistical analysis. Statistical tests were performed in Matlab and we used the
following statistical tests where appropriate: Mann-Whitney U-test, Wilcoxon
signed-rank, Kolmogorov-Smirnov, and y? with Yates correction. Rayleigh’s test
for non-uniformity of circular data was performed using the Circular Statistics
Toolbox®. No testing was performed to check for normality or homogeneity of
variance. Center and spread values are reported as mean = SEM. We used no
statistical methods to plan sample sizes, but used sample sizes similar to those
frequently used in the field®3. The number of animals and cells is included in the
text or in figure legends. We did not use any randomization; data collection and
analysis were not performed blind to the conditions of the experiments. No col-
lected data were excluded from analysis. P-values <0.05 were considered to be
statistically significant. When a statistical test was used, the P-value is noted either
in the manuscript text or depicted in figures and legends as: *P < 0.05, **P < 0.01,
***P <0.001, n.s., not significant, P > 0.05.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All relevant data is provided in the Source Data file or is available from the
corresponding author upon reasonable request.

Code availability

All relevant code is available from the corresponding author upon reasonable request.
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4 Renewed view on the role of retinal direction

selectivity in central visual pathways

This chapter presents a review article that I wrote together with Keisuke Yonehara,
which we published in Current Biology (Rasmussen and Yonehara, 2020). After
publishing the work presented in Chapter 3, we felt that an up-to-date resource
summarizing how retinal direction selectivity contributes to visual processing in central
visual pathways was missing from the existing literature — we therefore attempted to fill

this gap.

4.1 Brief introduction

Direction-selective responses were first recorded in the retina of rabbits more than 50
years ago (Barlow and Hill, 1963). We now know a great deal about the mechanisms
governing retinal direction selectivity (Chapter 2, Figure 3B), and the downstream
projection targets of retinal DS cells, topics which have been excellently reviewed before
(Dhande and Huberman, 2014; Mauss et al., 2017; Seabrook et al., 2017; Vaney et al.,
2012; Wei, 2018). However, the causal role of retinal DS cells in visual processing in
central brain areas of image-forming pathways has remained elusive. Facilitated by new
experimental techniques, such as in wvivo functional imaging and cell type-specific
manipulations, an emerging literature has now begun to provide answers to this question,

and we therefore considered the time ripe for a focused review.

4.2 Main content

Our intention with this review was that it could serve as a source of both information
and inspiration to the field, and importantly, outline testable hypotheses for future
investigations. In the review, we first presented fundamental properties of ON and ON-
OFF DS cells. Next, we discussed the current literature on how signaling from retinal DS
cells is integrated and utilized for feature-selective responses in the dLGN. From here we
presented work demonstrating how signaling from retinal DS cells causally influences
motion-evoked responses in V1, HVAs, SC, and other brain areas. Finally, we discussed
how retinal DS cells may contribute to visually guided behaviors, and provided a clinical

perspective on the functions of these cells.
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4.3 Reflections and significance

From our review, several hypotheses arise. Here 1 would like to highlight one notion that
we deem especially exciting; that ON-OFF DS cell ensembles contribute to self-motion
representations in the posterior parietal cortex (PPC) by analyzing global motion
experienced during locomotion, that is, optic flow. This hypothesis is founded on several
discoveries. First, by demonstrating that the motion preference axes of ON-OFF DS cells
are aligned with the main body axes in mice, a pioneering study proposed that these cells
are ideal for encoding translational and rotational optic flows (Sabbah et al., 2017).
Second, in our work, we found that area RL relied notably on signaling from retinal DS
cells for establishing a posterior-motion preference at higher temporal frequencies
(Rasmussen et al., 2020a) (Chapter 3). Consistently, posterior motion is the most
prevalent motion direction experienced by animals with laterally positioned eyes, such as
mice, during forward locomotion (Hillier et al., 2017). Interestingly, area RL is considered
part of the PPC in mice (Gilissen et al., 2020; Hovde et al., 2019; Lyamzin and Benucci,
2019; Minderer et al., 2019) — a brain region containing representations of spatial and
locomotor information (Mcnaughton et al., 1994; Save and Poucet, 2009). Finally, in
monkeys, many PPC neurons respond to translational and rotational optic flow stimuli
(Sunkara et al., 2016). Testing this hypothesis might provide clues about the behavioral
roles of ON-OFF DS cells, which remain undetermined.
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The brain monitors the sensory environment via signals from the sensory periphery, such as the olfactory
epithelium, the inner ear, and the retina. Understanding how sensory stimuli are processed throughout the
sensory hierarchy, and how this relates to behavior, is a central outstanding question in the field of neurosci-
ence. The processing of visual motion in mice offers unique opportunities for addressing these questions
thanks to arich literature on the anatomical and physiological properties of motion-sensitive neurons across
the visual system, paired with recent developments of cutting-edge genetic and imaging approaches. A
visual scene typically contains motion originating from either moving objects or optic flow caused by self-
generated movements. Neurons encoding the direction of visual motion are said to be ‘direction-selective’.
It was historically believed the circuits responsible for creating direction selectivity de novo exist within the
visual cortex. Yet, in mice, direction-selective responses can be found already in the retina, suggesting in this
model organism visual motion analysis starts at the earliest stage of the visual hierarchy. This minireview pre-
sents emerging literature demonstrating how retinal direction-selective cells make causal contributions to
central visual motion processing and visually guided behaviors in mice, and their potential clinical relevance,
and outlines experiments for testing remaining questions. Research in this field will undoubtedly continue to
advance our understanding of the basic principles of the visual system and how sensory neurons extract

fundamental features of the world.

Introduction

Motion is one of the most common visual features we experience in
everyday life. Visual motion is induced by moving objects or move-
ment of the observer through space; as we walk down the street,
the visual scene flows backward. Visual motion signals inform an-
imals about which direction prey or a predator may be moving, al-
lowing it to decide whether it should freeze, flee, or attack. Given
the ethological importance of motion vision, it is not surprising
that motion-sensitive neurons exist in many different brain regions
and across the animal kingdom, from insects to humans.

Cells preferentially responding to the visual motion of a spe-
cific direction are deemed direction-selective (DS). In mammals,
DS cells were first recorded in the primary visual cortex (V1) of
cats [1] and later were found within the visual cortex of many
mammalian species. In non-human primates, cortical DS cells
have been causally linked to the ability to determine visual mo-
tion direction [2], suggesting that DS cells may be a core func-
tional unit for creating motion perceptions. Typically, direction
selectivity is thought to emerge de novo within the visual cortex
from the convergence of geniculate thalamic inputs [3,4], and
such a mechanism has been identified in mice [5]. More than
50 years ago, however, DS responses were discovered in the
retina of rabbits [6], and later in several other species, including
mice [7], suggesting that direction selectivity could arise earlier in
the visual hierarchy. From ex vivo experiments, we have learned
a great deal about the properties of retinal DS cells, and the syn-
aptic mechanisms giving rise to directionally tuned responses
[8-10]. The retina contains several types of DS cells that fall
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into two main categories: On and On-Off DS cells [11]
(Figure 1A). The On cells respond to light increments, while
On-Off cells respond to both increments and decrements. Be-
tween these, the role of On DS cells is best understood; these
cells selectively send projections to nuclei of the accessory optic
system and are dedicated to generating the optokinetic reflex, a
type of eye movement used for gaze stabilization [10,12,13]. On-
Off DS cells send their axons to the dorsal lateral geniculate nu-
cleus (dLGN) and the superior colliculus (SC) [14-16]. It should
be noted that Off DS cells have been described [17,18], but Off
DS responses have not been consistently detected in other
studies [19]. Fueled by the development of cutting-edge ap-
proaches, a growing literature is now uncovering how retinal
DS cells make unexpected and important contributions to visual
motion computations in central brain areas of mice.

Excellent review articles have discussed the mechanisms and
properties of retinal direction selectivity [8,9,20], but an up-to-
date source, describing the contributions of retinal direction
selectivity to motion processing in downstream brain areas has
been lacking. In the current minireview, we present how retinal
DS signaling is processed in several central visual brain areas,
and discuss the role of retinal DS cells in visually guided behav-
iors as well as their clinical relevance.

Fundamental Properties of Retinal DS Cells

In this minireview, we mainly focus our attention on the role of On-
Off DS cells. Unlike On DS cells, On-Off DS cells prominently proj-
ect to image-forming visual areas such as the dLGN and SC, and

R897
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Figure 1. Retinal direction selectivity and
motion direction preferences across the
visual hierarchy.

(A) Circuitry underlying direction selectivity in On-
Off and On DS cells in the retina. On-Off DS cells
receive glutamatergic inputs from On and Off bi-
polar cells, and cholinergic and GABAergic inputs
from On and Off starburst amacrine cells.
GABAergic input in the null direction is stronger
than that in the preferred direction (indicated by
the arrow), yielding larger spiking activity in the
preferred direction in both On-Off and On DS cells
[21-23]. On DS cells have an additional circuit
mechanism, consisting of glutamatergic excitation
mediated by different bipolar cell types with
distinct temporal dynamics: roughly speaking,
slow sustained and fast transient groups [10].
Slow sustained and fast transient types are biased
to the preferred and null side, respectively. In the
preferred direction, the synaptic delays between
the two types are offset by the preceding activa-
tion of the slow sustained type, yielding temporal
summation of the excitatory inputs. In the null di-
rection, such temporal summation is less efficient.
(B) Examples of motion tuning in individual retinal,
dLGN, and V1 neurons. In the retina, On-Off DS
cells include four subtypes, each of which prefers
motion in one cardinal direction (anterior [A],
posterior [P], superior [S], and inferior [I]). In the
shell region of the dLGN, a high proportion of
neurons are DS or axis-selective, with a prefer-
ence for horizontal motion (dorsal [D], and ventral
VD). In layer 2/3 (L2/3) of V1, DS cells are tuned to a
rich repertoire of motion directions. Data are
modified from [12,29,36]. (C) Preferred motion di-
rection distributions for retinal On-Off, dLGN, and
V1 DS cell populations as a function of temporal
frequency of the visual stimulus. At high temporal
frequencies, DS cells across the retina, dLGN, and
V1 are preferentially tuned to posterior-moving
motion. Data are modified from [31].

Preferred motion directions of populational DS responses

Retina dLGN

O ©
G ©

are the most numerous retinal DS cells in mice, comprising 15% of
retinal ganglion cells [16]. On-Off DS cells include four subtypes,
each preferring motion in one cardinal direction: anterior, poste-
rior, superior, or inferior [9,19] (Figure 1B). In the retina, On-Off
DS cells receive glutamatergic excitation from bipolar cells, as
well as GABAergic inhibition and cholinergic excitation from star-
burstamacrine cells [8,9,20] (Figure 1A). Importantly, the inhibition
from starburst amacrine cells is directionally tuned: during motion
in the preferred direction, inhibition is minimal, while during motion

Low temporal
frequency

High temporal
frequency

R898 Current Biology 30, R897-R903, August 3, 2020

D
A@P
\

V1

in the opposite direction (null direction), in-
hibition is maximal [8,9,20]. This direction-
ally tuned inhibition is necessary for estab-
lishing DS responses in On-Off and On DS
cells [8,9,20]. Spatially asymmetric inhibi-
tory connectivity [21-23] and centrifugal
direction selectivity within the processes
of starburst amacrine cells [9,20] are the
key mechanisms underlying the tuned in-
hibition.
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Retinal DS Cells Contribute to

Motion Signaling in the dLGN

The mouse dLGN can be subdivided into
a shell and a core region [24]. Genetic
labeling of retinal cell subtypes has demonstrated that horizon-
tally tuned On-Off DS cells exclusively innervate the shell
[14-16,25], whereas vertically tuned On-Off and non-DS cells
predominantly innervate the core, or both regions indiscrimin-
ately [16,26,27] (Figure 2). Interestingly, recordings from the
dLGN have shown that the shell is enriched in DS and axis-se-
lective cells [28,29] (Figure 1B). Several lines of evidence,
described below, support an idea that dLGN DS responses,
at least in part, could emerge from similarly tuned retinal DS
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inputs, while axis-selective responses could arise from oppo-
sitely tuned retinal DS inputs [30].

One seminal study in mice demonstrated a fine-scale and func-
tional logic to the convergence of retinal ganglion cell inputs to the
dLGN shell [30]. The authors found a spatial clustering of retinal
DS cell boutons preferring similar or near-opposite motion direc-
tions; an arrangement that could contribute to creating direction-
or axis tuning in target dLGN neurons. Additionally, recent work
employing a genetic mouse model demonstrated that when hor-
izontal direction selectivity is lost in the retina, DS thalamic bou-
tonsin superficial V1 lose their normal preference to posterior mo-
tion (Figure 1C) and instead become preferentially tuned to
vertical motion [31]. However, notably, the horizontal direction
selectivity in the dLGN was not completely abolished by the
disruption of retinal horizontal direction selectivity [31], likely sug-
gesting the existence of a form of dLGN direction selectivity that is
independent of retinal motion computations. Such a retinal mo-
tion computation-independent form of direction selectivity could
potentially be computed de novo in the dLGN, or mediated by in-
puts from other visual areas, such as layer 6 of V1 [32] or superfi-
ciallayers of the SC [33], and might ultimately be delivered to layer
4 of V1 [34]. In the future, it will be exciting to see experimental

DS neurons/pathway affected by
disruption of retinal direction selectivity

DS neurons or non-DS neurons not tested
for retinal direction selectivity dependence

o7
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Figure 2. Circuit linking horizontally tuned
On-Off DS cells to central visual areas.
Schematic diagram of the neuronal circuit linking
horizontal motion tuned On-Off DS cells to DS
cells in the central visual areas. Horizontally tuned
On-Off DS cells (magenta hexagons) innervate the
dLGN shell and the most superficial layers of the
SC (upper stratum griseum superficialis [uSGS])
[14-16,25], where the activity of postsynaptic DS
cells (magenta circles) are affected by the
disruption of retinal direction selectivity [31,40].
Other DS or non-DS retinal ganglion cells (gray
hexagons) send projections to the dLGN core and
shell, as well as to uSGS and lower SGS (ISGS)
[16,26,27]. dLGN shell DS cells that receive input
from On-Off DS cells target the superficial layers
of V1 [25], where On-Off DS cell-originating
signaling supports the activity of a subset of
DS cells in layer 2/3 (L2/3), preferring high tem-
poral frequencies and posterior motion [31,36]
(magenta circles). It is yet unknown if the dLGN DS

uSGS cells that target layer 4 (L4) of V1 [34] are depen-
dent on intact retinal DS cell signaling (gray circles
ISGS and pathway). In contrast, DS cells in L4 and a

subset of DS cells in L2/3 are not affected by the
disruption of retinal direction selectivity [31] (blue
circles). Within L2/3 of V1, a segregated circuitry
ensures that signaling originating from On-Off DS
cells is preferentially streamed into area RL, but
not to area PM [31].

DS neurons/pathway not affected by
disruption of retinal direction selectivity

attempts to dissect the specific contribu-
tions of retinal DS cell-dependent and -in-
dependent mechanisms for establishing
direction selectivity in the dLGN.

Retinal DS Cells Contribute to a
Distinct Form of Direction
Selectivity in the Visual Cortex

Work using transsynaptic rabies tracing
identified a disynaptic connection be-
tween retinal DS cells and layer 1 of V1 that connects via the
dLGN shell [25]. Additionally, the authors found a disynaptic
connection between non-DS retinal ganglion cells and layer 4
of V1 via the dLGN core; demonstrating two distinct parallel
pathways for conveying information from the retina to V1. Intrigu-
ingly, a notable fraction of neurons that project from the dLGN
into superficial layers of V1 were DS, suggesting a circuit motif
for how signaling from On-Off DS cells reach V1 (Figure 2)
[25,31,34,35]. A central question is thus whether On-Off DS cells
causally contribute to motion computations in the visual cortex.
Cortical direction selectivity has been thought to be generated
by thalamocortical or cortical mechanisms [3,4]. Indeed, recent
work showed that direction selectivity in layer 4 of V1 is created
from the combination of untuned thalamic inputs with distinct
spatiotemporal response properties [5]. However, two studies
have demonstrated retina-dependent and -independent forms
of cortical direction selectivity [31,36].

The first study was performed in layer 2/3 of mouse V1 [36].
Using two genetic approaches for disrupting retinal direction
selectivity, the authors found a form of cortical direction selec-
tivity that relied on retinal direction selectivity and was character-
ized by preferences for higher temporal frequencies, and for

Current Biology
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motion in the posterior direction — the dominant optic flow di-
rection when animals locomote forward. V1 is only the first stage
of cortical visual processing, and the mouse visual cortex in-
cludes up to 16 higher visual areas, each specialized for a set
of visual features [37]. Yet, it was unknown whether On-Off DS
cells contribute to motion processing in higher visual areas.
This was recently addressed in yet another study, similar to the
aforementioned [36], employing two genetic approaches for dis-
rupting retinal direction selectivity [31]. This showed that the
population of DS cells in the rostrolateral (RL) visual area, in
which the anterior area was possibly included, which prefers
higher temporal frequencies, and changes direction tuning to-
ward posterior directions as the temporal frequency of a stimulus
increases, is selectively reduced in mice with impaired retinal
direction selectivity [31]. The temporal frequency-dependent
posterior motion bias in cortical DS cells may, at least partially,
be explained by the temporal frequency-dependent posterior
bias of On-Off DS cells [31] (Figure 1C). Interestingly, RL-projec-
ting layer 2/3 DS cells in V1 were likewise affected by this retinal
direction selectivity impairment. In contrast, posteromedial (PM)
area DS cells, PM-projecting layer 2/3 V1 DS cells, and L4 V1 DS
cells were not significantly affected by the retinal disruption [31].
These studies show that On-Off DS cells make area- and layer-
specific contributions to visual motion computations in the
mouse visual cortex. This is achieved by a segregated circuitry
that routes signaling from On-Off DS cells preferentially into
area RL (Figure 2). Such a pathway would be important for estab-
lishing specialized response properties of neurons in higher
visual areas. The behavioral role of retina-dependent motion
computations in the visual cortex has yet to be determined, as
well as if retinal DS cells make contributions to any of the other
14 higher visual areas. Finally, our knowledge regarding retina-
dependent and -independent forms of cortical direction selec-
tivity is still in its infancy, and further research is needed to
understand the differences between these two, both in terms
of connectivity and functionality. From the current literature,
one hypothesis may be that cortical direction selectivity in
response to slow-moving motion is computed de novo within
the cortex, likely in layer 4, whereas in response to fast-moving
motion, a fraction of cortical direction selectivity in layer 2/3 is
computed based on signaling from retinal DS cells. These two
mechanisms seem to overlap in a subpopulation of cortical layer
2/3 neurons [31], but exciting questions about the underlying
synaptic basis for such computations, as well as the specific pre-
synaptic network motifs, remain.

SC Neurons Inherit Direction Selectivity from Retinal DS
Cells

The SC is a midbrain structure involved in transforming multi-
modal sensory stimuli into ethologically relevant behaviors
such as escape, defense, and orienting movements [38]. In
mice, approximately 85% of retinal ganglion cells project to the
SC [39], making it a prominent retinorecipient structure in this
species. On-Off DS cells selectively target the superficial half
of the retinorecipient SC, whereas the deeper portion of SC is
mainly innervated by non-DS retinal ganglion cells [14-16,27]
(Figure 2). Neurons in the superficial SC display diverse response
properties, and direction selectivity has been observed in all
mammalian species studied [40-42]. Interestingly, SC DS cells
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are concentrated in the most superficial lamina [43] and DS cells
sharing similar direction preferences are spatially proximal
[42,43]. With this notable anatomical and functional correspon-
dence between On-Off DS cell innervation and concentration
of SC DS cells in superficial SC, a pressing question is whether
On-Off DS cells make causal contributions to SC motion
processing.

It has been estimated that each SC neuron receives input
from, on average, six retinal ganglion cells [44], but only recently
was it determined what types of ganglion cells provide such in-
puts [41]. By combining transsynaptic rabies tracing and func-
tional recordings, this work demonstrated that specific types of
retinal ganglion cells, including On-Off DS cells, preferentially
target a population of superficial SC neurons which project to
the parabigeminal nucleus, compared to a separate pulvinar-
projecting population. This preferential On-Off DS cell innerva-
tion was accompanied by a high percentage of DS cells in the
parabigeminal nucleus, in contrast to the sparseness of DS
cells in the pulvinar. The parabigeminal nucleus is thought to
contribute to visually guided avoidance behaviors by detecting
quickly approaching aversive threats, and On-Off DS cells may
play an important role in this function. In the future, this could
be elucidated experimentally by combining manipulation of
On-Off DS cells with ethologically relevant behavioral assays,
such as looming visual stimulus-triggered freezing or escaping
[38]. This could even be combined with simultaneous activity
recordings of the SC neurons that send projections to the para-
bigeminal nucleus employing head-mounted miniature micro-
scopes to relate neuronal activity to behavior.

Importantly, one study provided strong evidence for a causal
role of On-Off DS cells for SC direction selectivity [40] (Figure 2).
By combining in vivo electrophysiology, optical imaging with op-
togenetics, and a genetic model for disrupting retinal direction
selectivity, the authors made several significant findings. First,
isolating the retinal inputs arriving in superficial SC DS cells
showed that these cells receive directionally tuned excitation
from the retina, and this excitation predicts the preferred direc-
tion of the SC neuron. Second, significantly reducing the selec-
tivity of On-Off DS cells caused a drastic reduction in the number
of DS cells in superficial SC. This suggests that direction selec-
tivity in superficial SC is inherited from On-Off DS cell inputs. The
behavioral relevance of this retina-originating SC direction selec-
tivity has yet to be identified, but given the central role of SC for
innate behaviors, such as escaping and freezing, we propose
that such behaviors could serve as a starting point for beginning
to dissect the role of retinal DS signaling for SC-mediated behav-
iors in freely moving animals.

Role of Retinal DS Cells in Visually Guided Behaviors

Although the behavioral functions of On-Off DS cells have yet to
be fully resolved, studies have begun to address this topic. In one
study mice were trained to report the perceived motion direction
of random dot kinematograms; a task that required V1 activity
and that elicited DS responses from layer 2/3 neurons in V1
[45]. Interestingly, the same stimulus evoked DS responses in
On-Off DS cells, suggesting that these cells may be involved in
establishing motion perceptions. We propose that future exper-
iments, wherein mice are trained to perform such visually guided
behaviors, presumably requiring conscious motion perceptions,
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Figure 3. Clinical and physiological consequences of retinal horizontal direction selectivity disruption.

(A) Top: example traces show optokinetic reflex eye movements in a control human subject and a subject with a mutation in the Frmd7 gene, a gene enriched in
starburst amacrine cells, in response to motion in the nasal direction on the retina. Bottom: example traces showing optokinetic reflex eye movements produced
in a wild-type mouse and an Frmd7 mutant (Frmd7"™) mouse in response to motion in the nasal direction on the retina. Notice the lack of horizontal optokinetic
reflex in both the human subject and mouse with a mutated Frmd7 gene. Notably, horizontal eye oscillation observed in a human patient is not observed in an
Frmd7'™ mouse. (B) Polar plots showing the preferred motion directions (indicated by arrow direction) of individual retinal DS cells, tuned to fast (top) or slow
(bottom) motion speeds, from wild-type mice and Frmd7"™ mice. Notice the complete lack of retinal DS cells tuned to horizontal motion in Frmd7"™ mice. (C) Left:
schematic showing the spatial organization of the synaptic connectivity between a starburst amacrine cell (center, black) and four types of retinal DS cells, color-
coded according to their preferred motion direction in the cardinal directions (anterior [A], posterior [P], superior [S], and inferior [I]). Right: schematic showing the
horizontal asymmetric inhibitory outputs of a starburst amacrine cell from a wild-type and an Frmd7"™ mouse. Output inhibitory synapses are color-coded
according to the preferred directions of the postsynaptic DS cell partner. Notice the complete lack of asymmetric inhibitory connectivity, the dominating circuit

mechanisms for creating direction selectivity in the retina, in Frmd7"™ mice. All data in the figure are modified from [12].

are combined with specific manipulation of retinal DS cells
[12,31,36,40] to test this hypothesis causally. Another study
tested the effect of disrupting retinal horizontal direction selec-
tivity on whole-brain activity during visual stimulation that
evoked the optokinetic reflex [46]. In mice with impaired retinal
horizontal direction selectivity, responses to horizontal motion,
but not to vertical, were notably decreased in several visual areas
including the dLGN, SC, and visual cortex, compared to wild-
type mice. These areas receive signaling from On-Off DS cells,
but not from On DS cells, suggesting that On-Off DS cells affect
wide-spread neural activity in central visual areas during visuo-
motor behaviors. The causal role of On-Off DS cells specifically
in this visuomotor behavior remains open to investigation.
Lastly, several lines of evidence point to an intriguing hypoth-
esis: On-Off DS cells contribute to the representation of self-
movement in the posterior parietal cortex (PPC) by analyzing
optic flow patterns during locomotion. First, a pioneering study
found that the motion preference axes of On-Off DS cells are
aligned with gravitational and body axes, making these cells
ideal for encoding translational optic flow [19]. Second, area
RL was identified as a higher visual area that relied on signaling
from On-Off DS cells for establishing its preference to posterior
motion moving at higher temporal frequencies [31]. In mice,
area RL is considered part of the PPC [47]. Third, areas of the
PPC in monkeys respond robustly to optic flow [48]. Taken
together these findings suggest that the representation of self-
movement in PPC may at least partially depend on signaling
from On-Off DS cells, although, and somewhat critically, at this
time retinal DS cells have not been identified in primates. How-
ever, non-visual cues such as locomotion and vestibular inputs
[49,50] likely also contribute to neural activity representing self-
movement in the PPC. To resolve this, we propose performing
PPC imaging using miniature microscopes while mice are freely

locomoting, to relate self-movement to neuronal activity. This
could be combined with the manipulation of On-Off DS cells
[12,31,36,40], permitting causality to be tested. As a comple-
ment, two-photon PPC imaging of head-fixed mice navigating
a virtual environment on a treadmill could be employed [47].
This paradigm allows precise control of the visual stimuli and
locomotion; these can even be decoupled to test the contribu-
tion of each modality, and two-photon imaging provides better
cellular resolution.

Clinical Relevance of Retinal DS Cells

The potential clinical implications of retinal DS cells in vision-
related diseases were provided by a recent study [12]. A neuro-
logical disease in which impairment of retinal direction selectivity
is suggested is idiopathic congenital nystagmus. In 70% of de-
tected cases of this disease, mutations in the Frmd7 gene
have been reported, and subjects with a mutated Frmd7 gene
show two major symptoms: oscillating eye movements along
the horizontal plane, and the lack of the horizontal optokinetic re-
flex (Figure 3A). Importantly, the latter phenotype of patients can
be recreated in Frmd7 mutant mice (Figure 3A) [12,46]. Ex vivo
recordings in retinas from Frmd7 mutant mice showed that these
mice are characterized by a complete lack of horizontal direction
selectivity in On-Off and On DS cells (Figure 3B) [12]. This effect
is caused by a transition from asymmetric to symmetric inhibitory
connections from starburst amacrine cells (Figure 3C). Impor-
tantly, the expression of Frmd7 was enriched in starburst ama-
crine cells in the retina of both mice and non-human primates
[12]. The missing horizontal optokinetic reflex in mice is likely,
at least in part, caused by the incapability of On DS cells to sense
the direction of horizontal motion. The strikingly similar pheno-
type between human patients and gene-mutated mice seems
to support the intriguing hypothesis that the retinal circuit
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mechanism responsible for computing motion direction for
mediating the optokinetic reflex is conserved between mice
and humans. In the future, it will be important to establish
whether retinas from humans or non-human primates contain
On DS cells and if direction selectivity in these is disturbed in
idiopathic congenital nystagmus. Furthermore, future experi-
mental efforts should be allocated to searching for other
potentially affected visual functions in idiopathic congenital
nystagmus, encouraged by the observations that Frmd7 mutant
mice show impaired motion responses in a variety of visual areas
including V1, PPC, SC, and thalamic nuclei [31,36,46]. Such ef-
forts may be clinically relevant, however, only if On-Off DS cells
exist in the retinas of humans, which remains to be determined.

Conclusion

This minireview has presented a range of examples of how retinal
DS cells are involved in visual processing in central visual areas.
Collectively, they demonstrate that retinal DS cells make
unexpected and causal contributions to thalamic, cortical, and
collicular motion computations in mice. Furthermore, emerging
literature is illuminating how retinal direction selectivity may sup-
port visually guided behaviors, thus beginning to bridge the
knowledge gap between cell types and behavior. This surge in
studies on how retinal direction selectivity impacts central visual
processing has been made possible due to the development of
genetic models for manipulating retinal cell types. Now that the
tools are available, we expect to continue to see the role of retinal
DS cells in visual processing and behavior being tested and un-
covered within the next decade. So far, most of our knowledge
for the contributions of retinal direction selectivity to central vi-
sual processing concerns On-Off and On DS cells; in the future,
it will be exciting to attempt investigations of the role of other
retinal DS cell types, such as Jam-B retinal ganglion cells [18].
Finally, it will be important to determine whether DS cells exist
in the retina of primates and, if so, if these are involved in
higher-order visual motion analysis, or if primates developed
alternative mechanisms for performing these computations.
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5 Retinal motion information contributes to

optic flow processing by the cortex

In this chapter, I present the final research project that I conducted during my PhD
studies. After writing the review article presented in Chapter 4, we were intrigued about
testing the hypothesis that retinal direction selectivity is involved in cortical optic flow
processing. Inspired by work done in the zebrafish, I, together with Zoltan Raics
(Software engineer, SENS Software Ltd), established a visual stimulus paradigm which
allowed us to experimentally test this hypothesis in awake mice. The results from this
study were recently accepted for publication in Current Biology with myself as shared co-

first author and are publicly accessible in our preprint (Rasmussen et al., 2020b).

5.1 Brief introduction

The movement of animals through an environment generates global patterns of visual
motion on the retina, known as optic flow. Different locomotor behaviors trigger distinct
patterns of optic flow, which provide visual feedback about self-motion relative to the
environment: forward and backward movements cause translational optic flow, while
turning causes rotational optic flow. Yet, how such optic flow patterns are encoded by
the activity of neurons in the mouse cortex remains unknown.

As put forward in Chapter 4, ON-OFF DS cell ensembles may contribute to self-
motion representations in the PPC by analyzing optic flow patterns experienced during
locomotion (Rasmussen and Yonehara, 2020; Sabbah et al., 2017), however, this
hypothesis has thus far not been tested. In this work, we addressed two main questions:
Does the mouse visual cortex contain neurons encoding translational and rotational optic
flow? and, does signaling from retinal DS cells contribute to such cortical optic flow

representations?

5.2 Brief methods

For this project we employed a number of experimental techniques, which I will here
briefly summarize. For binocular animals to reliably detect and distinguish optic flow
patterns, the brain must integrate motion signals from each eye. Thus, and central to
this study, we adopted a stimulus protocol that allowed us to test the full horizontal
motion repertoire (Kubo et al., 2014). This protocol consisted of eight conditions, in
which moving gratings were first presented to one eye at a time, and then presented to

both eyes, simulating the rotational and translational optic flow that the mouse would
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experience during natural locomotion. To test the contribution of retinal horizontal
direction selectivity, we again used the Frmd7™ mice (Yonehara et al., 2016) (Chapter 2,
Figure 6). To identify visual cortical areas we used intrinsic signal optical imaging
(Juavinett et al., 2016), and to monitor the responses of individual neurons, we
transfected the visual cortex with GCaMP6 and recorded changes in fluorescence
intensity using two-photon imaging in awake mice. We mapped the activity of thousands
of layer 2/3 neurons in areas V1, RL, A, PM, and AM, which allowed us to investigate
optic flow-related response differences between wild-type mice and mice with disrupted

retinal direction selectivity.

5.3 Main findings

This study offers four main findings concerning how distinct optic flow patterns are
encoded by neurons in the visual cortex. First, we found neurons with response
selectivity to translational or rotational optic flow in all imaged areas, but areas RL and
A were especially enriched with these neurons. Second, neurons suppressed by binocular
motion, yet responsive to monocular motion, were found in all areas, but were
particularly abundant in V1. Third, the proportions of translation-selective neurons in
V1, and translation-selective and rotation-selective neurons in areas RL and A, but not

t . .
"™ mice. Furthermore, binocular-

in areas AM and PM, were decreased in Frmd7
suppressed neurons were not decreased in Frmd7™ mice in any of the sampled areas.
Fourth, in wild-type mice, cortical areas were functionally segregated based on their
neuronal representations, and areas RL and A exhibited specialization for binocular optic
flow. This functional segregation was notably affected in Frmd7™ mice, and optic flow

representations in areas RL and A became reminiscent of those in V1.

5.4 Reflections and significance

The findings of this work provide several contributions and conceptual advances to the
field. One prominent hypothesis proposes that retinal DS cell ensembles are specialized
for detecting optic flow during self-motion (Sabbah et al., 2017). By establishing a causal
role of retinal horizontal direction selectivity for cortical optic flow processing, our work
provides the first in vivo support for this hypothesis. This result may provide clues about
the behavioral role of retinal direction selectivity. Thus, our findings suggest that a key
function of retinal direction selectivity may be to sense distinct patterns of optic flow
during locomotion, permitting the brain to readily encode the associated self-motion.
Additionally, our results suggest that retinal direction selectivity contributes to the

establishment of functional segregation, and areal specialization between visual cortical
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areas. It is intriguing to speculate whether optic flow-related signaling from ON-OFF DS
cells may be preferentially conveyed to areas RL and A via a specialized subnetwork
similar to what we described in Chapter 3 (Rasmussen et al., 2020a). In parallel, our
findings point to areas RL and A as key nodes for the processing of self-motion-induced
visual information in mice. Interestingly, these areas are extensively interconnected with
somatosensory and motor cortical areas (Gamanut et al., 2018), and area RL processes
multi-sensory information (Olcese et al., 2013). This may spark the hypothesis that
visual self-motion information converges with other complementary sensory modalities,
such as vibro-tactile information, in the PPC, and the output is conveyed to motor areas

to inform and update movement programs during exploratory locomotion.
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Abstract

Locomotion creates various patterns of optic flow on the retina, which provide the observer with information about their
movement relative to the environment. However, it is unclear how these optic flow patterns are encoded by the cortex. Here
we use two-photon calcium imaging in awake mice to systematically map monocular and binocular responses to horizontal
motion in four areas of the visual cortex. We find that neurons selective to translational or rotational optic flow are abundant
in higher visual areas, whereas neurons suppressed by binocular motion are more common in the primary visual cortex.
Disruption of retinal direction selectivity in Frmd7 mutant mice reduces the number of translation-selective neurons in the
primary visual cortex, and translation- and rotation-selective neurons as well as binocular direction-selective neurons in
the rostrolateral and anterior visual cortex, blurring the functional distinction between primary and higher visual areas.
Thus, optic flow representations in specific areas of the visual cortex rely on binocular integration of motion information

from the retina.

Introduction

The action of moving through an environment produces patterns
of visual motion, known as optic flow, on the retina, which animals
rely on to guide their behavior. Animal locomotion is largely de-
scribed by a combination of forward-backward movements and
left-right turning. Forward and backward movements induce
translational optic flow (nasal-to-temporal or temporal-to-nasal
motion in both eyes, respectively) whereas turning induces rota-
tional optic flow (nasal-to-temporal motion in one eye and tem-
poral-to-nasal in the other) (Fig. 1a). However, despite the increas-
ing use of mice to study vision, it is unknown how these distinct
optic flow patterns are encoded by the rodent cortex.

An extensive body of research has shown that neurons resid-
ing in brain areas involved in optic flow processing have complex
receptive fields, often receive binocular inputs, and respond to
both translational and rotational optic flow stimuli. Examples in-
clude the fly lobula plate (involved in course control)l2, the
zebrafish pretectal nuclei34, the avian and mammalian accessory
optic system (involved in gaze stabilization)56, and both the dor-
somedial region of the medial superior temporal area and poste-
rior parietal cortex (PPC) of monkeys (involved in spatial naviga-
tion)7-9. The mouse visual cortex contains a primary visual cortex
(V1) and more than a dozen distinct higher visual areas (HVAs),
each with unique sensitivities to visual features1011. The V1 re-
ceives retinal inputs via the lateral geniculate nucleus and distrib-
utes functionally specialized signals to different HVAs12-14. Based
on their anatomy, multi-sensory processing, and roles in spatial
navigation, the rostrolateral (RL), anterior (A), and anteromedial
(AM) HVAs are considered part of the PPC in mice15-18, raising the
possibility that they contain neurons sensitive to binocular optic
flow.

In rodents, visual motion computations are not exclusive to the
cortex, and start in the retina. The retina contains mosaic arrange-
ments of direction-selective (DS) cells that preferentially respond
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to motion in one of the four cardinal directions (nasal, temporal,
dorsal, and ventral)19-21, These cells fall into two canonical classes:
ON DS cells (which project to the nuclei of the accessory optic sys-
tem and mediate the optokinetic reflex) and ON-OFF DS cells
(which project to the lateral geniculate nucleus and the superior
colliculus)19.21-23, Interestingly, disruption of horizontal direction
selectivity in the retina impairs monocular motion responses in
layer 2/3 of V1 and the RL area, but not in the posteromedial (PM)
area nor layer 4 of V1, suggestive of a segregated cortical pathway
for processing signals originating from retinal ON-OFF DS
cells1213.2425 An intriguing hypothesis is that information from
ON-OFF DS cells in the left and right eyes is systematically inte-
grated in the cortex to create areas with distinct sensitivity to
translational and rotational optic flow patterns21.26. However, this
has yet to be experimentally tested, and the cortical areas that
might combine optic flow information from the left and right eyes
remain unknown.

Here we systematically map the responses of individual neu-
rons across the visual cortex using two-photon calcium imaging
during monocular and binocular optic flow stimulation in awake
mice. We test the contribution of retinal DS cells using Frmd7 mu-
tant (Frmd7tm) mice, in which retinal horizontal direction selectiv-
ity is disrupted32427, Qur data demonstrate that the mouse visual
cortex contains an abundance of neurons that encode translational
or rotational optic flow. Furthermore, our results suggest that in-
formation from retinal DS cells in each eye is integrated in the cor-
tex as early as in V1, where it establishes response selectivity to
backward translational optic flow, but that binocular retinal DS
signaling for establishing selectivity to rotational optic flow is first
integrated in the higher areas RL and A. Conversely, our finding
that neurons suppressed by binocular motion and robustly acti-
vated by monocular motion are not impaired by disruption of ret-
inal direction selectivity, supports the hypothesis that retinal ON-
OFF DS cell mosaics are specialized for detecting translational and
rotational optic flow rather than local motion2é.
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Fig. 1 | Discrete neuronal responses to motion stimuli can be imaged in the visual cortex of awake mice. a, Diagram illustrating optic flow
patterns induced by self-motion. Forward and backward movements induce translational optic flow (left), and leftward and rightward turns induce
rotational optic flow (right). Blue arrows indicate the dominant apparent motions in the visual space surrounding the mouse; gray dotted arrows
indicate direction of locomotion. b, Diagram of the visual stimulus setup. Spherically-corrected gratings moved in either nasal (N) or temporal (T)
directions (10 or 40 °/s with 0.03 cycles/°). The stimulus was not displayed in the binocular visual field (frontal 40°) to ensure stimulation of only the
monocular visual fields. Imaging was performed in the visual cortex of the left hemisphere. ¢, Visual field sign map obtained with intrinsic signal
optical imaging showing the location of visual cortical areas. d, Left: two-photon imaging was performed from identified visual cortical areas. Right:
example image of GCaMP6f-expressing neurons in layer 2/3 of V1. e, Example trial-averaged fluorescence intensity (AF/F) time courses for the
neurons highlighted in (d) in response to monocular and binocular motion. Error bars are mean + s.e.m. f, Tuning curves of the neurons in (e). Error
bars are mean + s.e.m. g, Left: map of all 256 regressors. Right: response matrix of the tuning curves for all consistently-responsive V1 neurons. h,
Regressor profiles and tuning curves for V1 neurons assigned to functional groups within the simple, translation- or rotation-selective, and binocular-
suppressed response classes. MoDS, monocular DS; BiDS, binocular DS; FT, forward translational; BT, backward translational; CR, contraversive
rotational; IR, ipsiversive rotational.

Results (forward and backward) optic flow that the mouse would experi-
ence during locomotion (Fig. 1a,b; see Methods). To unambigu-
ously probe the interaction of left and right retinal information in
the cortex, the stimuli were presented only to the monocular vis-
ual fields and not to the frontal binocular visual field (Fig. 1b). Our
stimulus protocol did not trigger the optokinetic reflex (Extended
Data Fig. 2), likely due to the use of a low spatial frequency30.

Discrete neuronal responses to monocular and binocular mo-
tion stimuli can be imaged in the visual cortex of awake mice.
To identify individual areas of mouse visual cortex, we used intrin-
sic signal optical imaging!328. We first generated visual field sign
maps from retinotopic maps, allowing us to identify V1 as well as
the higher areas RL, A, AM, and PM (Fig. 1c and Extended Data Fig.
1). We chose to combine areas RL and A (RL/A), as these areas
could not be not clearly distinguished from each other in our da-
taset10.29, For binocular animals to reliably detect different optic
flow patterns, the brain must integrate motion signals from each
eye. We therefore investigated the neuronal responses underlying
binocular optic flow processing by presenting moving gratings to
mice using a stimulus protocol that tests the repertoire of horizon-
tal motions3. The eight stimulus conditions in the protocol were
generated by presenting gratings moving in a nasal or temporal
direction to one eye at a time, and then to both eyes to simulate the
rotational (ipsiversive and contraversive) or translational

The tuning properties of individual layer 2/3 neurons were
characterized in awake mice by transfecting cortical neurons with
the genetically encoded calcium sensor GCaMP6f and measuring
changes in two-photon fluorescence during stimulus presentation
(Fig. 1d,e). A typical field of view contained ~100-150 neurons,
and somatic calcium responses showed diverse, but consistent,
patterns, depending on the eye being stimulated and the direction
of motion (Fig. 1e). Tuning curves for individual neurons were
generated by plotting trial-averaged fluorescence changes as a
function of stimulus conditions (Fig. 1f). We systematically classi-
fied neurons into distinct types according to their tuning curves
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using regressor-correlation analysis3. First, we generated a regres-
sor map consisting of all possible all-or-none response combina-
tions to the eight stimulus conditions, which resulted in 256 pro-
files (Fig. 1g; see Methods). Next, the tuning curve for each neuron
was assigned to the regressor with the highest correlation (Ex-
tended Data Fig. 3). All tuning curves had high correlations with
their assigned regressor (mean correlation coefficient, 0.91 + 0.05,
n=26712 neurons from 17 mice). These data confirm that we can
reliably elicit responses to monocular and binocular motion stim-
uli in the visual cortex of awake mice and also robustly classify
neurons into discrete response types.

The RL/A area of the visual cortex is enriched with optic flow-
selective neurons. We sought to investigate the response speci-
ficity of visual cortex neurons by sampling thousands of consist-
ently-responsive neurons in multiple areas of the visual cortex of
nine mice (30101in V1, 4165 in RL/A, 4006 in AM, and 3059 in PM;
Supplementary Table 1) and assigning them to regressors (Fig. 1g
and Extended Data Fig. 4). To characterize the monocular and bin-
ocular optic flow coding properties of these neurons, we initially
focused on three response classes: simple, translation- or rotation-
selective3, and binocular-suppressed. The simple class comprised
three groups that were characterized by their direction selectivity:
monocular DS, binocular DS, and non-DS neurons (Fig. 1h). Trans-
lation- and rotation-selective neurons comprised four groups that
were characterized by their response selectivity to either forward
translational, backward translational, contraversive rotational, or
ipsiversive rotational optic flow (Fig. 1a,h). Binocular-suppressed
neurons were characterized by a suppressed response during bin-
ocular motion stimulation and were further divided according to
their DS or non-DS responses to monocular motion (Fig. 1h; see
Methods).
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For all visual cortical areas, we counted neurons assigned to
each regressor and ranked regressors according to their frequency
(Fig. 2a and Extended Data Fig. 3). Interestingly, in contrast to pre-
vious work in zebrafish3, the most abundant neurons in V1 were
binocular-suppressed neurons, which have been described in the
primate V131, These neurons constituted as much as 38.6% of V1
neurons and 50% of the 10 most frequent regressors (Fig. 2a). In
contrast, simple and translation- or rotation-selective neurons
constituted only 8.8% and 19.7% of all responsive neurons, re-
spectively (Fig. 2a). Neurons that could not be assigned to these
three classes were considered unclassified and not investigated
further.

The abundance of neuronal classes was different in the HVAs
(Fig. 2a). Translation- or rotation-selective neurons were the most
abundant response class in the RL/A area (24% of neurons, corre-
sponding to 50% of the 10 most frequent regressors), whereas
simple and binocular-suppressed neurons comprised only 2.5%
and 14.8% of neurons, respectively. In area AM, translation- or ro-
tation-selective neurons were again abundant and simple neurons
sparse (22.9% and 4% of neurons, respectively), but there was a
higher proportion of binocular-suppressed neurons than in the
RL/A area (17.8%). The PM area was characterized by an equal
proportion of translation- or rotation-selective and binocular-sup-
pressed neurons, constituting 24.4% and 25.3% of neurons, re-
spectively (Fig. 2a).

These data establish that different areas of mouse visual cortex
contain distinct distributions of monocular and binocular optic
flow-encoding neurons. In particular, the RL/A area is enriched
with neurons encoding translational and rotational optic flow,
whereas V1 is enriched with neurons activated by monocular mo-
tion but suppressed by binocular motion.
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Retinal direction selectivity contributes to binocular optic
flow processing in V1 and RL/A. To determine whether retinal
direction selectivity contributes to the processing of optic flow in
the visual cortex, we repeated our neuronal mapping in Frmd7m
mice, which lack horizontal direction selectivity in the ret-
ina13242527, Consistently-responsive neurons were sampled in dif-
ferent areas of the visual cortex of eight mice (2925 in V1, 3125 in
RL/A, 3375 in AM, and 3047 in PM; Supplementary Table 1). This
revealed a difference in the overall distribution of response classes
in certain areas of Frmd7tm mice compared to wild-type mice (Fig.
2a,b), which prompted us to examine the effects of direction selec-
tivity on the proportions of monocular- and binocular-responsive
neurons in each response class (Fig. 3a-d). In V1, the proportions
of monocular DS and backward translation-selective neurons
were reduced in Frmd7 mice (Fig. 3a). More strikingly, all groups
of translation- or rotation-selective neurons, as well as binocular
DS neurons, were reduced in the RL/A area of Frmd7tm mice (Fig.
3b). In the AM area, only monocular and binocular DS neurons
were reduced (Fig. 3c). The proportion of DS and non-DS binocu-
lar-suppressed neurons was increased in both RL/A and AM areas
of Frmd7tm mice (Fig. 3b,c). Finally, none of the nine functional
groups were significantly altered in the PM area of Frmd7tm mice
(Fig. 3d), underscoring previous work showing that motion pro-
cessing in the PM area is independent of retinal DS signaling!3.
Together, these data show that simple and translation- or ro-

tation-selective responses, but not binocular-suppressed
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responses, are impaired by disrupting retinal direction selectivity.
Furthermore, we conclude that retinal direction selectivity con-
tributes to binocular optic flow responses in the V1 and RL/A ar-
eas of the visual cortex.

Retinal direction selectivity establishes functional segrega-
tion between V1 and RL/A. Individual HVAs form distinct sub-
networks, each of which represents a different information
stream103233, We sought to find out how visual cortical areas are
functionally organized with respect to their composition of optic
flow-sensitive neurons, and if retinal direction selectivity is in-
volved in creating such an organization. To probe this, we used the
mean proportion of neurons in our nine functional groups to cre-
ate an optic flow fingerprint for each visual area in wild-type and
Frmd7tm mice, then performed hierarchical clustering (Fig. 4a) and
correlation analyses (Fig. 4b; see Methods).

Hierarchical segregation (Fig. 4a) and a weak correlation be-
tween optic flow representations (mean correlation coefficient,
0.89 + 0.03; Fig. 4b) were evident between the cortical areas of
wild-type mice. In particular, V1 was separated from the RL/A, AM,
and PM areas, suggesting functional specialization between V1 and
the HVAs!0. In addition, the PPC areas (RL/A and AM) branched
early from V1 and PV, indicating that the PPC has a distinct role in
optic flow processing (Fig. 4a). In contrast, there was little
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hierarchical segregation, and more correlated optic flow represen-
tations, between visual areas in Frmd7m mice (mean correlation
coefficient, 0.96 + 0.007; Fig. 4a,b). Notably, optic flow responses
in area RL/A were remarkably similar to those in V1 in Frmd7m
mice (correlation coefficient, 0.75 and 0.99, for wild-type and
Frmd7tm mice, respectively; P < 0.01, Fischer’s transformation, n =
9 proportion values; Fig. 4b), abolishing any functional segrega-
tion between these areas. In contrast, the PM area of both wild-
type and Frmd7tm mice appeared on the same branch (Fig. 4a), sup-
porting the notion that motion processing in this area is independ-
ent of retinal direction selectivity.

To further investigate area specialization, we assessed the pro-
portion of monocular- versus binocular-driven functional groups
within each visual area and quantified the relationship with a se-
lectivity index (Fig. 4b; see Methods). In wild-type mice, the bias
towards monocular or binocular motion differed between visual
areas to the extent that RL/A emerged as a specialized area for bin-
ocular optic flow processing (binocular optic flow index, -0.39 for
V1, 0.21 for RL/A, 0.059 for AM, and -0.11 for PM; Fig. 4b). In con-
trast, this functional diversity was absent in Frmd7tm mice, and
monocular-driven neurons were overrepresented across the vis-
ual areas (binocular optic flow index, -0.38 for V1, -0.44 for RL/A,
-0.18 for AM, and -0.19 for PM; Fig. 4b).

From these data we conclude that retinal direction selectivity
contributes to functional segregation and response specialization
between the different areas of the visual cortex in wild-type mice.
The most striking effect of retinal direction selectivity disruption
in Frmd7 mice is the transformation of optic flow responses in
the RL/A area into V1-like responses, indicating a specific role for
the RL/A area in binocular integration of motion information
originating from retinal DS cells.

Discussion

Our study provides four major insights into the functional organi-
zation of optic flow processing in the visual system of mice. First,
translation- and rotation-selective neurons are abundant in areas
RL/A, AM, and PM, whereas neurons suppressed by binocular mo-
tion are common in V1. Second, translation-selective neurons in
V1, and translation- and rotation-selective neurons in the RL/A
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but not AM and PM areas, rely on direction selectivity that is com-
puted in the retina. Third, binocular-suppressed neurons, which
would be efficiently activated by monocularly-restricted “local”
motion but suppressed by self-motion-induced optic flow, do not
rely on retinal direction selectivity. Fourth, retinal direction selec-
tivity contributes to the functional segregation of optic flow re-
sponses between V1 and RL/A. Our results, therefore, demon-
strate a causal link between retinal motion computations and optic
flow representations in specific areas of the visual cortex. Further-
more, they establish a critical role for retinal direction selectivity
in the cortical processing of whole-field optic flow, rather than lo-
cal motion, thereby answering a previously proposed hypothe-
Sis26,

The altered optic flow representations in Frmd7tm mice imply
potential functional circuits to link retinal horizontal DS cells and
cortical layer 2/3 neurons with distinct optic flow response pref-
erences (Fig. 5). Our results suggest that information from retinal
DS cells, tuned to motion in either the nasal or temporal direction,
is propagated to layer 2/3 of the contralateral V1, where it contrib-
utes to establishing monocular DS responses tuned to horizontal
motion. In turn, a fraction of backward translation-selective re-
sponses in V1 are likely synthesized from these monocular DS in-
puts, converging from V1 in both hemispheres via interhemispher-
ically-projecting neurons3+4. In addition, a fraction of rotation-se-
lective responses in area RL/A are likely synthesized from monoc-
ular nasal- and temporal-motion-preferring DS inputs converging
from V1 in the same and opposite hemisphere, respectively. These
hypotheses could be tested by functionally characterizing the pre-
synaptic network of individual translation- or rotation-selective
neurons using rabies virus-based trans-synaptic tracing3536. Our
data also suggest that translation- and rotation-selective neurons
in V1 and RL/A are suppressed by visual motion in non-preferred
directions on either retina (Fig. 5). Such response suppression
could be mediated by inhibitory monocular DS neurons or inhibi-
tory interneurons activated by excitatory monocular DS neurons.
Future studies could clarify this by genetically assigning imaged
neurons into excitatory and inhibitory cell types.

Our results also offer insights into the cortical pathways that
process visual motion independently of direction selectivity com-
puted in the retina. Our analyses reveal that neuronal responses
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suppressed by binocular motion are common in V1 and HVAs, and
that these do not rely on retinal direction selectivity. This suggests
that the V1 circuitry associated with binocular-suppressed neu-
rons is functionally segregated from the circuitry processing reti-
nal direction selectivity!213.2425, Interestingly, the majority of bin-
ocular-suppressed neurons in V1 had a preference for motion in
the ipsilateral eye (Fig. 1h), suggesting that these neurons may
combine the following two distinct types of input: 1) DS or non-DS
excitatory inputs originating from non-DS cells in the ipsilateral
eye, via interhemispherically-projecting neurons in the contrala-
teral V1; and 2) non-DS inhibitory inputs driven by the activity of
the contralateral eye. Our analyses also detected retinal DS cell-in-
dependent binocular optic flow responses in layer 2 /3 of the visual
cortex (Fig. 3b). Prior work in monkeys showed that binocular-
suppressed and binocular-facilitated responses of monocular V1
neurons can be observed in the main visual input layer (layer 4)31.
In mice, one form of de novo direction selectivity emerges in layer
437. Hence, it is plausible that retinal direction selectivity-inde-
pendent forms of binocular-suppressed and binocular-facilitated
DS responses may arise in layer 4 from binocular interactions of
DS signals originating from cortically-computed direction selectiv-
ity. This idea is consonant with a previous study in mice demon-
strating thatlayer 4 neurons in V1 generate directionally-tuned re-
sponses independent of inputs from retinal DS cells13.
Accumulating evidence suggests that areas RL and A are part
of the PPC in micel5-18 — a key nexus of sensorimotor integration
thatis involved in decision-making during spatial navigation3s, the
encoding of body posture39, global motion analysis4041, and repre-
sentations of spatial information42. Intriguingly, more than 50% of
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neurons in the RL area are multi-sensory in mice; integrating both
tactile and visual sensory inputs#3. To advance our understanding
of the behavioral function of area RL/A, it will thus be important
to determine whether translation- and rotation-selective neurons
display multi-sensory representations of self-motion (for example,
whether they encode the direction of whisker deflections). More-
over, identifying the specific projection targets of these neurons
might provide insight into how sensory self-motion information
feeds into, for example, neuronal circuits for movement control.
We speculate that area RL/A, as defined in our experiments, may
be the functional correlate of the ventral intraparietal area of the
PPC in monkeys, where multi-sensory representation of self-mo-
tion is utilized for goal-directed movements#4. Thus, an intriguing
question that emerges from our results is whether responses to
binocular optic flow in the PPC of monkeys rely on retinal direction
selectivity, as they do in the RL/A area in mice. A first step towards
addressing this would be to determine whether retinal DS cells ex-
ist in non-human primates; making it possible to define common
principles of visual motion processing as well as the modifications
that have occurred throughout the course of evolution.
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Methods

Mice. All experimental procedures were approved by the Danish National Animal Experiment Committee (2020-15-0201-00452) and
were performed in compliance with the Guide for the Care and Use of Laboratory Animals. Wild-type mice (C57BL/6]) were obtained
from Janvier Labs. Frmd7:m mice were homozygous female or hemizygous male Frmd7:mib(KoMP)W:si mice, obtained as Frmd7tmia(KoMP)Wtsi
from the Knockout Mouse Project (KOMP) Repository2427: Exon 4 and the neo cassette flanked by loxP sequences were removed by cross-
ing with female Cre-deleter Edil3Tg(Sox2-cre)iAme/} mice (The Jackson Laboratory: stock 4783), as confirmed by PCR of genome DNA, and
maintained in a C57BL/6] background. Experiments were performed on 9 male and female wild-type mice, and 8 female and male
Frmd7tm mice. All mice were 12-18 weeks old during imaging experiments. Mice were kept on a reversed 12 h dark/light cycle and housed
in groups of up to four littermates per cage.

Chronic cranial windows. Mice were anaesthetized with an intraperitoneal injection of a Fentanyl (0.05 mg/kg body weight; Hameln),
Midazolam (5.0 mg/kg body weight; Hameln), and Medetomidine (0.5 mg/kg body weight; Domitor, Orion) mixture. To prevent neural
edema during or after surgery, dexamethasone (0.2 mg/kg body weight; Dexium, Bimeda) was injected subcutaneously. Body tempera-
ture was maintained using a feedback-controlled heating pad (ATC2000, World Precision Instruments) and eyes were protected from
dehydration with eye ointment (Viscotears, Novartis). The scalp overlying the skull was removed, and a custom head-fixing imaging head-
plate, with a circular 8 mm diameter opening, was mounted using a mixture of cyanoacrylate-based glue (Super Glue Precision, Loctite)
and dental cement (Jet Denture Repair Powder). The center of the head-plate was positioned above V1 (stereotaxic coordinates: 2.5 mm
lateral, 1 mm anterior of lambda). A 5 mm craniotomy was made in the center of the head-plate. After removing the skull flap, the cortical
surface was kept moist with Ringer’s solution (in mM): 110 NaCl, 2.5 KCl, 1 CaClz, 1.6 MgClz, 10 glucose, and 22 NaHCOs. A 5 mm glass
coverslip (0.15 mm thickness, Warner Instruments) was placed onto the brain to shield and gently compress the underlying cortex. The
cranial window was sealed using a cyanoacrylate-based glue (Super Glue Precision, Loctite) mixed with black dental cement (Jet Denture
Repair Powder mixed with iron oxide powdered pigment), to prevent light contamination from the visual display. In addition, a black O-
ring was mounted on top of the head-plate to further prevent any light contamination during imaging. Mice were administered subcuta-
neous analgesia (0.1 mg/kg body weight; Temgesic, Indivior) and returned to their home cage after anesthesia was reversed with an
intraperitoneal injection of a Flumazenil (0.5 mg/kg body weight; Hameln) and Atipamezole (2.5 mg/kg body weight; Antisedan, Orion
Pharma) mixture.

Virus injections. Mice were anesthetized with an intraperitoneal injection of a Fentanyl (0.05 mg/kg body weight; Hameln), Midazolam
(5.0 mg/kg body weight; Hameln), and Medetomidine (0.5 mg/kg body weight; Domitor, Orion) mixture. To prevent neural edema during
or after the surgery, dexamethasone (0.2 mg/kg body weight; Dexium, Bimeda) was injected subcutaneously. Three small 0.4 mm diam-
eter craniotomies were made and ~100-150 nL AAV2/1-Syn-GCaMP6f-WPRE (2.13 x 1013 vg/ml, Penn Vector Core #AV-1-PV2822)
slowly injected (5 min/injection) at a depth of ~275 um below the dura. Injections were made using a borosilicate glass micropipette (30
um tip diameter) and a pressure injection system (Picospritzer IlI, Parker). The micropipette was advanced at a 20° angle relative to
vertical to minimize compression of the brain. To prevent backflow during withdrawal, the micropipette was kept at the injection site for
10 min before it was slowly retracted. The skin was sutured shut and postoperative analgesia was administered subcutaneously (0.1
mg/kg body weight; Temgesic, Indivior). Mice were returned to their home cage after anesthesia was reversed with an intraperitoneal
injection of a Flumazenil (0.5 mg/kg body weight; Hameln) and Atipamezole (2.5 mg/kg body weight; Antisedan, Orion Pharma) mixture.

Intrinsic signal retinotopic mapping. Before two-photon calcium imaging, cortical visual areas of each mouse were identified by intrin-

sic signal optical imaging as previously described13. Mice were anesthetized with isoflurane (2-3% induction) and head-fixed in a custom
holder. Chlorprothexine was administered intraperitoneally (2.5 mg/kg body weight; Sigma) as a sedative33, and isoflurane reduced to
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0.5-1% during visual stimulation. Core body temperature was maintained at 37-38 °C using a feedback-controlled heating pad
(ATC2000, World Precision Instruments). The stimulated contralateral eye was kept lubricated by a thin layer of silicone oil. A 2x air-
objective (Olympus, 0.08 NA) was mounted on our Scientifica VivoScope, equipped with a CMOS camera (HD1-D-D1312-160-CL-12, Pho-
tonFocus). The camera was connected to a Matrox Solios (eCL/XCL-B) frame-grabber via Camera Link. The microscope was defocused
400-600 um down from the pial surface, where intrinsic signals were excited using a red LED (KL1600, Schott) delivered through a 610
nm long-pass filter (Chroma). Reflected light was captured through a 700 + 50 nm band-pass filter (Chroma) positioned in front of the
camera, and images were collected at 6 frames per second. The 47.65 x 26.87 cm (width x height) display was angled 30° from the midline
of the mouse and the perpendicular bisector was 10 cm from the bottom of the display, centered on the display left to right, and 10 cm
from the eye13.28, This resulted in a visual field coverage from -41.98° to 60.77° (total 102.75°) in elevation, and from -67.23° to 67.23°
(total 134.46°) in azimuth. Retinotopic maps were generated by sweeping a spherically corrected (https://labrig-
ger.com/blog/2012/03/06/mouse-visual-stim/) full-field bar across the display. The bar contained a flickering black-and-white check-
erboard pattern on a black background. The width of the bar was 12.5° and the checkerboard square size was 25°. Each square alternated
between black and white at 4 Hz. In each trial, the bar was drifted ten times in each of the four cardinal directions, moving at 8-9 °/s.
Usually, two to four trials resulted in well-defined retinotopic maps. From the raw image data, we used the response time course for each
pixel and computed the phase and magnitude of the Fourier transform at the visual stimulus frequency#5. The phase maps were then
converted into retinotopic coordinates from the geometry of our setup. From this, we identified visual area borders based on the visual
field sign maps and superimposed those borders with the anatomical blood-vessel images to accurately localize visual cortical areas.

Two-photon calcium imaging. Imaging was initiated two weeks after virus injections. Mice were awake during all imaging sessions as
previously described?!3. To habituate mice to handling and the experimental conditions, one week after cranial window implantation, each
mouse was head-fixed onto the imaging stage with its body restrained in a cylindrical cover, reducing struggling and overt body move-
ments!3. The habituation procedure was repeated for at least three days for each mouse at durations of 15, 30, and 60 min on days one,
two, and three, respectively. At the end of each session, mice were rewarded with chocolate paste. Imaging session lasted 1-2 hours. The
area targeted for two-photon imaging was localized by previous intrinsic signal optical imaging. Imaging was performed from layer 2/3,
120-275 pm below the dura, using a Scientifica VivoScope with a 7.9 kHz resonant scanner running SciScan, and with dispersion-com-
pensated 940 nm excitation provided by a mode-locked Ti:Sapphire laser (MaiTai DeepSee, Spectra-Physics) through an Olympus 25x
(1.05 NA) objective. The emitted fluorescence photons were reflected off a dichroic mirror (525/50 nm) and collected using a GaAsP
photomultiplier tube (Scientifica). Clear ultrasound gel (NeurGel, Spes Medica) was used as immersion medium. To prevent light leakage
from the visual stimulation, the objective was shielded with black tape, in addition to the O-ring mounted on top of the head-plate, and
black cloth covered the microscope. Average excitation laser power varied from 40 to 65 mW. Images had 512 x 512 pixels, at 0.2 pm per
pixel, and were acquired at 30.9 Hz using bidirectional scanning. We observed no sign of GCaMP6f bleaching during experiments. Each
mouse was imaged repeatedly over the course of 2-3 weeks.

Visual stimulus for two-photon calcium imaging. For visual stimulation during two-photon calcium imaging experiments, two 47.65
x 26.87 cm (width x height) displays were angled 30° from the midline of the mouse on the left and right side; each display subtending
115.61° in azimuth and 80.95° in elevation (Fig. 1b). The visual stimulus protocol employed was adapted from a previous study3. Full-
field vertical sinusoidal gratings (100% contrast; spatial frequency of 0.03 cycles/°) with a spherical correction to simulate projection
onto a virtual sphere moved horizontally at speeds of 10 or 40 °/s. The horizontal transition consisted of eight separate conditions (6 s
each, interspersed with 4 s of gray screen between conditions): 1) left nasal, 2) left temporal, 3) right nasal, 4) right temporal, 5) contra-
versive, 6) ipsiversive, 7) forward, 8) backward. Conditions 1-4 and were thus monocular, and conditions 5-8 binocular, simulating the
rotational and translational optic flow experienced during turning and straight movements, respectively. The sequence of eight conditions
was repeated in six trials. The mouse’s binocular visual field (central 40°) did not contain the visual stimulus, to ensure only stimulation
of the monocular visual field#.

Eye movement tracking. In a subset of experiments, we tracked eye movements in awake mice during presentation of our visual stim-
ulus protocol (Extended Data Fig. 2). We employed an eye-tracking system developed in our laboratory and recently described in detail47.
Briefly, a small 45° hot mirror was aligned above a CCD camera (Guppy Pro F-031, AlliedVision) lateral to the position of the mouse. The
camera was positioned below the visual field. Behind the visual stimulus display, a near-infrared light source (SLS-02082-B, Mightex
Systems) was angled at 45° to illuminate the recorded eye. The camera was connected to a PC via a dedicated frame grabber (FIW62,
ADLINK) and images were collected at ~65 frames per second. Using the eye-tracking software, EyeLoop, images were processed, and
pupil and corneal reflection coordinates were computed#4’. From these, the angular eye coordinates (x and y) were calculated4’. Horizontal
eye speed was obtained by taking the first derivative of the horizontal eye coordinates (Vx and Vy), and low pass filtering Vx and Vy with
a 1 s moving average filter25. Saccades were identified as events with a speed > 20 °/s. Stimulus-triggered horizontal eye speed and
saccade rate traces were obtained by averaging over all trials.

Preprocessing of two-photon calcium imaging data. Imaging data were excluded from analysis if motion along the z-axis was detected.
Raw two-photon imaging movies were corrected for in-plane motion using a piecewise non-rigid motion correction algorithm imple-
mented in MATLAB (Mathworks)48. To detect regions of interest (ROIs) we used the MATLAB implementation of Suite2p#9. ROIs were
automatically detected using the motion-corrected frames and afterwards manually curated using the Suite2p graphical user interface.
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From the motion-corrected movies and detected ROIs, we extracted the fluorescence time courses within each ROI. To correct the calcium
traces for contamination from the surrounding neuropil, we also extracted the fluorescence of the surrounding neuropil for each ROL The
time series of the neuropil decontaminated calcium trace, F4(t) , was described by:

Fa(t) = F() — a x N(t)

where F(t) is the somata calcium trace, N(t) is the neuropil trace, and a is the contamination factor. The contamination factor was deter-
mined for each ROI as previously#°. Briefly, F and N traces were first low pass filtered using the 8th percentile in a 180 s moving window,
yielding F¢ and N, respectively. These were then used to establish F¢(t) = F(t) — Fg(t) and N¢(t) = N(t) — Ng(t). Ff and N¢ were then
used to determine a as previously described49.50. Using the neuropil decontaminated calcium trace, baseline calcium fluorescence, was
computed for each stimulus condition as the mean during the pre-stimulus period 1°. Fluorescence values were then converted to relative
change compared to baseline according to: AF/F = (Fyq — F)/F, where Fj is the instantaneous neuropil decontaminated calcium trace and
F is the baseline calcium fluorescence. The mean neuronal responses were computed as the average response during the visual stimulus,
and the mean and standard deviation across trials for each stimulus condition was computed for each neuron. To identify neurons for
further in-depth analysis we used three inclusion criteria: 1) Neurons were defined as visually responsive if their mean AF /F to the pre-
ferred stimulus condition exceeded 10%; 2) A response reliability index, §, was computed for each neuron as:

_ Hpref — Hblank
0-pref + Oblank

where i, and 0y, are the mean and standard deviations of the response to the preferred stimulus condition respectively, and ppjank
and opank are the mean and standard deviations of the response to a blank stimulus respectively0. Neurons with 8§ exceeding 0.6 were
defined as reliable; and 3) A signal-to-noise ratio (SNR) was computed for each neuron as:

SNR = Hpref

Hsp

where prf is the mean of the response to the preferred stimulus condition and pgp is the mean of the standard deviation of the fluores-
cence trace during the baseline period (0.5 s before stimulus onset) for each trial51. Neurons with SNR exceeding 0.5 were defined as
robustly responding. Only neurons that fulfilled all inclusion criteria at both stimulus speeds were included for further analysis proce-
dures.

Response profile classification. In order to classify the response of individual neurons into separate functional groups, representing
distinct response profiles, we employed regression analysis similar to previously described3. First, we summarized the response of each
neuron by a tuning curve, including the mean AF/F for each of the eight stimulus conditions. We compiled this tuning curve for both
stimulus speeds, and we determined the speed in which the highest mean AF/F was evoked; noted as the preferred speed of the neuron.
By considering the response selectivity of a neuron to the eight stimulus conditions, we assumed that the response profile regressors
could be described by an indicator function, R, as follows:

1 ifresponsive to x

Re) = {0 if not responsive to x

where x is the stimulus condition, and 28 (i.e. 256) possible regressors exist for R (Fig. 1g). These 256 regressors correspond to the pos-
sible response combinations from the monocular and binocular stimulations in the nasal and temporal directions. For each neuron we
then computed the linear Pearson’s correlation for its tuning curve at the preferred speed against each of the 256 regressors and deter-
mined the regressor with the highest correlation. All neuronal tuning curves had high correlation with its assigned response regressor
(mean correlation coefficient, 0.91 * 0.05, n = 26712 neurons from 17 mice). The response regressors were functionally described using
a MATLAB implementation of the Quine and McCluskey algorithm (https://www.mathworks.com/matlabcentral/fileexchange/37118-
mintruthtable-tt-flags), in which the Boolean functions were minimized to find the logical function for each response profile that use only
a small number of logical operations3. Here, we focused on the simple (MoDS: regressors IDs, 75, 43, 61, 56; BiDS: 194, 206, 193, 211; and
non-DS: 234, 247, 256), binocular-suppressed (DS: 6, 7, 8, 9; and non-DS: 24, 37), and translation-selective or rotation-selective (FT: 32,
17, 80, 3; BT: 25, 20, 68, 2; CR: 33, 22, 85, 4; and IR: 28, 19, 67, 5) response classes (Fig. 1h and Extended Data Fig. 4). The simple and
translation- or rotation-selective response classes are responsive to both monocular and binocular motion stimulation, and these were
identified and described in detail previouslys3. In this work, we identified the binocular-suppressed response class, characterized by only
responding to monocular motion stimulation, in a DS or non-DS manner. The binocular-suppressed functional groups (regressor IDs)
were described by the following Boolean logical operations:

#6 = (=NL N NR) n (=TR N NR)
#7 = (=TLNTR) N (TR N =NR)
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#8 = (TL N —TR) N (TL N —NL)
#9 = (NL N =NR) n (=TL N NL)
#24 = (NLNTL) N (~NR N TR)
#37 = (~NL n —TL) n (NR N TR)

where # is the identity of the regressors, and N and T are nasal and temporal motion directions, respectively, and L and R are stimulation
of the left and right eyes, respectively, and — is a logical "NOT” gate operator.

Comparison of response classes and functional groups among visual cortical areas. To examine similarities and disparities in re-
sponse class distributions across visual areas in wild-type and Frmd7tm mice, we performed a hierarchical clustering analysis. For this,
we used the mean proportion of the nine functional groups (simple: MoDS, BiDS, and non-DS; binocular-suppressed: DS and non-DS; and
translation- or rotation-selective: FT, BT, IR, and CR) to create a monocular and binocular motion flow “fingerprint” for each visual area
in wild-type and Frmd7¢m mice. To create a hierarchical cluster tree, we used the linkage function in MATLAB, and visualized the result in
a dendrogram (Fig. 4a). For quantifying similarities and disparities across visual areas within wild-type and Frmd7m mice (Fig. 4b), we
computed Pearson’s correlation coefficients using the motion flow fingerprint of each visual area. To quantify the proportions of monoc-
ular versus binocular functional groups within each visual cortical area, we computed a binocular optic flow index (BOFI). For this, we
determined the proportion of monocular driven (simple MoDS and non-DS, and binocular-suppressed DS and non-DS) and binocular
driven (simple BiDS, and FT, BT, CR, and IR) functional groups, and computed the BOFI as:

% binocular — % monocular

BOFI =
% binocular + % monocular

with a BOFI of 1 indicating that only binocular driven functional groups are represented, while a BOFI of -1 indicates only monocular
driven groups are represented.

Quantification and statistical analysis. To statistically evaluate populational differences in functional groups between wild-type and
Frmd7tm mice, we performed a two-way ANOVA test followed by post hoc comparisons using the two-sided Mann-Whitney U test. To
compare Pearson’s correlation coefficients obtained from two independent samples, i.e. wild-type and Frmd7m mice, we used the
Fischer’s r-to-z transformation and obtained the corresponding two-sided P value. Center and spread values are reported as mean * s.e.m.
We used no statistical methods to plan sample sizes but used sample sizes similar to those frequently used in the field10.1317, Exact n (i.e.
number of animals and neurons) is included in the Result section and Supplementary Table 1. P < 0.05 was considered statistically sig-
nificant, where *P < 0.05 and **P < 0.01. Statistical analyses were carried out in MATLAB.
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6 Final remarks

6.1 Conclusion

The aim of the work presented in this PhD dissertation was to provide answers to the
questions of how direction selectivity computed in the retina contributes to motion
processing in primary and higher-order areas of the visual cortex of mice. The first paper
demonstrates that retinal direction selectivity contributes to the construction of
specialized neuronal responses in the cortical area RL and identifies a cortical processing
stream preferentially conveying signaling from retinal DS cells to this area. The second
paper synthesizes the current literature to form a renewed perspective on the role of
retinal direction selectivity in visual processing by central brain areas. Furthermore, this
review formulates and proposes a concrete hypothesis for how retinal direction selectivity
might be involved in optic flow processing in the PPC. The third paper tests this
hypothesis and establishes that direction selectivity computed in the retina contributes to
the development of area-specific optic flow representations in the visual cortex.
Collectively, the work presented in this dissertation provides novel insights into how
retinal motion computations are causally involved in the establishment of specialized
neuronal responses and motion representations in distinct areas of the visual cortex of
mice. The findings derived from these lines of investigation provide us a mechanistic
understanding of how the brain builds complex visual representations, and underscores

the critical role of processing occurring in the peripheral end of sensory systems.

6.2 Considerations and future directions

This PhD project is only a first step toward a comprehensive description of the role
retinal direction selectivity in visual cortical processing, and much work still remains.
One limitation of the experiments presented in this dissertation is that they were
carried out in stationary mice that were passively exposed to visual stimulation. Neurons
along the visual hierarchy, including in the cortex and thalamus, are not only sensitive to
visual inputs, but their activity is also notably modulated by the ongoing internal brain
state and locomotor activity (Keller et al., 2012; Niell and Stryker, 2010; Polack et al.,
2013; Rasmussen et al., 2019; Roth et al., 2015). With the recent discovery that the
activity of RGCs is likewise state-dependent (Liang et al., 2020; Schroder et al., 2020), it
is intriguing to speculate that the influence of retinal DS cells on motion processing in
downstream brain areas may be modulated by state and behavioral context. Perhaps the

signaling of optic flow-sensing retinal DS cells is elevated during high-arousal states of
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locomotion, in which such visual information seems more salient, in comparison with
periods of low arousal and quiescence. In the future, it will be interesting to investigate
the contextual modulations of the contribution of retinal direction selectivity to cortical
motion processing. Along the same lines, these PhD studies did not directly test the
behavioral role of retina-originating direction selectivity. Based on the results of this
dissertation, I suggest that future work should aim to test the contribution of retinal
direction selectivity to natural behaviors that involve optic flow analysis, such as goal-
directed navigation (Gibson, 1950; Srinivasan et al., 2000; Warren et al., 2001). With the
tools for manipulating retinal DS cells now being readily available (Hillier et al., 2017;
Pei et al., 2015; Shi et al., 2017; Yonehara et al., 2016; Yoshida et al., 2001), in
combination with sophisticated experimental setups which allow the activity of cortical
neurons to be tracked while animals navigate in virtual environments (Harvey et al.,
2012; Keller et al., 2012), this endeavor now seems more tractable than ever.

All recordings of neuronal activity presented in this dissertation relied on two-photon
imaging of genetically encoded calcium indicators. While this technique offers significant
advantages, such as the ability to record repeatedly from hundreds to thousands of
neurons simultaneously, it also has limitations. One of these being that it predominantly
reports changes in neuronal spiking activity and cannot accurately detect subthreshold
membrane potential dynamics (Lin and Schnitzer, 2016), precluding the investigation of
synaptic computations in individual neurons. In the future, it would be truly exciting to
explore the membrane potential properties and synaptic inputs that give rise to
translation- and rotation-selective responses in the visual cortex, and how retinal
direction selectivity influences these computations. These questions could be investigated
using in vivo whole-cell electrophysiological recordings of neuronal membrane potentials
or synaptic currents, which are now feasible to obtain from awake mice (Petersen, 2017).

The work involved in this PhD project studied only the contribution of retinal DS
signaling within the anatomical confines of the visual cortex. In the future, it will be
important to identify where in the brain this retina-originating motion information is
propagated downstream of the visual cortex. One might speculate that, for example, the
optic flow-related signaling of translation- and rotation-selective neurons may be directed
to motor areas in order to update motor programs based on visual feedback concerning
the direction and speed of self-motion. Alternatively, or in parallel, optic flow-related
signaling may be directed to the SC where this self-motion information could be
subtracted in order to robustly detect salient object motions (such as a predator or prey)
during explorative locomotion.

The collected works presented in this dissertation primarily focused on how signaling
from ON-OFF DS cells is conveyed via the retino-geniculate pathway to V1 and HVAs.
However, in the mouse, roughly 85% of RGCs project to the SC of the retino-collicular
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pathway (Ellis et al., 2016), including ON-OFF DS cells (Huberman et al., 2009; Kay et
al., 2011; Kim et al., 2010; Rivlin-Etzion et al., 2011). Because the SC connects to V1
and HVAs via the thalamic nucleus LP, it is indeed possible that the altered motion
processing in the cortex of mice with disrupted retinal direction selectivity could, at least
in part, originate from the retino-collicular pathway. Therefore, to begin dissecting the
role of distinct pathways for cortical motion processing, it would be decidedly interesting
to record the activity of SC neurons, and/or cortical axonal boutons originating from LP,
in mice in which retinal direction selectivity is disrupted.

Finally, it remains unresolved whether retinal DS cells exist in primates. However,
several lines of work compellingly indicate that they may indeed be present. Most
notably, human patients and mice with a mutated form of the Frmd7 gene show a
strikingly similar phenotype, expressed by a lack of the horizontal optokinetic reflex
(Yonehara et al., 2016). The same work documented that this phenotype, in mice, is
linked to a lack of retinal direction selectivity along the horizontal axis. Importantly, in
both non-human primates and mice, the Frmd7 gene is overexpressed in SACs (Yonehara
et al., 2016); the cell type dominantly responsible for creating DS responses in the retina
of mice (Borst and Euler, 2011; Vaney et al., 2012). Furthermore, a type of RGC found
in the primate retina, the recursive bistratified ganglion cell, shares morphological
features with ON-OFF DS cells found in mice in that it possesses dendrites which
innervate both the ON and OFF sublamina of the inner plexiform layer, and co-stratify
with cholinergic SACs (Moritoh et al., 2013). In addition, preliminary work has shown
that the recursive bistratified ganglion cell of macaque monkey retinas exhibit ON-OFF
DS responses (Detwiler et al., 2019, Conference abstract). Collectively, these data seem
to support that the primate retina may contain DS cells. However, in the future, it will
be critical to settle this question. Should DS cells turn out to exist in the primate retina,
the next fascinating question will be whether these cells contribute to motion processing
in primary and higher-order visual cortical areas, or whether primates over the course of
evolution developed alternative circuit mechanisms for performing these behaviorally

indispensable computations.
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Supplementary Fig. 1: ISOI in control and Frmd7™ mice. (a) Example visual field sign maps from
control and Frmd7™ mice generated using ISOI (scale bar, 1 mm). (b) Higher visual area centers relative to
the center of V1 along posterior-anterior and lateral-medial axes (5 mice per group). Error bars are mean +
SEM (scale bar, 0.5 mm). (c) Size of each visual area (5 mice per group) as a fraction of the total (n.s., not
significant, two-sided Mann-Whitney U test). Error bars are mean + SEM. (d) Fast-Fourier transform
(FFT) of V1 pixels during grating (left) and black screen (right). Individual pixels are gray, mean is black.
(e) Example intrinsic signal response maps depicting the raw response signal for each pixel, determined as
the peak power of the visually-evoked signal at the visual stimulus frequency (0.05—0.1 Hz), with visual

area borders overlaid. Source data are provided as a Source Data file.
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Supplementary Fig. 2: Targeted in-vivo two-photon calcium imaging in the visual cortex. (a) Example
maps of horizontal (left) and vertical (middle) retinotopy and the corresponding visual field sign (VFS)
map from a control mouse (right; scale bar, 1 mm). (b) Thresholded VFS patches computed from the VFS
map in (a) showing the location of areas V1, RL and PM, together with the additional three higher visual
areas (areas LM, AL, and AM). (c) Visual area borders derived from the VFS patches computed in (b)
overlaid on blood vessel map. Black rectangle depicts representative field of view in area RL that was
targeted for two-photon calcium imaging (scale bar, 1 mm). (d) Example two-photon mean projection
image of RL L2/3 neurons labeled with GCaMP6f in the field of view depicted in (c) (scale bar, 100 pm).
(e) Top: Example two-photon mean projection images showing a neuronal somata with overlaid region of
interest from the four imaging stacks acquired over a 40 min period (scale bar, 10 um); one imaging stack
per visual temporal frequency condition (0.3, 0.75, 1.2, and 1.8Hz) was acquired. Bottom: Tuning curves
at each of the four conditions for the neuron depicted above. Gray lines are individual trials, colored line is

the trial-averaged mean.
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Supplementary Fig. 3: Preference of RL neurons for posterior motion at higher TFs depends on
retinal horizontal direction selectivity in awake mice. (a) Two-photon calcium imaging was performed
from L2/3 in areas RL and PM of awake control mice (1,652 and 2,018 DS cells, respectively; 4 mice) and
Frmd7™ mice (2,093 and 4,049 DS cells, respectively; 3 mice). Example image shows two-photon mean
projection image of RL neurons expressing GCaMP6f (scale bar, 100 um). Example traces show activity
from three neurons (circled in the image) recorded while the mouse was awake and quietly resting in the
cylindrical cover. (b) Fraction of DS cells in RL and PM (two-sided  test with Yates correction). (c)
Preferred TF for DS cells in RL (two-sided Mann-Whitney U test) and PM (two-sided Mann-Whitney U
test). Triangles show medians. (d) Response amplitude as a function of motion direction and TF for RL
and PM DS cells. White and black asterisks: significantly decreased and increased response amplitude in
Frmd7™ mice, respectively, two-sided Mann-Whitney U test. (¢) Fractional distributions of preferred
motion directions for RL and PM DS cells at 0.3 and 1.2Hz; fractions are normalized to the largest fraction
across genetic groups. (f) Distributions of preferred direction at 0.3 and 1.2Hz in RL and PM (two-sided
Kolmogorov-Smirnov test). *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant, in (b), (¢) and (f).

Source data are provided as a Source Data file.
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Supplementary Fig. 4: Diphtheria toxin injection selectively ablates starburst amacrine cells in the
retina and annihilates optomotor responses. (a) Example whole-mount retinas stained for ChAT to label
starburst amacrine cells (white dots show somata) in retinas from control (PBS-injected) and starburst-
ablated mice (diphtheria toxin-injected). The white dots in the starburst-ablated retina are fluorescence
aggregates, not somata (scale bar, 1 mm). (b) Example higher magnification of the retinas shown in (a)
showing the absence of starburst amacrine cells in ablated mice (scale bar, 250 pum). (c) Example side view
(top; scale bar, 30 um) and top view (bottom; scale bar, 30 um) of retinal z-projection stained for ChAT
(starburst amacrine cells) from control (left) and starburst-ablated (right) mice. (d) Example side view (top;
scale bar, 30 um) and top view (bottom; scale bar, 30 um) of retinal z-projection stained for RBPMS
(retinal ganglion cells) from control (left) and starburst-ablated (right) mice. GCL, ganglion cell layer.
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INL, inner nuclear layer; IPL, inner plexiform layer. (e) Density quantification of starburst amacrine cells
and retinal ganglion cells in control and starburst-ablated mice (7 retinas in each group; ***P < 0.001, n.s.,
not significant, two-sided Mann-Whitney U test). Circles are individual data points, center line is median,
box limits are 25th and 75th percentiles, and whiskers show minimum and maximum values. (f) Horizontal
optomotor response measured in control (5 mice, 7—8 trials per mouse) and starburst-ablated mice (5 mice,
8 trials per mouse). The dotted horizontal line represents the upper quartile of the OMR index previously

collected from 3 blind control mice (rd1/rd] mutants)'. Shading indicates SEM.
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Supplementary Fig. 5: Ablating retinal starburst cells impairs posterior motion preference of RL DS
cells at higher TFs. (a) Two-photon calcium imaging was performed from L2/3 in areas RL and PM of
awake control mice (1,652 and 2,018 DS cells, respectively; 4 mice) and starburst-cell-ablated mice (2,511
and 2,777 DS cells, respectively; 4 mice). (b) Fraction of DS cells in RL and PM (two-sided x> test with
Yates correction). (c) Preferred TF for DS cells in RL (two-sided Mann-Whitney U test) and PM (two-
sided Mann-Whitney U test). Triangles show medians. (d) Response amplitude as a function of motion
direction and TF for RL and PM DS cells. White and black asterisks: significantly decreased and increased
response amplitude in starburst-ablated mice, respectively, two-sided Mann-Whitney U test. (e) Fractional
distributions of preferred motion directions for RL and PM DS cells at 0.3 and 1.2Hz; fractions are
normalized to the largest fraction across genetic groups. (f) Distributions of preferred direction at 0.3 and
1.2Hz in RL and PM (two-sided Kolmogorov-Smirnov test). ***P < 0.001, n.s., not significant, in (b), (c)

and (f). Source data are provided as a Source Data file.
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Supplementary Fig. 6: The correlation between the fraction alteration in Frmd7™ mice and TF
preference is not affected by the grid size used for segmentation. (a) Fraction difference map between
control and Frmd7™ mice using 5 x 5 (top) or 13 x 13 (bottom) grids in the V1 L2/3 DS cell population
(see Fig. 4). Black and white asterisks: significantly decreased and increased fractions in Frmd7™ mice,
respectively, P < 0.05, two-sided y” test with Yates correction. (b) Relationship between fraction changes
in Frmd7™ mice and the mean preferred TF of each grid for cells from control and Frmd7™ mice when 5 x
5 (top) or 13 x 13 (bottom) grids were used. Two-sided Pearson’s correlation coefficient is noted on each
plot. (¢) Two-sided Pearson’s correlation coefficient between the fraction change index and mean preferred
TF as a function of grid size (top). Corresponding P-values testing the significance of the correlation

between the fraction change index and mean preferred TF as a function of grid size (bottom).
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Supplementary Fig. 7: Retrograde viral labeling and GCaMP6 expression in V1 projection neurons.
(a) Experimental pipeline employed for achieving GCaMP6 expression in V1 neurons projecting to either
area RL or PM. (b) Left: Example image of a cranial window with visual area borders overlaid showing
viral (ssAAV-retro/2-hSynl-mRuby2-GCaMP6m-WPRE) injection site for retrograde expression from
area PM in a control mouse (scale bar, 1 mm). Right: mRuby signal in the same cranial window showing
site of injection and retrograde expression outside of PM, including in V1. (¢) Example V1 neurons
expressing GCaMP6m and mRuby (scale bar, 20 um). (d) Left: Blue rectangles depict fields of view
(FOVs) in VI targeted for two-photon calcium imaging in the same cranial window as shown in (b).
Middle and right: Two-photon mean projection images showing neurons labeled with GCaMP6m in the
FOVs depicted on the left (scale bar, 100 pm). (¢) Number of GCaMP6m-labelled RL-projecting (RL-p)
and PM-projecting (PM-p) V1 neurons per FOV in control (21 and 37 FOVs for RL-p and PM-p,
respectively) and Frmd7™ mice (21 and 34 FOVs for RL-p and PM-p, respectively; n.s., not significant,
two-sided Mann-Whitney U test). Center line is median, box limits are 25th and 75th percentiles, and

whiskers show minimum and maximum values. Source data are provided as a Source Data file.
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Supplementary Fig. 8: Two-photon calcium imaging from V1 L4 neurons. (a) Example two-photon
mean projection image of V1 L4 neurons (395 um below the dura) labeled with GCaMP6f (scale bar, 100
um). (b) Example V1 L4 neurons expressing GCaMP6f (scale bar, 10 um) and trial-averaged fluorescence
(AF/Fy) time courses for the same neurons. Shading indicates SEM. (c) Tuning curves for the neurons

shown in (b). Error bars are SEM; solid line is Gaussian fit.
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Supplementary Fig. 9: Classification of ON-OFF DS in the retina. (a) To identify ON-OFF DS cells,
we first separated the visually responsive retinal cells into two groups: ON-OFF and non-ON-OFF cells,
based on an ON-OFF index (OOI, see Methods), denoting the ratio of responses during and after a static
flash stimulus (ON phase, orange area; OFF phase, blue area). If cells are responding to both the ON and
OFF phase, the OOI value is low: we classified cells with an OOI < 0.3 as ON-OFF cells. Example ON-

OFF, OFF, and ON cells are shown. (b) We defined ON-OFF DS cells as ON-OFF cells with a DSI > 0.3.
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Example ON-OFF DS cells and ON-OFF non-DS cells are shown.
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Extended Data Fig. 1 | Identification of visual cortical areas using intrinsic signal optical imaging. a, Maps of horizontal (left) and
vertical retinotopy (middle), and the corresponding visual field sign map (right) from four example mice. b, Thresholded visual field sign
patches showing the location of primary visual cortex (V1), and the higher visual areas: lateromedial (LM), anterolateral (AL), ros-
trolateral (RL), anterior (A), anteromedial (AM), and posteromedial (PM). Coordinates indicate posterior (P) and medial (M) directions.
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Extended Data Fig. 2 | Eye movements in awake wild-type and Frmd7tm mice during visual stimulus protocol. a, Trial-averaged
horizontal eye speed and saccade rate time courses recorded in wild-type mice (left; n = 9 recordings) and Frmd7tm mice (right; n = 9
recordings) in response to the monocular and binocular horizontal motion conditions presented at 10 °/s. Error bars are mean * s.e.m.

b, Quantification of mean horizontal eye speed (upper) and mean saccade rate (lower) before and during visual stimulation in wild-type
(left) and Frmd7m mice (right) (NS, not significant, P = 0.05; Wilcoxon signed-rank test; n = 9 recordings from 3 wild type mice and 9
recordings from 3 Frmd7tm mice). Error bars are mean * s.e.m.
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Extended Data Fig. 3 | Regression analysis for classifying individual neurons to discrete response types. a, Trial-averaged fluores-
cence intensity (AF/F) time course for example layer 2/3 V1 neuron (#176) from a wild-type mouse in response to the monocular and
binocular motion conditions at 10 °/s. b, The tuning curve at the preferred speed was correlated to each of the 256 regressors, yielding a
correlation profile. Correlation coefficients were calculated as Pearson’s r. Neuron #176 showed the highest correlation with regressor
#56 (r = 0.99) and was thus assigned to this response type. ¢, Tuning profile of neuron #176 and response profile of regressor #56. d,
Distribution of all reliably responsive V1 neurons from wild-type mice (n = 3010 neurons from 4 mice) grouped according to the 256
regressors and response class (simple, translation- or rotation-selective, binocular-suppressed, and unclassified). Error bars are mean +
s.e.m. e, Distribution from (d) ranked according to regressor frequency. The shaded region depicts the 50 most abundant regressors (as
shown in Fig. 2).

Rasmussen and Matsumoto et al. 2020 | bioRxiv 14



114

a RUA
Translation- or Rotation-selective Binocular-suppressed
FT BT CR IR DS non-DS

£
=]
£
w
w
<
30 neurons 150 neurons 150 neurons
b AM
Translation- or Rotation-selective Binocular-suppressed
FT BT CR IR DS non-DS

150 neurons

100 neurons

30 neurons
C PM
Translation- or Rotation-selective Binocular-suppressed
FT BT CR IR DS non-DS

130 neurons

50 neurons

Extended Data Fig. 4 | Tuning of higher visual area neurons assigned to functional groups. a,b,c Regressor profiles and tuning of
RL/A (a), AM (b) and PM (c) neurons assigned to functional groups within simple, translation- or rotation-selective, and binocular-sup-
pressed response classes. MoDS: monocular DS; BiDS: binocular DS; FT: forward translational; BT: backward translational; CR: contra-

versive rotational; IR: ipsiversive rotational.
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Total neurons Consistently responsive Animals
Area WT: n Frmd7tm: n WT: n (%) Frmd7tm: n (%) WT: n Frmd7tm: n
Vi 5748 5534 3010 (52%) 2925 (53%) 4 4
RL/A 6563 6746 4165 (63%) 3125 (46%) 5 5
AM 6664 6919 4006 (60%) 3375 (49%) 5 5
PM 5419 5868 3059 (56%) 3047 (52%) 4 4

Supplementary Table 1 | Numbers of neurons sampled by visual cortical area and genetics. Total neurons: total number (n) of

neurons recorded in wild-type (WT) and Frmd7tm mice experiments for each visual cortical area. Consistently responsive: number (n)
and percent of total of neurons that met the inclusion criteria for responsiveness (AF/F > 10%), reliability (8 > 0.5), and signal-to-noise

(SNR > 0.5) and were included for regressor correlation analysis. Animals: number (n) of WT and Frmd?7¢m mice that data were collected

from for each area.
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