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Abstract

Abstract

The retina is a sensory neural structure formed by multiple classes of excitatory cells
(photoreceptors, bipolar and retinal ganglion cells) and inhibitory cells (horizontal and
amacrine cells). lts primary role is to detect light stimuli, convert them into
electrochemical signals and, subsequently, send the processed information to higher
visual nuclei through different types of functionally specialised ganglion cells, the sole
output neurons of the retina. Considerable progress has been made in uncovering
cellular and molecular mechanisms underlying the assembly and normal functioning of
some retinal circuits like, for example, direction-selective circuits. However, little is
known about other circuits, such as those generating orientation selectivity in retinal
ganglion cells. During my PhD, | started filling this knowledge gap using the larval
zebrafish retina as model system. My research focused on circuits composed of
neurons that express the transmembrane cell-adhesion protein Teneurin-3. This
molecular marker provided a genetic access point to reveal the cellular components
and mechanisms of defined retinal circuits. A wide range of techniques, including in
vivo confocal and two-photon calcium imaging, BAC transgenesis, TALEN-mediated
genome editing, single-cell labelling, pharmacology, optogenetics, as well as a newly
generated combinatorial pigmentation mutant zebrafish, were used to dissect a neural
circuit underlying the emergence of orientation selectivity in the retina. First, neurons
expressing Teneurin-3 in the visual system were characterised. Second, by assessing
the role played by Teneurin-3 in the assembly of defined retinal circuits, its requirement
in the morphological and functional development of the orientation-selective circuit was
revealed. Third, a specific class of orientation-selective amacrine cells with elongated
dendritic fields was identified. Notably, these cells generate orientation selectivity in
retinal ganglion cells by being a source of tuned GABAergic inhibition. Lastly, evidence
showing that orientation selectivity is also present in a fraction of bipolar cell
presynaptic terminals is provided. In conclusion, these results define a retinal circuit
processing orientation-specific information and identify essential molecular and cellular

requirements for its development and function.
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Chapter 1

Introduction

Vision allows animals to effectively interact with their surrounding environment. Visual
perception, in particular, arises through sequential steps of image processing at
different stages along the visual system (Marr et al., 2010). In vertebrates, the first
steps in visual processing take place in the neural retina (Rodieck, 1998). The retina
does not simply capture light stimuli, but instead it extracts visual features that are
important for the organism and then sends the processed visual information to the rest
of the brain. It does so through functionally specialised neural circuits made by multiple
classes of excitatory and inhibitory neurons (Masland, 2012a). At the basis of this
functional specificity are the stereotyped synaptic connections between several
different types of neurons characterised by defined morphological and physiological
properties (Masland, 2001; Seung and Sumbul, 2014).

This introductory chapter focuses on the organisation, function and
development of the vertebrate retina. Particular emphasis is given to studies in
zebrafish and mouse, two model organisms that have allowed to understand
fundamental aspects of retinal physiology and development through advanced genetic
and imaging techniques. Firstly, a general overview of the neural architecture of the
retina is provided. The different types of bipolar, amacrine and ganglion cells — the
most heterogeneous retinal cell classes — are presented. Secondly, the main neural
mechanisms underlying image processing in the retina are discussed. Two prominent
computations performed by retinal circuits — direction and orientation selectivity — are
described in detail. Thirdly, known developmental mechanisms underlying the wiring of
retinal circuits are presented. Particular focus is given to roles played by cell adhesion
molecules, especially Teneurins, in circuit assembly. Lastly, the main aims of my PhD
project are outlined. The scope of this chapter is to provide a general introduction

setting the stage for the results, which are then further introduced in each chapter.

1.1 The Vertebrate Retina
The retina is a light-sensitive tissue located in the eye (Fig. 1.1A). The primary function

of the retina is to detect light stimuli, convert them into electrochemical signals and,
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Figure 1.1. Cellular and synaptic organisation of the vertebrate retina. A, Vertical section
immunostaining of the mouse retina. Image by Josh Morgan (Rachel Wong Lab). Purple: cones. Orange:
horizontal cells. Green: bipolar cells. Dark red: amacrine and ganglion cells. B, Mammalian visual system
showing retina, dorsal lateral geniculate nucleus, superior colliculus (called optic tectum in lower
vertebrates), and primary visual cortex. The names of neural cell types, cellular layers and neuropil layers
are reported. Image is from (Sanes and Zipursky, 2010). C, Basic neural circuit structure of the vertebrate
retina. Cell classes are represented in colours, whereas layers are shown in black. Excitatory synapses
are indicated by ‘+’ (filled circles), inhibitory synapses are labelled with —’ (empty circles). PR,
photoreceptor; HC, horizontal cell; BC, bipolar cell; AC, amacrine cell; RGC, retinal ganglion cell; ONL,
outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer plexiform layer; IPL,
inner plexiform layer.

subsequently, send the processed information to higher visual nuclei through parallel
feature-specific neural pathways (Rodieck, 1998; Masland, 2012a). lts neuronal
architecture consists of five cell classes — photoreceptor, horizontal, bipolar, amacrine
and retinal ganglion cells — arranged in three cellular layers — outer nuclear, inner
nuclear and ganglion cell layers — and two synaptic layers — outer and inner plexiform

layers (Fig. 1.1B,C), with Muller glial cells providing metabolic and homeostatic
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support. The optics of the eye creates an image of the visual scene onto the retina
through the cornea and lens. Photons of light are then detected by photoreceptor cells
of the retina — cones and rods — and a cascade of biochemical events, called
phototransduction, is triggered (Rodieck, 1998). In high luminance conditions (e.g.,
sunlight, 10 to 10® cd/m?® vision is mainly mediated by cones (photopic vision),
whereas during low luminance conditions (e.g., moonlight, 10° to 10 cd/m?) vision is
mediated by rods (scotopic vision). At intermediate luminance conditions (10 to 10
cd/m?), both cones and rods contribute to vision (mesopic vision). Additionally,
photoreceptors are sensitive to defined ranges of light wavelengths depending on what
type/s of light-sensitive proteins (or opsins) they express (Fig. 1.2A,B).

The phototransduction cascade results in either photoreceptor hyperpolarisation
(during light increments) or depolarisation (during light decrements), which cause
decrease or increase in glutamate release, respectively (Rodieck, 1998). Glutamate
neurotransmission has differential effects on bipolar cells depending on what type of
glutamate receptors they express. ON bipolar cells express the metabotropic glutamate
receptor mGIluR6 and are therefore inhibited by glutamate (i.e., they respond at light
onset), whereas OFF bipolar cells express ionotropic glutamate receptors and are
excited by glutamate (i.e., they respond at light offset). These two main streams of
visual information with opposite response polarities are then transmitted by bipolar
cells, which are excitatory, to the inner retina. There, bipolar cells are synaptically
connected with amacrine and ganglion cells in a layered neuropil structure called the
inner plexiform layer (or IPL). The IPL is where most of the image processing
performed by the retina take place. ON and OFF signals can interact in multiple ways
in the IPL through different circuit motifs (Fig. 1.2C,D) and, as a result, give rise to
emergent response features (Roska and Werblin, 2001; Demb and Singer, 2015). A
simple example is the presence of amacrine and ganglion cells that integrate both ON
and OFF signals and therefore show ON-OFF responses (i.e., they respond at both

light onset and offset).

1.1.1 Bipolar Cells

Bipolar cells link the outer portion of the retina to the inner retina by contacting
photoreceptors and relaying their signals to the IPL (Fig. 1.1C). Several different types
of bipolar cells have been characterised based on their morphology, physiology and

synaptic connectivity (Fig. 1.3A) (Euler et al., 2014). In mouse, ~15 bipolar cell types
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Figure 1.2. Cone composition across vertebrate species and common synaptic motifs. A, The
retinae of mouse, primate (macaque) and zebrafish share a common basic architecture, but have some
functional variations. In particular, they differ in terms of opsin expression in cone photoreceptors. UV:
ultraviolet, S: short, M: medium, L: long wavelength cones. The primate retina has dedicated pathways for
colour processing as indicated for L and S cone pathways. ONL, outer nuclear layer; INL, inner nuclear
layer; GCL, ganglion cell layer; OPL, outer plexiform layer; IPL, inner plexiform layer. B, Absorption
spectra of the different cone opsins across species (coloured lines) compared to rhodopsin (dotted line),
which is expressed in rod photoreceptors. Images in (A) and (B) are from (Hoon et al.,, 2014). CID,
Common circuit motifs in the inner retina. C, Bipolar cell (BC) presynaptic terminals receive inhibitory
inputs from amacrine cells (ACs) through multiple synaptic motifs. Excitatory (+) and inhibitory (-)
synapses are indicated; feedback and feedforward synapses can occur in both ON and OFF systems, and
crossover inhibition acts between ON and OFF systems and vice versa. D, Similarly, ganglion cells (GCs)
receive inhibitory inputs from ACs via multiple synaptic motifs. Images in (C) and (D) are from (Demb and
Singer, 2015).
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are present (Helmstaedter et al.,, 2013; Franke et al., 2016; Shekhar et al., 2016),
including a recently characterised glutamatergic interneuron with atypical monopolar
morphology (Della Santina et al., 2016). In zebrafish, up to ~20 types of bipolar cells
have been identified (Connaughton, 2011; Li et al., 2012a). The main morphological
difference between mammals and teleosts is that mammalian bipolar cells tend to
stratify their axon terminals in individual IPL strata, whereas teleost bipolar cell axons
often extend vertically rather than laterally, resulting in bi- or tri-stratified bipolar cell
types with presynaptic terminals distributed across several IPL strata. In regards to
their physiological features, each bipolar cell type transforms the photoreceptor input in
a unique way, therefore generating distinct visual streams encoding defined stimulus
properties, like luminance polarity, temporal profile and chromatic composition (Fig.
1.3B) (Euler et al., 2014; Franke et al., 2016). Interestingly, the temporal properties of
mouse bipolar cell output is linked to the anatomical localisation of bipolar cell axon
terminals within the IPL. Briefly, bipolar cell types that show transient responses tend to
stratify at intermediate depths of the IPL, whereas sustained bipolar cell types stratify in
the outermost or innermost IPL strata (Fig. 1.3B) (Baden et al., 2013). Notably, this
‘temporal layering’ may play a crucial role in the computation of motion direction
selectivity in some retinal circuits (see 1.2.1) (Kim et al., 2014; Greene et al., 2016). In
zebrafish larvae, however, transient and sustained bipolar cell signals seem to overlap
in the IPL with no clear anatomical segregation across the IPL depth (Nikolaev et al.,
2013). Similarly, ON and OFF signals are not restricted to ‘ON-only’ or ‘OFF-only’ IPL
subregions in zebrafish (Nikolaev et al., 2013), as instead is observed in mammals
(Fig. 1.3B) (Baden et al., 2013; Franke et al., 2016).

A key aspect contributing to bipolar cell functional diversity is the fact that
amacrine cells can modulate bipolar cell output at the level of their axon terminals.
Interestingly, not only the surround inhibition provided by amacrine cells can
decorrelate bipolar cell responses across different types thereby broadening the
response space of bipolar cells at the population level (Franke et al., 2016), but also
the response properties of individual presynaptic terminals belonging to the same
bipolar cell appear to be differentially modulated by amacrine cells, which thus expand
the effects that activation of a single bipolar cell can have on different postsynaptic
ganglion cells (Asari and Meister, 2012, 2014). Additionally, intrinsic properties of
individual bipolar cell presynaptic terminals, like their volume, play a role in the

temporal filtering of visual signals, with small terminals transmitting high frequency
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Figure 1.3. Bipolar cell types in the mouse retina. A, Morphological features of the various types of
cone bipolar cells and the rod bipolar cell (RBC) in the mouse retina. Note that each bipolar cell type has a
characteristic axonal stratification pattern in the inner plexiform layer (IPL). B, Functional properties of
bipolar cell types. Depending on the polarity of their light responses, bipolar cells are classified as ON and
OFF cells. Some bipolar cells relay scotopic light signals from rods. Mice have short (S; blue) and medium
(M; green) wavelength-sensitive cone photoreceptors, with many M-cones co-expressing S-opsin.
Depending on the cone type (or types) they contact, bipolar cells can be grouped as chromatic or
achromatic (light bars indicate likely but not yet experimentally confirmed contacts). Bipolar cells with axon
terminals in the central region of the IPL show more transient responses (and often generate action
potentials) than those with terminals closer to the IPL borders. Images in (A) and (B) are from (Euler et al.,
2014).

stimuli more effectively than large terminals (Baden et al., 2014). Overall, bipolar cells
constitute the first stage where light signals start to markedly segregate within the
retina and form separate channels of visual information. Intriguingly, this functional
heterogeneity extends to individual bipolar cell presynaptic terminals, which therefore

act as elementary computational units in the IPL.

1.1.2 Amacrine Cells

Amacrine cells constitute the most diverse cell class of the retina, not only because
they exhibit extremely heterogeneous cell morphologies but also because of their
physiology, connectivity and neurotransmitter expression. The main function of
amacrine cells is to modulate and shape the responses of ganglion and bipolar cells as
well as other amacrine cells, thereby increasing the computational power of the retinal
output (Masland, 2012b; Jadzinsky and Baccus, 2013). Consequently, the coding
properties of certain ganglion cells can often be linked to the specific amacrine cell
types they are connected with. Most amacrine cell types release inhibitory
neurotransmitters, generally y-aminobutyric acid (GABA) or glycine (Zhang and McCall,
2012). However, some amacrine cells also release excitatory neurotransmitters like

acetylcholine (Taylor and Smith, 2012) or glutamate (Lee et al., 2014). Interestingly, the
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co-release of inhibitory and excitatory neurotransmitters by certain amacrine cell types,
like starburst amacrine cells co-releasing GABA and acetylcholine (Sethuramanujam et
al., 2016), or VGIUT3 amacrine cells co-releasing glycine and glutamate (Lee et al.,
2016), appears to have important roles in specific aspects of image processing by
retinal circuits. Moreover, amacrine cells often form electrical synapses through gap
junctions with bipolar, ganglion or other amacrine cells, further expanding the
complexity of amacrine cell signalling (Bloomfield and Volgyi, 2009).

Morphological analyses of amacrine cells in the rabbit retina have characterised
~30 types that can be grouped into narrow-, medium- or wide-field classes depending
on the area of their dendritic fields (Fig. 1.4) (MacNeil and Masland, 1998; MacNeil et
al., 1999). Another anatomical property used for classification is the stratification
pattern of amacrine cell neurites in the IPL (i.e, diffuse, mono- or multistratified
neurites). Recently, a 3D electron microscopy connectomic reconstruction of the mouse
IPL led to the identification of ~45 morphological types of amacrine cells (Helmstaedter
et al., 2013). In zebrafish, ~28 types have been observed through light microscopy
(Jusuf and Harris, 2009; Jusuf et al., 2011). These morphological analyses suggest
that amacrine cells play a variety of functional roles in image processing, and that their
function is likely linked to their morphological properties. Compared to morphological
analyses, however, a systematic functional characterisation of amacrine cells is still far
from complete (Pang et al., 2002). In a comprehensive characterisation of mouse
ganglion cell functional diversity, Baden et al. (2016) have identified ~14 groups of
displaced amacrine cells in the ganglion cell layer with stereotypic functional properties,
but no analysis has been carried out in the inner nuclear layer. Common functions
attributable to multiple amacrine cell types are, for example: (a) lateral or surround
inhibition, typically provided by wide-field monostratified GABAergic amacrine cells; (b)
crossover inhibition, mediated by narrow-field diffusely stratified glycinergic amacrine
cells (Fig. 1.2C,D) (Werblin, 2011). Amacrine cell types with well-described functions
include the starburst amacrine cells, which play a central role in the generation of
ganglion cell direction selectivity (see 1.2.1) (Taylor and Smith, 2012; Vaney et al.,
2012), and the All amacrine cells, which are essential circuit elements for scotopic
vision by linking the rod photoreceptor pathway to the cone pathway (Demb and
Singer, 2012). In conclusion, amacrine cells are key players in image processing but

their numerous functions have not been fully investigated and characterised yet.
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Figure 1.4. Amacrine cell types in the mouse retina. A, Narrow- (left) and medium-field (right) amacrine
cells. Schematic representing the morphology and level of neurite stratification of the different amacrine
cell types within the IPL. B, Polyaxonal amacrine cells in the mouse retina. Dendrites are represented in
red and axons in blue. Note that these cells are present in most IPL strata, and that some have axons and
dendrites in different strata. The lateral spread of axonal and dendritic processes is not completely
represented, except to indicate that the spread of the dendritic field in these cells is narrower than the
spread of axons. Images in (A) and (B) are from (Masland, 2012b).

1.1.3 Retinal Ganglion Cells

Retinal ganglion cells (RGCs) are the sole output neurons of the retina (Fig. 1.1B,C).
Therefore, the processed visual information transmitted from RGCs to higher visual
areas constitutes what the rest of the brain will ever know about the visual world. By
integrating multiple excitatory and inhibitory synaptic inputs from bipolar and amacrine
cells, RGCs produce complex outputs forming parallel ‘channels’ of feature-specific
visual information (Wassle, 2004; Gollisch and Meister, 2010). To give some examples,
there are RGC types that respond selectively to specific cues present in the visual field,
like stimuli moving in a particular direction, approaching stimuli, small stimuli, or
elongated stimuli oriented along a certain axis (see 1.2). Over the past years, there
have been various attempts to comprehensively classify RGCs according to their
anatomical, molecular or physiological features [reviewed in (Seung and Sumbul, 2014)
and (Sanes and Masland, 2015)]. In a recent study, Baden et al. (2016) have carried
out an unbiased systematic characterisation of all the functional output channels
present in the mouse retina. The authors performed calcium imaging while presenting a
large set of different visual stimuli to distinguish the various RGC response types,
followed by electrophysiological, anatomical and immunohistochemical analyses to

further confirm the identified types. This led to the profiling of ~32 groups of
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Figure 1.5. Ganglion cell types in the mouse retina. A, Tree diagram representing the different retinal
ganglion cell (RGC) types in the mouse retina and how they are functionally related. Each group (1-32)
represents RGCs with defined functional properties. DS, direction-selective; OS, orientation-selective;
freq., frequency; suppr., suppressed; sust., sustained; trans., transient. B, Heat map of estimated dendritic
stratification pattern in the inner plexiform layer (IPL) for each RGC group. ON and OFF IPL portions and
choline acetyltransferase® (ChAT) bands are indicated. Warmer colours represent higher dendritic
densities. a.u., arbitrary units. C, Morphology of example RGCs for each identified functional group in (A).
RGCs at the bottom right corner could not be classified into any functional group. Scale bars are 50 um.
Images in (A-C) are from (Baden et al., 2016).
functionally, morphologically, and (in some cases) genetically defined RGC types (Fig.
1.5). Interestingly, the study revealed a higher-than-expected functional diversity of
RGC feature channels, thus highlighting the extensive processing of visual scenes
performed by the retina. In addition to this vast functional heterogeneity, a different
study reported that the responses of some RGCs change qualitatively depending on
the level of ambient luminance, suggesting that the functional output channels of the
retina dynamically adjust in response to constantly varying environmental lightning
conditions (Tikidji-Hamburyan et al., 2015).

The results highlighted above beg the question: how is this diversity generated?
Some answers to this question are explored in section 1.2 ‘Visual Computations in the
Inner Retina’ and 1.3 ‘Assembly of Retinal Circuits during Development. Briefly, the

emergent functional properties observed in the retinal output result from highly specific
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and stereotypic synaptic connectivity patterns between defined bipolar, amacrine and
ganglion cell types (Briggman et al., 2011; Helmstaedter et al., 2013; Dunn and Wong,
2014). Developmental studies have shown that the wiring of functionally specialised
retinal circuits is specified by multiple mechanisms, mostly mediated by molecular
cues, operating in parallel over subsequent developmental steps (i.e., neurite
extension, arborisation, lamination, synaptic partner matching, synapse stabilisation,
etc.) (Sanes and Yamagata, 2009; Lefebvre et al., 2015; Missaire and Hindges, 2015).
How the different cell types in the retina are produced through fate determination over
development (Cepko, 2014), or to what extent some cell types show different
topographic distributions across the retina (Bleckert et al., 2014) are interesting topics

that, for brevity reasons, are not discussed here.

1.1.4 Retinal Projection Targets

Several lines of evidence suggest that the different output channels of the retina have
distinct roles in downstream visual processing and, therefore, perception and behaviour
[reviewed in (Dhande and Huberman, 2014) and (Dhande et al.,, 2015)]. A first
indication comes from various observations showing that RGCs have cell-type-specific
axon projection patterns (Fig. 1.6A). In particular, not only RGC types differ in terms of
the number of visual brain areas they target (e.g., the superior colliculus is the only
retinorecipient area innervated by more than 85% of RGCs in mouse) (Huberman et al.,
2008b; Kim et al., 2008; Kay et al., 2011; Ellis et al., 2016), but also they show type-
specific axonal arborisations (e.g., columnar or laminar) within retinorecipient nuclei
innervated by multiple RGC types (e.g., superior colliculus or lateral geniculate
nucleus) (Huberman et al., 2009; Kim et al., 2010). In mouse, for instance, defined
types of ON direction-selective RGCs (which respond preferentially to slowly moving
stimuli) exclusively innervate nuclei of the accessory optic system, whereas most ON-
OFF direction-selective RGC types (tuned to fast moving stimuli) do not target these
nuclei and instead preferentially innervate other retinorecipient areas, like the superior
colliculus (Dhande et al., 2013; Gauvain and Murphy, 2015). To give another striking
example, mouse local edge detector RGCs project exclusively to the superior
colliculus, where they stratify their axon terminals in the most superficial layer of the
neuropil (Kim et al., 2010; Zhang et al., 2012). A second line of evidence comes from
studies in which selective ablations of defined retinal cell types cause specific

behavioural impairments. A prominent case is represented by melanopsin-expressing
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Figure 1.6. RGC projection targets in mouse and zebrafish. A, Schematic showing known projection
patterns of the main retinal ganglion cell (RGC) types in mouse. The names of mouse transgenic lines
labelling these RGC types are also reported. For simplicity, axonal projections of intrinsically
photosensitive RGCs (ipRGCs) are represented as a single population. dLGN, dorsal lateral geniculate
nucleus; DSGCs, direction-selective ganglion cells; IGL, intergeniculate leaflet; mdPPN, medial division of
the posterior pretectal nucleus; MTNd, dorsal medial terminal nucleus; MTNv, ventral medial terminal
nucleus; NOT/DTN, nucleus of the optic tract/dorsal terminal nucleus; OPN, olivary pretectal nucleus; SC,
superior colliculus; SCN, suprachiasmatic nucleus; s-Off, Off-sustained; t-Off, Off-transient; vLGN, ventral
lateral geniculate nucleus. Image is from (Dhande et al., 2015). B, Schematic representing the main
retinofugal pathways in the larval zebrafish. Coloured circles indicate diverse cell types. Different RGC
types (colours) have defined projections to one or more of ten retinorecipient arborisation fields (AF1-9
plus AF10, which is the optic tectum). INL, inner nuclear layer; IPL, inner plexiform layer; OPL, outer
plexiform layer; SAC, stratum album centrale; SFGS, stratum fibrosum et griseum superficiale; SGC,
stratum griseum centrale; SIN, superficial interneuron; SO, stratum opticum; SPV, stratum periventriculare.
Image from (Nevin et al., 2010). C, Pseudocoloured lateral view of the optic tract and arborisation fields in
a larval zebrafish. D, Schematic of the larval zebrafish optic tract representing the 20 identified RGC
projection classes (horizontal lines). Line width indicates relative frequency, and black circles represent
axon branching points. The colour of each arborisation field is consistent with the observed input
divergence index. Images in (A) and (B) are from (Robles et al., 2014).
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intrinsically photosensitive RGCs, which are the only RGCs projecting to the
suprachiasmatic nucleus, the master circadian clock in the brain (Hattar et al., 2002;
LeGates et al., 2014). Notably, targeted genetic killing of melanopsin-expressing RGCs
led to a full loss of circadian photoentrainment, thus revealing their crucial role in
regulating endogenous circadian rhythms (Guler et al., 2008). To provide another key
case, the selective ablation of starburst amacrine cells resulted in loss of RGC direction
selectivity and, as a consequence, severe impairment in performing the optokinetic eye

reflex in response to whole-field visual motion (Yoshida et al., 2001).
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In zebrafish, numerous studies have characterised cell-type-specific RGC
projections through anatomical, functional and behavioural approaches. Ten
retinorecipient brain areas (or arborisation fields — AFs) have been identified in larval
zebrafish, the main one being the optic tectum (AF10), which is the teleost homologue
of the mammalian superior colliculus (Fig. 1.6B,C) (Burrill and Easter, 1994). The
neuropil of the optic tectum is then further subdivided into ten retinorecipient laminae,
where individual RGC axon terminals arborise in a planar fashion within a single
neuropil lamina (Meek, 1983; Robles et al., 2013). In a comprehensive survey of RGC
axonal and dendritic arborisation patterns, Robles et al. (2014) reported the presence
of ~20 stereotyped axon projection patterns (Fig. 1.6D), which could be further
classified into ~50 structural RGC types with unique combinations of dendritic and
axonal morphologies. Notably, it was shown that the optic tectum receives inputs from
virtually all morphological RGC types, and most RGC types target other arborisation
fields through axon collaterals, therefore creating brain-area-specific visual
representations (Fig. 1.6D). Even though a complete functional characterisation of
zebrafish RGC output and cell-type-specific projections is not available to date, various
studies have started addressing these questions. Nikolaou et al. (2012) and Lowe et al.
(2013) found that direction-selective RGCs target the most superficial laminae of the
tectal neuropil, whereas orientation-selective RGCs innervate deeper neuropil laminae.
Strikingly, this projection specificity extends to the different subtypes of direction- and
orientation-selective RGCs, with each subtype (tuned to a particular direction or
orientation) stereotypically targeting one or a few anatomically distinct neuropil
laminae. Similarly, RGCs tuned to small visual stimuli tend to project to the most
superficial tectal neuropil laminae, whereas large-size-selective RGCs preferentially
target deeper laminae (Preuss et al., 2014). Interestingly, Semmelhack et al. (2014)
showed that morphologically defined RGCs tuned to small visual stimuli (similar in size
to prey stimuli) project to superficial tectal neuropil laminae as well as to AF7. The
authors also reported that targeted laser ablation of AF7 significantly reduced prey
capture behaviour, thus indicating a potential link between defined RGC types
projecting to AF7 and an ethologically relevant visual behaviour. Other studies have
analysed RGC outputs selective for looming stimuli and found that the optic tectum
seems to be the main retinorecipient area capable of integrating this visual information
and, subsequently, triggering escape responses (Temizer et al., 2015; Dunn et al.,
2016a).
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Figure 1.7. Parallel processing of visual features in the retina. Defined features of the visual scene
(top), such as increase (ON) or decrease (OFF) of luminance level, high contrast contours (edge),
chromatic information (e.g., red, green, and blue), and direction of motion (e.g., left, right) are detected by
morphologically and physiologically defined types of retinal ganglion cells (RGCs). This selectivity is the
result of specific, lamina-restricted inputs from defined subsets of bipolar and amacrine cells, which
contact RGCs in a layered synaptic structure called the inner plexiform layer (IPL). RGCs project axons via
the optic nerve to several visual brain areas. The combined activity of these distributed brain areas
contributes to the animal's perception and behavioural output (bottom). GCL, ganglion cell layer; INL, inner
nuclear layer. Image is from (Baier, 2013).

To conclude, visual scenes are extensively processed in the retina before visual
information is transmitted to higher visual centres. Multiple retinal circuits operating in
parallel decompose input images into feature-specific output neural channels playing
different roles in visual perception and behaviour (Fig. 1.7). Most of the image

processing takes place in the IPL and involves morphologically and functionally defined

bipolar, amacrine and ganglion cells — the core computational elements of retina.
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1.2 Visual Computations in the Inner Retina

In this section, the key circuit building blocks and connectivity patterns generating
direction and orientation selectivity in RGCs are described in detail. Other retinal
circuits underlying important visual computations, such as object motion selectivity and

approach sensitivity, are also discussed.

1.2.1 Direction-selective Circuits
The computation of directional motion is one of the most basic and important
processing steps carried out in the early visual system, and is thought to play an
essential role in, for example, detecting the direction in which a prey or predator is
moving. Direction selectivity is described as the selectivity of neuronal firing for visual
stimuli moving in a certain direction (or preferred direction), and suppression of firing
when stimuli move in the opposite direction (or null direction) (Fig. 1.8A). Neurons that
exhibit this property are called direction-selective (DS) and were first discovered in the
rabbit retina by Barlow and Hill (1963) more than 50 years ago. Since then, a large
number of studies have investigated the neural mechanisms generating direction
selectivity in several different vertebrate and invertebrate species [reviewed in (Borst
and Euler, 2011) and (Borst and Helmstaedter, 2015)]. In vertebrates, especially
mammals, the cell types and microcircuitry underlying this neural computation have
been uncovered in great detail, thus making retinal DS circuits among the best-
understood circuits of the brain [reviewed in (Wei and Feller, 2011) and (Vaney et al.,
2012)]. In the mammalian retina, three main types of DS ganglion cells (DSGCs) with
different response polarities have been identified: ON DSGCs, OFF DSGCs and ON-
OFF DSGCs. All OFF DSGCs are selective to upward motion, whereas ON and ON-
OFF types are further subdivided into different subtypes according to their preferred
direction of stimulus motion: three ON DSGCs (selective to forward, upward or
downward motion) and four ON-OFF DSGCs (selective to forward, backward, upward
or downward motion). In zebrafish, three DSGC subtypes selective to forward, upward
or downward motion have been found, but their response polarity has not been fully
characterised (Nikolaou et al., 2012; Lowe et al., 2013).

Among all DSGC types, ON-OFF DSGCs are the most extensively
characterised. They possess a bistratified dendritic morphology, with the ON and OFF
dendritic arbours co-stratifying with the neurites of ON and OFF starburst amacrine

cells (SACs), respectively (Fig. 1.9A,B). This anatomical feature was initially seen as
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Figure 1.8. Direction and orientation selectivity. AIB, Diagram illustrating the quantification of direction
selectivity (A) and orientation selectivity (B), using the direction selectivity index (DSI) and orientation
selectivity index (OSlI), respectively. The algorithms used to calculate DSI and OSI of visual responses are
reported at the top. For DSI, the responses to the preferred direction of moving bars (R,.f) and opposite, or
null, direction (Rnui; 180° angular distance) are used. For OSlI, the responses to the preferred axis (Rprer)
and orthogonal axis (Ron; 90° angular distance) are used. Note that the arrows indicate the motion
direction of orthogonally oriented bars or gratings. A single Gaussian or von-Mises distribution is used to fit
responses of direction-selective cells and estimate their preferred direction of motion from the centre of the
fitted curve. The sum of two Gaussian or von-Mises distributions (180° angular distance apart) is used to fit
responses of orientation-selective cells to estimate their preferred axis and stimulus orientation from the
centres of the fitted curves. The colour code describes the different levels of direction (A) and orientation
(B) selectivity.

an indication that SACs are crucial circuit players presynaptic to ON-OFF DSGCs
(Famiglietti, 1991, 1992). Subsequent studies have further confirmed and extended the
role of SACs as necessary cellular components in which direction selectivity is first
computed and, subsequently, transmitted to DSGCs. The major findings supporting the
central role of SACs in direction selectivity are the following: (a) targeted genetic
ablation of SACs leads to a dramatic loss of DS responses in RGCs (Yoshida et al.,
2001). (b) SACs release the neurotransmitter GABA and pharmacologically blocking
GABAA receptors completely abolishes direction selectivity in DSGCs (Wyatt and Day,
1976; He and Masland, 1997). Specific genetic disruption of GABA neurotransmission
exclusively in SACs further demonstrated the crucial role played by SAC-derived
GABAergic inhibition, and also revealed additional excitatory mechanisms (Pei et al.,
2015). SACs are the only retinal neurons releasing the excitatory neurotransmitter
acetylcholine and, even though early reports did not show a crucial effect of cholinergic
transmission on direction selectivity (He and Masland, 1997), GABA/acetylcholine co-
release from SACs seems to play an important role in shaping DSGC responses
(Sethuramanujam et al., 2016). (c) Individual dendritic branches of SACs are direction-
selective as they show higher calcium transients in response to stimuli moving
centrifugally (away from the cell soma) than to stimuli moving centripetally (towards the
soma) (Fig. 1.9E) (Euler et al., 2002). Responses are only visible in distal regions of

the dendritic tree, which contain varicosities corresponding to the synaptic outputs of
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SACs (Ding et al., 2016). These observations suggest that individual SAC dendritic
branches act as independent processing units constituting subcellular substrates where
direction selectivity is computed before being generated in DSGCs. (d) The results
described in (c) imply that the preferred direction of a given DSGC is opposite to the
preferred direction of the SAC dendrites providing its inhibitory inputs (Fig. 1.9C). Two
different lines of evidence demonstrate that this is indeed the case. First, Fried et al.
(2002) performed dual electrophysiological recordings revealing that the inhibitory input
DSGCs receive from SACs located on their null side is greater than the input received
from SACs located on their preferred side. Second, Briggman et al. (2011) combined
two-photon population calcium imaging of RGCs with serial block-face scanning
electron microscopy followed by connectomic reconstructions, to relate the synaptic
inputs ON-OFF DSGCs receive from SACs with their observed directional tuning.
Notably, they found that DSGCs form numerous synapses with null-side SACs but few
with preferred-side SACs (Fig. 1.9D). This extremely precise wiring pattern results from
an asymmetric increase in the number of inhibitory synapses from null-side SACs
during the second postnatal week of mouse development (Wei et al., 2011; Yonehara
et al., 2011; Morrie and Feller, 2015). Interestingly, this developmental switch depends
on molecular cues, at least in DSGCs tuned to forward or backward motion (Yonehara
et al., 2016).

The results highlighted above place SACs at the centre of retinal DS circuits,
and indicate a crucial role played by SAC dendritic computation in detecting stimulus
motion direction. However, how is direction selectivity generated in SAC dendritic
branches? Currently, there are two main, non-mutually exclusive models explaining this
phenomenon. The first is a dendrite-autonomous mechanism whereby the specific
dendritic geometry of SACs and the distribution of excitatory inputs along their
dendrites, together with active dendritic conductances, can produce direction selectivity
(Hausselt et al.,, 2007; Vlasits et al.,, 2016). The second model is based on the
observation that the different bipolar cell types show responses with distinct temporal
dynamics and that they stratify their presynaptic terminals in a stereotypic fashion
across the IPL depth (see 1.1.1) (Baden et al., 2013). Electron microscopy
connectomic reconstructions of bipolar cells forming contacts with SAC dendrites
showed that slow bipolar cell types with sustained responses connect proximally to the
SAC soma, whereas fast bipolar cell types with transient responses connect distally
(Fig. 1.9F) (Kim et al.,, 2014; Ding et al., 2016; Greene et al., 2016). This specific
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Figure 1.9. Cell types and circuit mechanisms underlying retinal direction selectivity. A, Layout of
the cell types involved in directional motion detection obtained from a densely reconstructed electron
microscopy data set. Reconstructions of a direction-selective ON-OFF ganglion cell (DSGC, magenta) with
dendrites bistratified in ON and OFF strata of the IPL, an OFF starburst amacrine cell (SAC, cyan), and
type 2 (black), 3A (black) and 5B/C (yellow) cone bipolar cells (CBCs) are shown. Soma positions of
photoreceptors (grey), bipolar cells (blue), ganglion cells (red), and amacrine cells (green) are reported.
PRL, photoreceptor layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer,
GCL, ganglion cell layer. B, Schematic representing the key cellular components of the direction-selective
circuit of the retina. Bipolar cells provide excitatory gluatamatergic input to SACs and DSGCs. Distinct
bipolar cell types contact ON or OFF SACs at the subcellular locations shown (proximal vs. distal). SACs
provide feedforward GABAergic inhibition to DSGCs. C, Diagram showing the circuit wiring underlying
directional GABA release onto DSGCs. SACs on the null side of DSGCs form more GABAergic synapses
than SACs on the preferred side. D, Polar plot response profiles of DSGCs (left) colour-coded according to
their preferred motion direction (black lines). Corresponding DSGC soma locations superimposed onto a
two-photon image of the recorded region in the GCL. An OFF SAC (right; black skeleton), with varicosities
indicated by black dots. DSGC dendritic fields are represented by colour-coded dashed ellipses. Synapses
are colour-coded according to the preferred direction of the postsynaptic DSGC. Scale bars are 100 um
(left) and 50 pm (right). E, Direction-selective responses in SAC dendrites. A fluorescent dye-filled SAC
(left) and calcium responses to gratings moving in four directions (centre) are shown. Each of the radially
oriented dendritic branch has its own preferred direction of motion, namely motion from SAC soma to
dendrite tip. DPI, direction preference index. F, Spatially offset excitatory inputs from different cone bipolar
cell types together with their differences in response kinetics likely underlies the detection of directional
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motion in individual SAC dendritic branches. Type 2 CBCs (yellow) with slower and longer-latency release
contact the OFF SAC dendrite (grey) more proximally, whereas 3A CBCs (cyan) with faster and short-
latency responses contact the OFF SAC dendrite more distally, therefore establishing a spatial (dx) and
temporal (dt) offset resulting in outward-preferred (green arrow) and inward-suppressed (red arrow)
directional responses. Images in (A), (E) and (F) are from (Borst and Helmstaedter, 2015), with left side of
(E) adapted from (Euler et al., 2002). Images in (B) and (C) are from (Morrie and Feller, 2016). Images in
(D) is from (Briggman et al., 2011).

spatial arrangement of bipolar cell presynaptic terminals along SAC dendrites would
result in different temporal delays between slow and fast bipolar cell inputs depending
on the direction of stimulus motion, thus generating direction selectivity (Kim et al.,
2014). Briefly, visual stimuli moving centrifugally (soma to dendrite) would trigger slow
inputs before fast ones, which would then reach the SAC dendrite simultaneously,
summing to elicit strong depolarisations. Stimuli moving centripetally (dendrite to soma)
would instead trigger fast responses before the slow, more proximal ones can kick in,
therefore causing small depolarisations (Fig. 1.9F).

Finally, it is worth mentioning that postsynaptic mechanisms can also produce
direction selectivity in DSGCs. For example, in a genetically defined subpopulation of
ON-OFF DSGCs tuned to forward motion, asymmetric dendritic arbours aligned to the
preferred direction of motion enhance DSGC directional tuning through mechanisms
working in parallel with SAC-derived DS inhibition (Trenholm et al., 2011). Similarly, the
asymmetry of dendritic arbours appears to be an essential requirement for generating
upward motion selectivity in OFF DSGCs, which do not receive SAC inputs (Kim et al.,
2008). Additionally, it has been shown that active conductances in DSGC dendrites
enhance direction selectivity by producing dendritic calcium spikes during preferred
direction stimulation, while GABAergic synaptic inhibition prevents the initiation of
dendritic spikes during null-direction stimulation (Oesch et al., 2005; Sivyer and
Williams, 2013). No direct contribution to DSGC tuning appears to be provided by
excitatory inputs from bipolar cell axon terminals, whose responses lack direction
selectivity (Yonehara et al., 2013; Park et al., 2014), consistent with the observation

that SACs do not form synapses onto bipolar cell terminals (Ding et al., 2016).

1.2.2 Orientation-selective Circuits

Detecting the orientation of elongated visual stimuli is another fundamental image
processing step carried out in the early visual system. Orientation selectivity was first
discovered in cat primary visual cortex more than 50 years ago by Hubel and Wiesel
(1962). They described it as the selectivity of neuronal firing for elongated visual stimuli

oriented along a specific axis in the visual field (or preferred orientation), and
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suppression of firing when stimuli are oriented orthogonally to their preferred axis (or
orthogonal orientation) (Fig. 1.8B). Shortly afterwards, Levick (1967) identified
orientation-selective ganglion cells (OSGCs) in the rabbit retina, suggesting that
orientation-specific information is already evident in the output neurons of the retina.
Since then, orientation-selective cells have been described in many vertebrate and
invertebrate visual systems, including primates (Hubel and Wiesel, 1968), rodents
(Niell and Stryker, 2008), fish (Nikolaou et al., 2012) and insects (Fisher et al., 2015).
Compared to retinal DS circuits, however, our understanding of the cellular players and
microcircuit mechanisms generating orientation selectivity in the retina is still far from
complete, mostly due to the lack of specific molecular markers. In mammals, OSGCs
have been found in rabbit (Levick, 1967; Caldwell et al., 1978; Amthor et al., 1989;
Bloomfield, 1994; He et al., 1998; Venkataramani and Taylor, 2010, 2016), cat (Levick
and Thibos, 1980, 1982), mouse (Zhao et al., 2013; Chen et al., 2014; Pearson and
Kerschensteiner, 2015; Baden et al., 2016; Nath and Schwartz, 2016), and primates
(Passaglia et al., 2002). In lower vertebrates, OSGCs have been described in zebrafish
(Nikolaou et al., 2012; Lowe et al., 2013), carp (Damjanovic et al., 2009), and turtle
(Sernagor and Grzywacz, 1995).

To date, only few OSGC types in two species have been characterised in terms
of their morphology and physiology (Fig. 1.10A,B). In rabbit, Venkataramani and Taylor
(2010, 2016) identified two subtypes of OFF OSGCs tuned to horizontal or vertical
visual stimuli, and one type of ON OSGCs selective to horizontally oriented stimuli (Fig.
1.10A,B right). In mouse, Nath and Schwartz (2016) found two ON OSGC subtypes
tuned to horizontal or vertical stimuli (Fig. 1.10A,B left and 1.10C). Baden et al. (2016)
functionally identified also OFF and ON-OFF OSGC types in the mouse retina (both
comprising subtypes tuned to different cardinal orientations), but their precise
morphology is still unclear. In zebrafish, Lowe et al. (2013) reported the presence of
four OSGC subtypes tuned to different cardinal or diagonal orientations, but their
response polarity and dendritic stratification in the IPL remain to be described. In
mouse, the dendrites of ON OSGCs stratify in both ON and OFF IPL regions (Nath and
Schwartz, 2016), while in rabbit they stratify exclusively in the ON region (Fig. 1.10A)
(Venkataramani and Taylor, 2016). The IPL dendritic stratification pattern of rabbit OFF
OSGCs has not yet been described in detail (Venkataramani and Taylor, 2010).
Strikingly, both mouse and rabbit horizontal ON OSGCs cells have elongated dendritic

arbours oriented according to their stimulus orientation preference (i.e., horizontally
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Figure 1.10. Orientation-selective ganglion and amacrine cells in mouse and rabbit. AIB, Schematic
summarizing the morphological (A) and physiological (B) properties of ON OSGCs in mouse (Nath and
Schwartz, 2016), and ON and OFF OSGCs in rabbit (Venkataramani and Taylor, 2010, 2016). A, Dendritic
stratification (top) in the inner plexiform layer (IPL), and dendritic field profiles (bottom) of ON-OSGCs.
Dark grey lines in the IPL indicate ON and OFF choline acetyltransferase (ChAT) strata corresponding to
ON and OFF starburst amacrine cell (SAC) neurites, respectively. INL, inner nuclear layer; GCL, ganglion
cell layer. B, Response profiles of OSGC spiking (top), excitatory inputs (middle), and inhibitory inputs
(bottom). Dashed lines of excitatory and inhibitory inputs response profiles in rabbit OSGCs indicate
estimated profiles from responses recorded during preferred versus orthogonal orientation stimulation.
Note the high degree of morphological and physiological homology between mouse and rabbit OSGCs. C,
Spike responses of an example mouse ON OSGC to static bar stimuli (left). Preferred and null orientation
responses are reported. Polar plot of an example mouse ON OSGC responses to moving bar stimuli with
responses to preferred and null orientations (right). Error bars indicate SEM across trials. Image is from
(Nath and Schwartz, 2016). D, Pharmacological block of GABA, receptors suppresses orientation
selectivity in rabbit ON OSGCs. Average spike responses in control and in the presence of 10 uM SR-
95531 (Gabazine) to block GABA, receptors are reported. Image is from (Venkataramani and Taylor,
2016). E, Schematic illustration representing proposed receptive-field organisation of the orientation-
selective and orientation-biased amacrine cells identified in the rabbit retina. Excitatory inputs are indicated
by (+) whereas inhibitory inputs are indicated by (-). Note that orientation tuning in orientation-biased
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amacrine cells does not appear to result from spatially anisotropic inhibition like in orientation-selective
amacrine cells. Image is from (Bloomfield, 1994). F, Morphological and functional features of an ON
orientation-selective, wide-field polyaxonal amacrine cell type found in the rabbit retina. Receptive field
mapping of the excitatory inputs received by this cell type (top left) revealed its elongated receptive field
with orientation coinciding with its preferred stimulus orientation. Black dots indicate cell body position.
Average peak excitatory conductances (black) and spike counts (red) versus stimulus angle, with 0°
corresponding to the maximal response (top right). Preferred stimulus angle for individual spike tuning
curves (red), or dominant orientation of dendritic fields (black) are also reported. Z-stack image of an ON
orientation-selective polyaxonal amacrine cell (green) showing its dendritic stratification pattern in laminae
Sa1a5r)1d S3 of the IPL (bottom). ChAT" strata are stained in red. Image is from (Murphy-Baum and Taylor,
oriented, Fig. 1.10A) (Nath and Schwartz, 2016; Venkataramani and Taylor, 2016).
This morphological bias could contribute to the tuning of horizontal ON OSGCs,
however, the extent to which this feature is necessary to generate orientation selectivity
is unclear because no significant bias was found in rabbit OFF OSGCs or mouse
vertically tuned ON OSGCs (Venkataramani and Taylor, 2010; Nath and Schwartz,
2016; Venkataramani and Taylor, 2016).

If morphology alone is an unlikely prerequisite for OSGC tuning, what else could
produce their orientation selectivity? Interestingly, presynaptic mechanisms play a
crucial role in the emergence of OSGC tuning. In both mouse and rabbit, whole-cell
voltage clamp recordings isolating excitatory and inhibitory conductances revealed that
OSGCs receive synaptic inputs with highly stereotypical tuning profiles (Venkataramani
and Taylor, 2010; Nath and Schwartz, 2016; Venkataramani and Taylor, 2016).
Specifically, both mouse and rabbit OSGCs receive excitatory inputs tuned to their
preferred orientation, and inhibitory inputs tuned to the orthogonal orientation (i.e., 90°
angular distance; Fig. 1.10B). Mouse vertical ON OSGCs appear to be the only
exception, since some cells receive inhibitory inputs that are not orthogonally tuned
(Fig. 1.10B left) (Nath and Schwartz, 2016). In rabbit, pharmacologically blocking
GABA, receptors showed that GABA-mediated inhibition is crucial in rendering the
spiking output of OSGCs orientation-selective (Fig. 1.10D) (Caldwell et al., 1978;
Venkataramani and Taylor, 2010, 2016). Notably, the block of GABAergic inhibition
markedly reduces the orientation tuning of both excitatory and inhibitory inputs,
although some cell subtype-specific differences are present (Venkataramani and
Taylor, 2010, 2016). An early study reported that glycine-mediated inhibition is not
strictly required to generate OSGC tuning in rabbit (Caldwell et al., 1978). However, a
role for glycinergic dis-inhibition in providing orientation-selective excitatory drive has
been described in rabbit OFF OSGCs (Venkataramani and Taylor, 2010; Taylor and
Smith, 2011). In mouse, individually blocking either GABA, or glycine receptors does

not produce any significant change in the orientation tuning of excitatory or inhibitory
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inputs, suggesting that there is a substantial level of redundancy among GABAergic
and glycinergic mechanisms (Nath and Schwartz, 2016). Blocking both receptor types
simultaneously completely abolishes inhibitory conductances but, surprisingly, does not
affect the tuning of excitatory inputs, which thus arises through inhibition-independent
mechanisms.

Overall, the results highlighted above indicate that, at least in rabbit, synaptic
inhibition from amacrine cells plays a crucial role in generating OSGC tuning.
Moreover, in some cell subtypes orientation-tuned inhibition from amacrine cells
appears to modulate the tuning of both OSGCs and bipolar cell presynaptic terminals
(Venkataramani and Taylor, 2010). Interestingly, orientation-tuned amacrine cell types
have been described in the rabbit retina (Bloomfield, 1991, 1994; Murphy-Baum and
Taylor, 2015), but the precise extent to which their outputs directly contribute to OSGC
tuning remains unclear. Bloomfield (1991, 1994) described two classes of orientation-
tuned amacrine cells comprising both ON and OFF types: (1) orientation-selective and
(2) orientation-biased amacrine cells (Fig. 1.10E). Orientation-selective amacrine cells
are monostratified wide-field polyaxonal amacrine cells whose selectivity arises from
orthogonally tuned inhibitory inputs. Orientation-biased amacrine cells are
monostratified medium-field amacrine cells whose tuning appears to result exclusively
from their highly elongated dendritic morphology, since no inhibitory input is observed
during orthogonal-orientation stimulation. Consistent with this idea, the orientation of
their elongated dendritic field corresponds to their preferred stimulus orientation.
Similarly, an ON amacrine cell type in which orientation tuning results from an
elongated dendritic morphology has been identified by Murphy-Baum and Taylor
(2015) in the rabbit retina (Fig. 1.10F). Unlike the orientation-biased amacrine cells
described by Bloomfield (1994), however, this cell type is a wide-field polyaxonal
amacrine cell with a bistratified dendritic stratification pattern in the IPL, and cell soma
displaced in the ganglion cell layer. Notably, both excitatory and inhibitory inputs
received by this cell type are tuned to the preferred stimulus orientation, although
excitatory inputs are more tuned than inhibitory ones. Furthermore, receptive field
mapping revealed that its excitatory receptive field structure coincides with its dendritic
arbour morphology, thus reinforcing the idea that its orientation-tuned responses are
not produced by inhibition but by the arrangement of excitatory inputs onto its
elongated dendritic field (Fig. 1.10F).

Finally, several lines of evidence suggest that orientation-selective circuits

operate independently of direction-selective ones, and that the ways these two
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computations are implemented in the retina rely on distinct cell types and microcircuits.
First, neither OSGCs nor orientation-tuned amacrine cells co-stratify their dendrites
with SACs (Fig. 1.10A,F) (Murphy-Baum and Taylor, 2015; Nath and Schwartz, 2016;
Venkataramani and Taylor, 2016), an anatomical feature characteristic of most
direction-selective circuits (see 1.2.1). Additionally, the tuning of OSGCs shows a
different maturation pattern than DSGC tuning during mouse postnatal development
(Chen et al., 2014). Another indication that orientation- and direction-selective circuits
form distinct retinal output channels comes from the larval zebrafish, in which OSGC
and DSGC axonal projections terminate in different, non-overlapping neuropil laminae

of the optic tectum (Nikolaou et al., 2012; Lowe et al., 2013).

1.2.3 Additional Computations Performed by Retinal Circuits
Direction and orientation selectivity are two important computations carried out by
retinal circuits. Among other features that the retina can extract from visual scenes, two
computations have been described in detail: object motion sensitivity and approach
sensitivity (Fig. 1.11A,B). Notably, both feature sensitivities rely on defined microcircuit
connectivity motifs and specific inputs from distinct amacrine cell types (Fig. 1.11C,D).
Object motion sensitivity was initially discovered in frog RGCs by Lettvin et al.
(1959). In their seminal study — What the frog's eye tells the frog's brain — they
described RGCs capable of responding selectively to small visual stimuli (1-3°) moving
across the receptive field centre with a trajectory different from the background, and
defined these RGCs as ‘bug detectors’. Later, RGC object motion sensitivity has also
been found in rabbit (Levick, 1967; van Wyk et al., 2006), cat (Cleland and Levick,
1974), mouse (Zhang et al., 2012), salamander (Olveczky et al., 2003, 2007; Baccus et
al., 2008), and zebrafish (Semmelhack et al., 2014). In most species, object motion-
sensitive RGCs, often called local edge detectors (LEDs), have compact and densely
branched dendritic arbours stratifying near the centre of the IPL depth (van Wyk et al.,
2006; Kim et al., 2010; Zhang et al., 2012). Their firing selectivity for local instead of
global motion (Fig. 1.11A) is primarily due to a strong inhibitory surround (Fig. 1.11C)
(Olveczky et al., 2003; van Wyk et al., 2006; Olveczky et al., 2007; Zhang et al., 2012).
Interestingly, the main cellular players providing this inhibitory surround during global
motion are wide-field polyaxonal amacrine cells (Baccus et al., 2008), which act on
both LEDs and bipolar cell presynaptic terminals (Baccus et al., 2008; Zhang et al.,

2012). Importantly, LEDs are selective not only for local motion within the receptive
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Figure 1.11. Object and approaching motion sensitivity in the retina. A, Detection of differential
motion between an object and background. An object motion-sensitive ganglion cell remains silent during
global motion of the visual field but fires when the image patch in its receptive field centre moves differently
from the background. In particular, when the temporal delay (At) between object and background motion is
zero, the cell is silent. Whereas, when At is different from zero the cell fires action potentials. Note that
object motion-sensitive cells are also sensitive to local motion (i.e., an object moving over a static
background). B, Approaching motion sensitivity. The PV-5 type of parvalbumin-expressing retinal ganglion
cell responds strongly to an approaching dark object (i.e, dark stimulus with a continuously expanding
contour; left). If the object is receding (i.e., dark stimulus with a continuously contracting contour) or
moving laterally, the cell does not respond (right). C, Retinal circuitry underlying object motion sensitivity.
Polyaxonal amacrine cells (A) in the periphery are excited by motion and send inhibitory inputs to the
receptive field centre of the object motion-sensitive ganglion cell (G). If motion in the periphery is
synchronous with that in the centre, the excitatory inputs the ganglion cell receives from bipolar cells (B)
coincide with the inhibitory ones, and firing is suppressed. D, Retinal circuitry underlying approaching
motion sensitivity. The approach-sensitive ganglion cell receives excitatory inputs from OFF bipolar cells
and inhibitory inputs from ON amacrine cells. These ON amacrine cells are electrically coupled to ON
bipolar cells through gap junctions, and can therefore provide rapid inhibition to the approach-sensitive
ganglion cell. When a stimulus moves laterally or contracts, the inhibitory ON inputs generated by the light
trailing edge of the stimulus supress firing in the ganglion cell. Images in (A) and (B) are from (Sanes and
Masland, 2015). Images in (A), (C) and (D) are from (Gollisch and Meister, 2010).

field centre, but also for differential motion between centre and surround, namely object
and background moving in different directions or at different speeds (Fig. 1.11A). How
do LEDs perform this computation? A mathematical circuit model suggests that, to
detect differential motion, the time course of excitatory inputs in the receptive field
centre (reflecting the object motion trajectory) needs to differ from the time course of
surround inhibitory inputs provided by polyaxonal amacrine cells (representing the

background motion trajectory) (Baccus et al., 2008; Gollisch and Meister, 2010). When
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the trajectories of object and background are identical (e.g., during global motion), the
time courses of excitatory and inhibitory inputs coincide and, as a consequence, LED
firing is suppressed. When instead the object and background motion trajectories differ
(e.g., during differential motion), the time courses of excitatory and inhibitory inputs are
not synchronised and LED can fire action potentials. Strikingly, recent studies in mouse
have revealed that LEDs receive most of their excitatory inputs from glutamatergic
VGIuT3 amacrine cells (Lee et al.,, 2014; Krishnaswamy et al., 2015), which are
themselves sensitive to differential motion and directly contribute to LED object motion
sensitivity (Kim et al., 2015).

Approach sensitivity is described as the capability of some RGCs to respond
selectively to dark looming stimuli, and stay silent when stimuli recede or move laterally
in the visual field (Fig. 1.11B). Munch et al. (2009) characterised a type of parvalbumin-
expressing OFF RGCs (also referred to as PV-5 RGC) that shows approach-sensitive
responses. This RGC type is strongly activated by an expanding dark stimulus, even
when the global luminance of the visual scene remains constant. On the contrary, its
responses are completely suppressed by lateral motion of a dark stimulus. Munch et al.
(2009) found that this selective suppression of firing is primarily mediated by All
amacrine cells. In particular, by receiving electrical inputs from ON bipolar cells through
gap junctions, All amacrine cells can provide rapid glycinergic crossover inhibition to
PV-5 RGCs. During lateral motion, the bright trailing edge of a dark moving stimulus
activates All amacrine cells through the ON pathway, therefore counteracting the
excitatory inputs PV-5 RGCs receive from OFF bipolar cells activated by the dark
leading edge of the stimulus (Fig 1.11D). During approaching motion, instead, All
amacrine cells are not activated and PV-5 RGC firing is thus not inhibited. Interestingly,
these results highlight the multifunctional roles played by All amacrine cells, which can
also feed rod bipolar cell signals into cone bipolar cells during scotopic ‘night’ vision
(see 1.1.2). Finally, approach-sensitive PV-5 RGCs are potential candidates in
triggering looming-evoked escape behaviour, which has been observed in various
vertebrate species including mouse (De Franceschi et al.; Yilmaz and Meister, 2013),
frog (Ishikane et al., 2005), and zebrafish (Temizer et al., 2015; Dunn et al., 2016a).

In conclusion, different retinal microcircuit motifs formed by defined cell types are
capable of performing relatively complex visual computations that, potentially, have
direct roles in driving specific visual behaviours. A common recurring theme among the

different microcircuits described above is the prominent role amacrine cells play in
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generating RGC feature selectivity. This essential function is probably best exemplified
by studies in which the firing selectivity of RGCs was dramatically impaired when
specific amacrine cell types were ablated (Yoshida et al., 2001) or synaptic connectivity
between defined amacrine and ganglion cell types was disrupted (Kim et al., 2015;

Krishnaswamy et al., 2015; Pei et al., 2015; Yonehara et al., 2016).

1.3 Assembly of Retinal Circuits during Development

The above sections highlight the remarkable specificity of neural wiring in retinal
circuits and how this is required for appropriate visual processing and function. What
are the developmental mechanisms generating these complex connectivity patterns?
How is appropriate morphology and synapse specificity achieved during development?
Several decades of developmental neurobiology research have led to the identification
of the main mechanisms and principles underlying circuit wiring in the nervous system
[reviewed in (Luo, 2015) and (Sanes and Yamagata, 2009)]. Importantly, the same
mechanisms often operate in multiple brain regions and at different developmental
stages. Overall, they can be broadly grouped in two classes: (1) mechanisms
controlled by molecular cues (Shen and Scheiffele, 2010; Williams et al., 2010;
Kolodkin and Tessier-Lavigne, 2011; Yogev and Shen, 2014), and (2) neural activity-
mediated mechanisms (Katz and Shatz, 1996; Zhang and Poo, 2001; Kirkby et al.,
2013; Okawa et al., 2014b). Among the different types of molecules involved in neural
circuit wiring, transmembrane proteins (Fig. 1.12) play crucial roles since they mediate
fine-scale cell-cell interaction processes, such as adhesion, repulsion, self-avoidance,
and synapse formation (Dalva et al., 2007; Shapiro et al., 2007; de Wit and Ghosh,
2016). A large body of research, not discussed here, has uncovered the developmental
processes controlling RGC target selection (Osterhout et al., 2011; Xiao et al., 2011;
Osterhout et al., 2014; Osterhout et al., 2015; Sun et al., 2015), as well as topographic
map formation and refinement in the visual system (McLaughlin and O'Leary, 2005;
Luo and Flanagan, 2007; Huberman et al., 2008a; Feldheim and O'Leary, 2010; Cang
and Feldheim, 2013). Here, instead, the mechanisms regulating circuit wiring within the
retina are analysed. First, both attractive and repulsive processes controlled by cell-
surface molecules are examined. Then, the roles played by neural activity in retinal
circuit development are briefly described. Lastly, special focus is given to the
transmembrane proteins teneurins and their function in neural circuit wiring, both in

vertebrates and invertebrates.
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Figure 1.12. Cell-surface molecules involved in neural circuit wiring. A, Netrins, Slits, and their
receptors (left), including receptors signalling attraction (DCC) and repulsion (UNC5 for Netrins; Robo for
Slits). Semaphorins and their receptors (middle). The five classes of vertebrate Semaphorins and the
major holoreceptor complexes required for Semaphorin-mediated repulsive and attractive guidance
responses are represented. Ephrins and their receptors (right). Schematic showing the main A and B
classes of Ephrins and their EphA and EphB receptors. The distinct protein domains found in these
proteins are reported in the legends. Image is from (Kolodkin and Tessier-Lavigne, 2011). B, Schematic
representing the most important families of cell-adhesion molecules (CAMs) involved in neural circuit
wiring. Most of these CAMs mediate cell-cell recognition and adhesion through homophilic interactions in
trans, but some do so through trans heterophilic interactions (e.g., neurexins-neuroligins). Some CAMs,
such as NCAM and teneurins, form dimers in cis in the plasma membrane. The distinct protein domains
found in these proteins are reported in the legend. Image is from (Missaire and Hindges, 2015).

1.3.1 Cell-interaction Molecules Involved in Retinal Circuit Wiring

A common feature of neural circuit wiring is the arrangement of synaptic connections in
neuropil laminae (Sanes and Zipursky, 2010; Baier, 2013). This laminar organisation of
neurites and synapses is particularly prominent in the retina, where both the IPL and
outer plexiform layer (OPL) are characterised by precisely stratified architectures.
Studies in which one or more retinal cell classes were completely ablated suggest that
no single cell class is essential for the basic formation of the IPL or OPL (Tomita et al.,
2000; Kay et al., 2004; Keeley et al., 2013; Randlett et al., 2013). However, the precise

organisation of neurites into stereotypic strata requires interactions between different
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retinal cells, often between pre- and postsynaptic partners. In vivo time-lapse studies in
zebrafish have revealed that these stereotypic stratification patterns occur gradually
over development and involve highly dynamic neurite rearrangements, such as rapid
exploratory filopodial extensions and retractions (Godinho et al., 2005; Mumm et al.,
2006; Chow et al., 2015).

The very first steps in the formation of layered neuropil structures in the retina
consist in the polarised extension of neurites. Studies in mouse have shown that the
atypical cadherin Fat3, which is localised throughout the IPL depth, directs the
asymmetric extension of amacrine cell neurites towards the IPL (Deans et al., 2011;
Krol et al., 2016). Strikingly, in mice lacking Fat3 some amacrine cells fail to target the
IPL and form two additional neuropil laminae in the inner nuclear layer (INL) and
ganglion cell layer (GCL). Fat3 loss of function also affects rod bipolar cells, which
overshoot ectopic axon processes in the GCL. In zebrafish, the extracellular matrix
component Laminin-1 is required for the appropriate emergence, orientation and
extension of nascent RGC axons (Randlett et al., 2011).

A subsequent step in retinal neuropil layering consists in the confinement of
neurites within the appropriate synaptic lamina/e. Generally, repulsive cell-surface
molecules regulate this process in both the IPL and OPL. Extensive work in mouse has
demonstrated that repulsive semaphorin signalling through plexin receptors acts in
both the IPL and OPL to restrict neurite stratification in defined neuropil laminae
(Matsuoka et al., 2011b; Matsuoka et al., 2011a; Matsuoka et al., 2012; Sun et al.,
2013). Interestingly, this heterotypic repulsive signalling operates in a cell-type-specific
way through selective expression of different semaphorins and plexins in distinct retinal
cell types and, therefore, defined cellular layers or neuropil laminae (Fig. 1.13A).
Transmembrane Semaphorin-5A and 5B (expressed in the outer portion of the INL)
constrain neurites of amacrine, bipolar and ganglion cells within the IPL by signalling
through Plexin-A1 and A3 (localised in the IPL) (Matsuoka et al., 2011b). In the
absence of these proteins, neurites show severe mistargeting errors into the outer
portions of the retina (Fig. 1.13A bottom), which lead to specific defects in RGC
response properties. Likewise, Semaphorin-6A and Plexin-A4 are expressed in a
complementary fashion in the IPL, with Semaphorin-6A being localised in most ON
strata and Plexin-A4 in OFF strata (Matsuoka et al., 2011a). Semaphorin-6A or Plexin-
A4 loss of function leads to dramatic stratification defects exclusively in dopaminergic
amacrine cells, intrinsically photosensitive RGCs and calbindin-positive cells. These

proteins are also required in the OPL where they are both expressed in horizontal cells
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and control the confinement within the OPL of their axons that, in Semaphorin-6A or
Plexin-A4 null mutant mice, overshoot to the outer nuclear layer (ONL; Fig. 1.13A
bottom) (Matsuoka et al., 2012). To give another example, Semaphorin-6A (expressed
in ON SACs) signalling through Plexin-A2 (expressed in both ON and OFF SACs) is
essential for the segregation of ON and OFF SAC dendrites into distinct, non-
overlapping IPL laminae (Fig. 1.13A bottom) (Sun et al., 2013). Additionally, a recent
biochemical screen has found that Fibronectin Leucine-Rich Transmembrane 2
(FLRT2) and Uncoordinated-5C (Unc5C) form a repulsive interacting pair and are
differentially expressed in the retina (Visser et al., 2015). Specifically, SACs and their
postsynaptic partners ON-OFF DSGCs express FLRT2 and are repelled by Unc5C,
which is localised in IPL strata not occupied by the dendrites of SACs and ON-OFF
DSGCs.

These studies indicate that repulsive interactions restrict neurites of specific
retinal cell types within defined neuropil laminae. However, how do synaptic partners
recognise each other, co-stratify their neurites and, subsequently, form functional
synapses? A substantial body of evidence indicates that synaptic parther matching is
mainly mediated by cell-adhesion molecules. Studies in chick have shown that
transmembrane proteins of the immunogloblulin superfamily — namely Down Syndrome
Cell-adhesion Molecule (DSCAM), DSCAML, Sidekick-1, Sidekick-2, and Contactin-1 to
-5 — form a cell-adhesion code that instructs lamina-specific targeting and co-
stratification of retinal neurites in the IPL through homophilic interactions (Yamagata et
al., 2002; Yamagata and Sanes, 2008, 2012). In particular, these proteins are
expressed in largely non-overlapping subsets of bipolar, amacrine and ganglion cells,
and exhibit a combinatorial localisation pattern in the IPL (Fig. 1.13B top). Importantly,
all of these proteins mediate homophilic cell adhesion in vitro. Moreover, knockdown or
ectopic overexpression of some of these proteins causes neurite mistargeting to
inappropriate laminae or neurite re-direction to the corresponding overexpressed
molecule-positive laminae, respectively (Fig. 1.13B bottom). Recently, an elegant study
in mouse revealed that Sidekick-2 specifies the synaptic matching between VGIuT3
amacrine cells and their postsynaptic partners LEDs through homophilic cell-cell
interactions (Krishnaswamy et al., 2015). Notably, loss of function of Sidekick-2 leads
to a dramatic decrease in synaptic connectivity between these two cell types as well as
impaired object motion sensitivity in LEDs. Nevertheless, only minor dendritic
stratification defects have been observed in VGIuT3 amacrine cells and LEDs, whose

overall morphology appears unaffected in Sidekick-2 mutant mice.
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Figure 1.13. Cell-surface molecules instructing neurite lamination in the retina. A, Schematic
showing the expression pattern of heterotypic repulsive molecular cues in different neuropil laminae of the
mouse retina. lllustration showing abnormal stratification of mouse retinal cell types when semaphorin
(Sema)-plexin (Plex) signaling is disrupted compared to wildtype retina (WT). KO, knockout; dKO, double
knockout; M1 RGC, Type 1 melanopsin-positive retinal ganglion cell; DAC, dopaminergic amacrine cell; T2
BC, Type 2 OFF-cone bipolar cells; RBC, rod bipolar cell; HC, horizontal cell; SAC, starburst amacrine cell;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. B, Schematic showing the
expression pattern of homotypic adhesive molecular cues in different neuropil laminae of the chick retina.
lllustration showing disrupted dendritic stratification of R-cadherin (R-cad)-positive ganglion cells in the
Dscam knockdown retina, and unusual lamination of substance P (SP)-positive amacrine cells in sidekick1
(Sdk1) overexpressing (OE) chick retina. Images in (A) and (B) are from (Hoon et al., 2014). C, Type |
cadherins instruct bipolar cell axon lamina targeting in the mouse retina. Two distinct types of bipolar cells
(BCs), each expressing a different type |1l cadherin, target different strata in the IPL. Cadherin 8 (Cdh8)-
expressing OFF type 2 BCs (BC2s; orange) target the outer IPL, where they contact the dendrites of OFF
SACs and the OFF dendritic portion of bistratified ON-OFF direction-selective ganglion cells (DSGCs).
Cdh9-expressing ON BC5s (blue) target the inner IPL, where they contact the dendrites of ON SACs and
the ON dendritic portion of ON-OFF DSGCs. Axon mistargeting errors resulting from either cadherin loss-
of-function (middle) or ectopic overexpression (right) are also depicted. Image is from (de Wit and Ghosh,
2016).

47



Chapter 1

Also heterophilic cell-adhesion signalling can direct lamina targeting and
synaptic partner recognition in the retina. In mouse, type Il cadherins acting
heterophilically with yet-to-be-determined cues regulate axon terminal positioning and
connectivity of defined bipolar cell types (Duan et al., 2014). More specifically, type 2
OFF bipolar cells expressing Cadherin-8 co-stratify their axon terminals with OFF SAC
dendrites and the OFF portion of ON-OFF DSGC dendrites, to which they provide
excitatory input (Fig. 1.13C). On the other hand, type 5 ON bipolar cells expressing
Cadherin-9 co-stratify their axons with ON SAC dendrites and the ON portion of ON-
OFF DSGC dendrites, to which they provide excitatory input. Similarly to chick
immunoglobulin  superfamily transmembrane proteins, loss of function or ectopic
overexpression of Cadherin-8 or -9 causes axon terminal mistargeting to inappropriate
IPL laminae or axon re-direction to the corresponding Cadherin-positive lamina,
respectively (Fig. 1.13C right). Consistent with this, the mistargeting errors resulting
from Cadherin-8 or -9 loss-of-function impair OFF or ON visually evoked responses
and direction tuning in ON-OFF DSGCs, respectively. In the mouse OPL, interactions
between the transmembrane glycoprotein Dystroglycan and the extracellular matrix-like
protein Pikachurin (both expressed exclusively by photoreceptors) control the correct
apposition of bipolar cell dendritic tips to photoreceptor ribbon synapses, as well as
their mutual synaptic connectivity (Sato et al., 2008; Omori et al., 2012). In the rod
pathway, the leucine-rich repeat-containing protein ELFN1 (selectively expressed in
rods) interacts trans-synaptically with mGIuR6 glutamate receptors (expressed on rod
bipolar cell dendrites) (Cao et al., 2015). Notably, mice lacking ELFN1 lack synapses
between rod photoreceptors and rod bipolar cells, but exhibit normal connectivity
between cones and cone bipolar cells. Again specifically for the rod pathway, another
leucine-rich repeat protein, Netrin-G ligand 2 (NGL-2), expressed only on the axon tips
of horizontal cells, is required for horizontal cell axon lamination in the OPL as well as
for their selective synaptic matching with rods, but not cones (Soto et al., 2013).

Lamination is not the only feature that gives rise to precise connectivity and
function. Also dendritic structure and arborisation in the horizontal plane of the retina
play key roles in generating the receptive fields and functional properties of retinal
neurons (London and Hausser, 2005; Lefebvre et al., 2015). The most notable example
of planar dendritic arbour development specified by cell-surface proteins is represented
by the clustered protocadherins (Pcdhs), which control dendritic self-avoidance and
self/non-self discrimination in mouse SACs (Lefebvre et al., 2012; Kostadinov and

Sanes, 2015). Unlike in wild-type SACs (Fig. 1.14A), dendritic branches belonging to
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individual SACs lacking all 22 Pcdh-y genes overlap extensively and form bundles,
therefore resulting in dramatic changes in arbour shape as well as incomplete dendritic
field coverage and ectopic formation of autapses (i.e., synapses between same-cell
neurites; Fig. 1.14B left). These phenotypes are caused by loss of homotypic Pcdh-y
interactions between same-cell dendrites that normally trigger repulsion and self-
avoidance. Intriguingly, the genetic mechanism underlying this phenomenon is very
similar to DSCAMs in Drosophila (Zipursky and Sanes, 2010). Like Drosophila
DSCAMs, vertebrate Pcdhs show stochastic, combinatorial expression profiles
generating single-cell identity (Esumi et al., 2005; Kaneko et al., 2006). Also, it has
been shown that Pcdhs exhibit isoform-specific homophilic binding (Schreiner and
Weiner, 2010; Thu et al.,, 2014). Hence, since each cell expresses a unique
combination of Pcdh-y isoforms, self/non-self discrimination is accomplished through
repulsive isoneuronal interactions between sibling dendrites. On the contrary,
heteroneuronal interactions with dendrites of other cells do not trigger repulsion.
Consistent with this, expressing the same single Pcdh-y isoform in all SACs leads to
decreased dendritic co-fasciculation and synaptic connectivity between neighbouring
SACs (Fig. 1.14C left) (Lefebvre et al., 2012; Kostadinov and Sanes, 2015). As it may
be expected, the morphological and connectivity defects observed when deleting all 22
Pcdh-y genes or artificially expressing a single Pcdh-y isoform in all SACs both impair
the direction tuning of DSGCs (Fig. 1.14A-C right) (Kostadinov and Sanes, 2015). A
related example is the repulsive heterotypic signalling between Semaphorin-6A and
Plexin-A2 in ON SACs (Sun et al., 2013). In mice lacking these proteins, ON SACs
miss extensive portions of their dendritic fields, have asymmetric dendritic arbours, and
exhibit self-avoidance defects (Fig. 1.14D left), unlike OFF SACs that instead show
normal dendritic arborisation. Also, it appears that only the ON directional motion
responses of ON-OFF DSGCs are affected in these mutant mice (Fig. 1.14D right).
Finally, individual retinal cell type populations are arranged in 'mosaics' across
the retina, namely they are distributed as non-random arrays of regularly spaced cells
that tile the retina (Cook and Chalupa, 2000). This regular coverage is thought to
enable each retinal cell type population to process information uniformly across the
whole visual field. How do retinal cell types form such mosaics? Molecular candidates
playing a clear role in this process are the Multiple Epidermal Growth Factor-like
domains protein 10 (MEGF10) and MEGF11 (Kay et al., 2012). By being selectively
expressed in SACs and horizontal cells, MEGF10 and MEGF11 regulate the mosaic
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Figure 1.14. Cell-surface molecules regulating planar dendritic morphology in the IPL. A, Starburst
amacrine cells (SACs) in wild type (WT) mice have radially symmetric neurites and form GABAergic
synapses with other adjacent SACs (left). SAC connections with direction-selective ganglion cells (DSGCs)
are not showed. Tuning of DSGCs is also reported (right) with amplitude representing degree of tuning and
angle representing the preferred direction. D, dorsal; N, nasal; V, ventral; T, temporal. B, In mice lacking all
22 protocadherin-y genes (Pcdhg'/'), SAC neurites do not show self-avoidance, resulting in loss of radially
symmetric morphology, co-fasciculation and ectopic formation of autapses (left). Both ON and OFF
direction selectivity of Hb9-GFP* DSGCs are weaker than in WT mice and are not consistently tuned
toward the ventral direction (right). C, In mice artificially expressing a single Pcdh-y isoform (Pcdhgs),
SACs have radially symmetric morphology but display little dendritic overlap and rarely form GABAergic
synapses with other SACs (left). The tuning of Hb9-GFP* DSGCs is also weaker than in WT (right). D, In
mice lacking Sema6A, the neurites of ON SACs show impaired self-avoidance resulting in loss of radially

symmetric morphology (left). ON direction tuning of Trhr-GFP* DSGCs is weaker than in WT, whereas
OFF direction tuning remain unaffected (right). Images in (A-D) are from (Morrie and Feller, 2016).

spacing and retinal coverage of these neurons in a cell-type-specific fashion through
repulsive homotypic interactions. Notably, in mice lacking these transmembrane
proteins, the cell bodies of SACs and horizontal cells are arranged in random
disordered distributions, whereas their dendrites do not exhibit obvious stratification
abnormalities. Similarly, DSCAM and DSCAML, which have more diffuse expression
patterns in the mouse retina, were shown to direct mosaic spacing and self-avoidance
of several different cell types (Fuerst et al., 2008; Fuerst et al., 2009). However, a
recent study using both gain- and loss-of-function approaches suggests that the cell
clumping and neurite co-fasciculation phenotypes observed in mice lacking DSCAM is
not consistent with a self-avoidance function but, instead, it could be explained by the
role this protein has in driving cell-death and balancing the overall adhesive attraction

between cells of the same type (Li et al., 2015).
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1.3.2 Roles of Neural Activity in Retinal Circuit Development

In addition to the molecularly specified wiring processes described above, activity-
dependent mechanisms also play important roles in the maturation and refinement of
retinal circuits [reviewed in (Wong and Ghosh, 2002; Firth et al., 2005; Tian, 2008;
Okawa et al., 2014b)]. The main sources of synaptic activity in the developing retina
are: (1) spontaneous neurotransmitter release, (2) spontaneous waves of correlated
activity, and (8) visual experience. Early studies showed that synaptic
neurotransmission, potentially driven by retinal waves, is required for the normal
arborisation and stratification of RGC dendrites. Work in the cat retina reported that
selective pharmacological activation of mGIuR6 glutamate receptors (which
hyperpolarise ON cone bipolar cells and rod bipolar cells) impairs the segregation
between ON and OFF RGC dendritic arbours in the IPL during development, and
results in an increased fraction of RGCs with multi-stratified dendrites and ON-OFF
response polarity (Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995; Bisti et
al., 1998). Both glutamatergic and cholinergic neurotransmission appear to influence
the structural remodelling of chick RGC dendrites by facilitating the dynamic extension
and retraction of filopodia (Wong et al., 2000; Wong and Wong, 2001) as well as their
stabilisation (Lohmann et al., 2002). On the other hand, pharmacologically blocking
action potential generation in the retina does not affect the dynamic remodelling of
RGC dendrites (Wong et al., 1991; Wong et al., 2000).

More recent studies using genetically targeted disruption of transmitter release
in specific cell subpopulations demonstrated additional, subtler roles played by
neurotransmission in regulating retinal circuit connectivity [reviewed in (Okawa et al.,
2014b)]. To give some notable examples, the selective blockade of glutamate release
from all ON bipolar cells in mice through tetanus toxin light chain expression reduces
synapse formation selectively between these bipolar cells and ON RGCs or the ON
portion of ON-OFF RGC dendrites, but does not influence connectivity between OFF
bipolar cells and RGCs (Fig. 1.15A) (Kerschensteiner et al., 2009; Okawa et al.,
2014a). Interestingly, in sustained ON alpha RGCs this effect seems to be specific for
type 6 ON bipolar cells (Fig. 1.15A bottom) (Morgan et al., 2011). Unlike in the cat
retina (Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995), however, blocking
glutamatergic neurotransmission from ON bipolar cells in mice does not affect RGC
dendritic arborisation or stratification in the IPL, nor it changes ON bipolar cell axonal
morphology (Tagawa et al., 1999; Kerschensteiner et al., 2009; Okawa et al., 2014a).

Consistent with a role of neurotransmission in promoting synaptogenesis, genetically
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increasing spontaneous glutamate release from mouse bipolar cells leads to higher
rates of synapse formation between bipolar and ganglion cells, but no change in retinal
circuit organisation or IPL stratification (Soto et al., 2012). On the other side, inhibitory
neurotransmission is involved in the maturation and maintenance (but not formation) of
inhibitory synapses onto bipolar cells, with specific roles depending on bipolar cell type,
subcellular compartment (dendrite vs. axon), receptor class (GABA vs. glycine
receptors), or receptor type (GABA, vs. GABAG receptors) (Schubert et al., 2013; Hoon
et al., 2015).

Retinal waves and visual experience also have distinct roles in retinal circuit
development. Retinal waves consist in spontaneous and periodic bursts of neural
activity propagating in a wave-like fashion across the developing inner retina, thus
driving neighbouring RGCs to fire correlated action potentials (Firth et al., 2005). These
waves occur before rods and cones are fully mature, therefore before vision can occur.
The circuit mechanisms underlying retinal waves vary during development. Specifically,
there are 'stage I' waves mainly mediated by gap junctions (before birth), then 'stage II'
waves mediated by acetylcholine (postnatal days 0-11 in mice) and, lastly, 'stage IlI'
waves mediated by glutamate (postnatal days 11-21 in mice) (Huberman et al., 2008a).
Arroyo et al. (2016) showed that, in the first mouse postnatal week, cholinergic retinal
waves modulate the gap junction coupling between intrinsically photosensitive RGCs
by driving phasic release of dopamine. Cholinergic retinal waves do not seem to be
essential for the normal IPL stratification of retinal cell neurites in mouse (Bansal et al.,
2000). However, in the turtle retina, chronic pharmacological block of cholinergic retinal
waves from early development appears to inhibit the planar growth of RGC dendritic
fields (Mehta and Sernagor, 2006), whereas artificially increasing the normal
acetylcholine-dependent spontaneous firing rate through dark rearing results in larger
RGC receptive field areas (Sernagor and Grzywacz, 1996). Depriving animals from
visual experience through dark rearing revealed several other structural and functional
effects in retinal cells, indicating important roles played by activity-dependent plasticity
in late development (i.e., after eye opening at postnatal days 13-15 in mice). Visual
deprivation in mice blocks the postnatal redistribution of RGC dendrites across the IPL
depth (Xu and Tian, 2007), and results in a higher fraction of RGCs with ON-OFF
response polarity (Tian and Copenhagen, 2003). Dark rearing also appears to inhibit
the planar growth of RGC dendrites (Xu et al., 2014), therefore leading to RGCs with

smaller receptive field centres (Akimov and Renteria, 2014). Furthermore, it reduces
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Figure 1.15. Roles of neural activity in retinal circuit development. A, Suppressing glutamatergic
neurotransmission from all ON bipolar cells (BCs, green) through tetanus toxin light chain (TeNT)
expression leads to reduced number of excitatory postsynaptic densities (marked by PSD95, red) between
ON BCs and bistratified ON-OFF retinal ganglion cells (RGCs, orange). Synaptic connections between
OFF BCs (blue) and ON-OFF RGCs are instead unaffected. In sustained ON alpha RGCs (bottom) this
phenomenon is specific for type 6 ON BCs (T6 BCs, green). Image is from (Okawa et al., 2014b). B,
Visual deprivation through dark rearing in mice blocks the refinement of direction-selective ganglion cell
(DSGC) preferred directions, which do not cluster along cardinal directions as in control animals. Both ON
(left, red) and ON-OFF (right, blue) DSGCs are affected by dark rearing. Image is from (Bos et al., 2016).

the amplitude of RGC light responses, likely due to long-lasting excitatory/inhibitory
imbalance with a shift toward larger inhibitory inputs (Tian and Copenhagen, 2001; Di
Marco et al., 2009). Strikingly, visual experience in mice is required for the normal
connectivity between cone photoreceptors and cone bipolar cells, but not between rods
and rod bipolar cells (Dunn et al., 2013).

Finally, the role of neural activity in the development of retinal direction-selective
circuits has been investigated in great detail. Notably, neither visual experience nor
normal cholinergic retinal waves appear to influence the emergence of directionally
tuned responses in mouse (Elstrott et al., 2008) or rabbit (Chan and Chiao, 2008) ON-
OFF DSGCs. In addition, pharmacologically blocking GABAergic or cholinergic
neurotransmission, or preventing action potential generation during development do not
affect ON-OFF DSGC tuning in rodents (Sun et al., 2011; Wei et al., 2011). However,
recent studies in mouse and rabbit indicate that visual experience is crucial for the
normal refinement in the distribution of ON and ON-OFF DSGC preferred directions,
from initially diffuse at eye opening to defined subpopulations clustered along the
cardinal axes at adult stages (Fig. 1.15B) (Chan and Chiao, 2013; Bos et al., 2016). By
contrast, in zebrafish larvae, even though visual experience is the main source of

neural activity in the developing retina [but see (Zhang et al., 2016)], dark rearing does
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not change the normal distribution of preferred directions or the tuning of DSGCs (Lowe
et al., 2013). Consistent with a more rapid and molecularly hardwired development of
retinal circuits in zebrafish larvae compared to mammals, neither the pharmacological
block of chemical neurotransmission nor visual deprivation over development alters the

fine-scale neurite stratification pattern of retinal cells in the IPL (Nevin et al., 2008).

1.3.3 The Teneurins

The studies discussed in section 1.3.1 identified several cell-interaction molecules
involved in the assembly of defined retinal circuits. However, a complete
characterisation of the molecular wiring mechanisms leading to the mature retinal
circuitry is still far from our reach. In this context, the teneurins represent an interesting
family of large type Il transmembrane proteins [reviewed in (Tucker and Chiquet-
Ehrismann, 2006; Tucker et al., 2007; Young and Leamey, 2009; Mosca, 2015)].
Teneurins possess a single transmembrane domain and their basic structural
organisation is phylogenetically conserved (Minet and Chiquet-Ehrismann, 2000;
Tucker et al., 2012). In vertebrates, the teneurin family comprises four members —
Tenm1-4 (also called Odz1-4) — whereas in invertebrates fewer members have been
identified — one in Caenorhabditis elegans (Ten-1) and two in Drosophila melanogaster
(Ten-a and Ten-m). In all vertebrate teneurins, the large extracellular domain contains
eight epidermal growth factor (EGF)-like repeats, multiple tyrosine-aspartate (YD)
repeats, and five NHL (NCL-1, HT2A, and Lin-41) repeats (Fig. 1.16). Interestingly,
teneurins are highly expressed in interconnected regions of the central nervous
system, both in vertebrates (Oohashi et al., 1999; Otaki and Firestein, 1999; Rubin et
al., 1999; Ben-Zur et al., 2000; Tucker et al., 2000; Zhou et al., 2003; Kenzelmann et
al., 2008) and invertebrates (Baumgartner et al., 1994; Levine et al., 1994; Fascetti and
Baumgartner, 2002). This is particularly evident in the vertebrate visual system where
they are expressed all along the visual pathway — namely in the retina and superior
colliculus/optic tectum, as well as in the lateral geniculate nucleus and primary visual
cortex in mammals (Minet et al., 1999; Rubin et al., 2002; Li et al., 2006; Leamey et al.,
2007; Leamey et al., 2008; Kenzelmann-Broz et al., 2010; Dharmaratne et al., 2012;
Young et al., 2013; Leamey and Sawatari, 2014). Ultrastructural and biochemical data
indicate that teneurins can form both homo- and heterodimers in cis by establishing
disulfide bonds between two of their EGF-like repeats (Oohashi et al., 1999; Feng et

al., 2002). Furthermore, it has been shown that Teneurin-1 and -2 can be proteolytically
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Figure 1.16. Molecular structure of teneurins in vertebrates and invertebrates. Schematic of the
structural organisation of the C. elegans Ten-1, Drosophila Ten-m and Ten-a, and human Tenm1-4
proteins. Across different phyla, the structural organisation of teneurins is conserved and qualitatively
similar. Each structural domain is colour-coded (legend) and scaled according to size (scale corresponds
to 100 amino acids). The NHL (grey) and Ca2+-binding (red) domains are represented at 65% transparency
to allow the visualisation of other overlapping domains. Top (C-terminus) is extracellular, whereas bottom
(N-terminus) is intracellular. Image is from (Mosca, 2015).

cleaved at multiple locations, with the different protein fragments potentially playing
distinct signalling roles (Rubin et al., 1999; Bagutti et al., 2003; Nunes et al., 2005;
Kenzelmann et al., 2008; Scholer et al., 2015; Vysokov et al., 2016). For example, the
N-terminal intracellular domain of Teneurin-1 and -2 can be cleaved near the
transmebrane domain and, subsequently, translocate into the nucleus where it
interacts with transcriptional regulators (Bagutti et al., 2003; Nunes et al., 2005; Scholer
et al., 2015). Also, the released extracellular domain of Teneurin-2 can elicit
intracellular Ca®* signalling by interacting with the cell-adhesion G-protein-coupled
receptor Latrophilin-1 (Silva et al., 2011; Vysokov et al., 2016). Lastly, the C-terminal
end of the Teneurin-1 extracellular domain, also termed Teneurin C-terminal-
Associated peptide (TCAP)-1, can be either cleaved or independently transcribed and

has neuromodulatory functions [reviewed in (Tan et al., 2012; Chen et al., 2013b)].

55



Chapter 1

In both vertebrate and invertebrate species, in vitro and in vivo studies
demonstrated that teneurins interact in trans both homophilically through their NHL
domain (Rubin et al., 2002; Hong et al., 2012; Beckmann et al., 2013; Hattori et al.,
2013), and heterophilically with the cell-adhesion G-protein-coupled receptors
latrophilins in mammals (Silva et al., 2011; O'Sullivan et al., 2012; Boucard et al., 2014;
O'Sullivan et al., 2014) or between Ten-a and Ten-m in Drosophila (Mosca et al., 2012;
Mosca and Luo, 2014). Notably, these trans-interactions are crucial in mediating cell-
cell recognition and adhesion. Elegant studies in Drosophila revealed that teneurins
play an instructive role in the synaptic matching between specific pre- and postsynaptic
cells in the olfactory system (Hong et al., 2012) and at the neuromuscular junction
(Mosca et al., 2012). More specifically, Hong et al. (2012) carried out genetic screens
to identify cell-surface proteins controlling synaptic specificity between defined subsets
of presynaptic olfactory receptor neurons and postsynaptic projection neurons. By
using loss- and gain-of-function genetic manipulations the authors proved that trans-
synaptic homophilic interactions mediated by teneurins instruct the recognition between
synaptic partners expressing high levels of the same teneurin. Similarly, Mosca et al.
(2012) demonstrated that homophilic Ten-m signalling regulates the selection of target
muscles by specific motor neurons. Notably, both studies showed that interfering with
the normal expression pattern of teneurins leads to severe mismatch and targeting
errors between defined synaptic partners. In addition, teneurins regulate other fine-
scale neural wiring processes, such as neurite outgrowth (Minet et al., 1999; Suzuki et
al., 2014), axon pathfinding (Drabikowski et al., 2005; Zheng et al.,, 2011), axon
myelination (Suzuki et al., 2012), cell-type-specific dendrite morphogenesis (Hattori et
al., 2013), synapse organisation (Mosca et al., 2012; Mosca and Luo, 2014), as well as
axon projection topography and mapping (Leamey et al., 2007; Dharmaratne et al.,
2012). The precise roles played by homo- versus heterophilic trans-interactions during
these wiring events are still unclear. However, it appears that homophilic interactions
are crucial for cell-cell recognition and matching between specific subsets of cells (Fig.
1.17A) (Hong et al., 2012; Beckmann et al., 2013), whereas heterophilic interactions
are involved in synapse adhesion and organisation (Fig. 1.17B) (Silva et al., 2011;
Boucard et al.,, 2014; Mosca and Luo, 2014; Mosca, 2015). Intriguingly, Drosophila
teneurins have been shown to control synaptic partner matching through homophilic
signalling and synapse organisation through heterophilic signalling between the same

subsets of olfactory neurons (Hong et al., 2012; Mosca and Luo, 2014).
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Figure 1.17. Teneurin trans interactions and role of Teneurin-3 in the mouse visual system. AIB, A
model for how tension created by homophilic (A) vs. heterophilic (B) teneurin cell-cell interactions in trans
could distinguish synaptic partner matching from synaptic organization. The higher strength of homophilic
interactions alters cytoskeletal dynamics on the pre- (green) and postsynaptic (magenta) sides, activating
signalling pathways that transition growth cones from exploring neurites to stable structures amenable to
synapse formation. Weaker heterophilic interactions, instead, regulate cytoskeletal organization and active
zone apposition, leading to synaptic organization via signalling mechanisms distinct from synaptic partner
matching. Images in (A) and (B) are from (Mosca, 2015). C, Schematic diagram illustrating the role of
Teneurin-3 in the development of the mouse ipsilateral visual pathway. Lighter colours illustrate
contralateral projections, whereas darker colours represent ipsilateral projections. The gradient of
Teneurin-3 expression in each visual area is also indicated (left). The dotted line shows the midline. In wild
type (WT) mice (left), ipsilateral retinal ganglion cell projections are confined whithin the dorso-medial core
of the dorsal lateral geniculate nucleus (dLGN) and rostro-medial portion of the superior colliculus (SC).
These are represented in the lateral half of primary visual cortex (V1). In Teneurin-3 knockout mice (right),
ipsilateral retinal ganglion cell projections project aberrantly to the ventro-lateral dLGN and caudo-lateral
SC. Within V1, the ipsilateral projections from dLGN form ocular dominance-like bands aberrantly
extending into the medial portion of V1. Image is from (Leamey and Sawatari, 2014).
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In mammals, a considerable amount of work indicates that Teneurin-3 is
required for the correct topographic mapping of ipsilaterally projecting RGC axons in
the dorsal lateral geniculate nucleus (dLGN) (Leamey et al., 2007; Carr et al., 2014)
and superior colliculus (SC) (Dharmaratne et al., 2012; Carr et al., 2013). Teneurin-3
shows a high-ventral-to-low-dorsal gradient of expression in the retina and
topographically matching expression gradients in the dLGN, SC and primary visual
cortex (V1; Fig. 1.17C left). Notably, mice lacking Teneurin-3 exhibit RGC axon
mapping defects and abnormal projection patterns in both dLGN and SC (Fig. 1.17C
right). Surprisingly, these abnormalities appear to be specific for the subpopulation of
RGCs projecting ipsilaterally, even though Teneurin-3 is also expressed in
contralaterally projecting RGCs. The mapping phenotypes observed in Teneurin-3
knockout mice result in an expansion and aberrant representation of dLGN ipsilateral
inputs in V1 (Merlin et al.,, 2013), as well as in impairments in performing visually
guided behaviours (Leamey et al., 2007). A different but related role seems to be
played by the mouse Teneurin-2, which is expressed in the retina, SC, dLGN and V1,
but does not show any obvious expression gradient in these brain areas (Young et al.,
2013). Mice lacking Teneurin-2 have fewer RGCs projecting ipsilaterally to the dLGN
and SC, which results in decreased neural activity driven by ipsilateral visual input in
V1 as well as in visual deficits associated specifically with the dorsal visual field.
Topographic mapping is not affected in Teneurin-2 knockout mice, nor are contralateral
RGC projections despite Teneurin-2 being expressed uniformly across the whole
retina. In zebrafish, Teneurin-3 is expressed early during embryonic development
(Mieda et al., 1999) and has an expression pattern in the visual system similar to the
mammalian Teneurin-3, namely high expression in the retina and optic tectum (Thisse
et al., 2001). Interestingly, a large-scale mutagenesis screen identified a mutant
zebrafish with decreased Teneurin-3 expression that is characterised by resistance to
pharmacologically induced epileptic seizures (Baraban et al., 2007; Hortopan et al.,
2010).

Mutations in teneurins have also been linked with various neurological disorders
in humans. Most notably, large-scale genome-wide association studies found a strong
link between an intronic variation in the Teneurin-4 gene locus and bipolar disorder
(Sklar et al., 2011; Green et al., 2013). Recently, missense mutations in the Teneurin-4
gene have been suggested to cause essential tremor in some members of three
Spanish families (Hor et al., 2015). However, it has also been reported that one of the

identified mutations is present in a Chinese cohort of healthy individuals (Chao et al.,
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2016). Another recent study applied whole-exome sequencing to a family multiply
affected with congenital general anosmia and identified some affected members having
a rare X-linked missense mutation in the Teneurin-1 gene (Alkelai et al., 2016).
Interestingly, both mice lacking Teneurin-1 and mice carrying the human mutation
showed defective olfactory-driven behaviour. In regards to Teneurin-3, a genome-wide
association study of an Australian family linked a variation in a large (~5 mega base
pairs) genomic region containing the Teneurin-3 gene to a dominantly inherited form of
cerebellar ataxia (Storey et al., 2009). Moreover, in a recent study combining
autozygome and exome analysis, a homozygous null mutation in the Teneurin-3 gene
was identified in two siblings with bilateral colobomatous microphthalmia from a
consanguineous family in Saudi Arabia (Aldahmesh et al., 2012). Subsequently,
another study reported an unrelated patient with bilateral colobomatous microphthalmia
and intellectual disability having a homozygous Teneurin-3 loss-of-function splicing
mutation (Chassaing et al., 2016). Therefore, even though loss-of-function studies in
mice and zebrafish did not report overall eye malformations (Leamey et al., 2007;
Hortopan et al., 2010; Dharmaratne et al., 2012), these studies in humans indicate that

Teneurin-3 is strongly linked to eye development.

To conclude, teneurins have multiple roles in neural circuit assembly, both in
vertebrates and invertebrates. Their main function appears to be the cell-cell
recognition and adhesion between specific subsets of cells. Given the high expression
levels of Teneurin-3 in interconnected regions of the vertebrate visual system as well
as the reported detrimental effects in visual system development and visually guided
behaviours caused by Teneurin-3 loss of function, Teneurin-3 represents an intriguing
candidate for retinal circuit wiring. In support of this idea, Teneurin-3 is expressed in
subpopulations of amacrine and ganglion cells in the mouse retina (Hindges Lab,

unpublished data).

1.4 Aims of the Project

During my PhD project, | investigated the role played by Teneurin-3 in the developing
retina from multiple points of view and at different scales using the larval zebrafish as
vertebrate model system. The main biological questions driving this study include: (1)
what cell classes/types express Teneurin-3? (2) Does Teneurin-3 instruct connectivity
between defined synaptic partners? (3) Are Teneurin-3 or Teneurin-3-expressing cells

required for specific retinal computations? If so, what are the underlying circuit
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mechanisms? To address these questions several innovative experimental strategies
had to be developed and optimised, including the generation of a novel combinatorial
mutant zebrafish lacking the vast majority of skin pigmentation, and therefore allowing
unobstructed optical access of the eyes (see Chapter 3). Firstly, the expression pattern
of teneurin-3 (tenm3) in the larval zebrafish visual system was described and the
morphological features of cells expressing tenm3 were characterised (see Chapter 4).
Secondly, loss-of-function approaches were used to assess whether tenm3 is required
for the correct structural and functional development of defined retinal cells and circuits
(see Chapter 5). Lastly, the functional role played by identified fenm3-expressing

amacrine cells was analysed at cellular and circuit levels (see Chapter 6).
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Chapter 2

Materials and Methods

2.1 Animals

Zebrafish were maintained at 28.5°C on a 14 hr ON/10 hr OFF light cycle in Danieau
solution [58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSQO,, 0.6 mM Ca(NO3), 5.0 mM HEPES,
pH 7.6]. Transgenic lines used in this study include Tg(is/2b:Gal4)**®°™ (
al., 2010), Tg(UAS:Kaede)*'***™ (gift of Prof. Chi Bin-Chien), Tg(UAS:SyGCaMP3) '™
(Nikolaou et al., 2012), Tg(UAS:tagRFP-CAAX)™*™ (Hunter et al, 2013),
Tg(UAS:KillerRed)*'?**™ (Del Bene et al., 2010), Tg(elavi3:GCaMP5G)****' (Ahrens
et al., 2013), Tg(elavi3:GCaMP6f'™ (Dunn et al., 2016b), Tg(UAS:GCaMP5)*%219 (gift
from Dr. Elena Dreosti, Department of Cell and Developmental Biology, University
College London, London, UK), and Tg(-1.8¢ctbp2:SyGCaMP6)“*'™ (Johnston et al.,

2014). The Tg(tenm3:Gal4)*%***™ zebrafish line was generated through BAC transgenic

Ben Fredj et

insertion (kg302Tg) by the author (see BAC Transgenesis). The tenm3 ° mutant line
was generated in this study through transcription activator-like effector nuclease
(TALEN)-mediated genome editing (tenm3<°%*9%%) from Ekkwill zebrafish (see TALEN-
mediated tenm3 Knockouf). The AB strain of zebrafish was used for in situ
hybridization, RT-PCR, visual background adaptation and mosaic labeling of retinal
ganglion cells (RGCs). WT retinae used in Fig. 4.3D and 5.9C-F were obtained from
Ekkwill larvae.

Confocal functional imaging experiments were performed in the pigmentation
mutant, nacre, which lacks all neural crest-derived melanophores (Lister et al., 1999).
Two-photon functional imaging experiments in the retina were performed in a triple

w2/w2,

‘ro 9/89)

pigmentation mutant (alb®”**nacre which is characterised by a general
decrease in melanin synthesis (alb®***) (Streisinger et al., 1986) and lacks all neural
crest-derived melanophores (nacre"®"?) (Lister et al., 1999) and iridophores (roy?*#)
(White et al., 2008). The rationale behind this strategy was to have an unobstructed
optical access of the retina without raising fish in 200 uM phenylthiourea (PTU)
(Karlsson et al., 2001), which has been shown to impair both the normal development
of zebrafish (Elsalini and Rohr, 2003; Li et al., 2012b) and the retinal responses to light
wa2/w2,

stimuli (Page-McCaw et al., 2004). Importantly, alb®®*nacre"?*?;roy***° larvae and

adult zebrafish are viable and do not display evident morphological, functional or
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behavioural abnormalities. Larvae used for in vivo and ex vivo imaging of
morphological and molecular features (not involving functional experiments) were
raised in 200 uM PTU (Sigma) in Danieau solution to avoid pigment formation. This
work was approved by the local Animal Welfare and Ethical Review Body (King’s
College London), and was carried out in accordance with the Animals (Experimental

Procedures) Act, 1986, under license from the United Kingdom Home Office.

2.2 In Situ Hybridization

To make the tenm3 antisense riboprobe, a 981 bp cDNA fragment (ORF 7034-8014)
was cloned into a StrataClone Blunt PCR Cloning Vector pSC-B-amp/kan (Agilent
Technologies), and the orientation of the insertion was determined by DNA sequencing.
The sequences of primers used to amplify the fragment through PCR are as follows:
forward primer 5'-GGGACTATGACATTCAAGCAGGTC-3'; reverse primer 5-CATTGT
TGGCACTGTCGGCCAG-3'. The antisense RNA probe was generated from the
linearised plasmid using T3 RNA polymerase (Life Technologies) and digoxigenin-
labeled nucleotides (Roche). Whereas, the sense digoxigenin-labeled RNA probe was
generated using T7 RNA polymerase (Life Technologies). After synthesis, riboprobes
were treated with DNase | (Ambion) for 15 minutes at 37°C.

The same protocol described in Thisse and Thisse (2008) was used to perform
whole-mount in  situ hybridizations. Briefly, embryos were fixed in 4%
paraformaldehyde (PFA) in PBS overnight at 4°C, dehydrated in methanol and stored
at -20°C. Subsequently, embryos were rehydrated in 75% methanol in PBT (0.1%
Tween-20 in PBS), 50% methanol in PBT, 25% methanol in PBT, and PBT for 5
minutes each. 2, 3 and 5 dpf embryos were digested with proteinase K (10 pg/ml;
Sigma) at room temperature for 20, 30 and 60 minutes, respectively. Subsequently,
they were fixed in 4% PFA in PBS for 20 minutes at room temperature and washed
several times in PBT. They were then transferred to hybridization mix (HM; 50%
formamide, 5x SSC, 0.1% Tween-20, 50 ug/ml heparin, 0.5 mg/ml yeast tRNA, and 9
mM citric acid to pH 6.0 in DEPC ddH»0) and incubated for 4 hours at 65°C. The HM
was replaced with a solution containing 1 pg/ml of digoxigenin-labeled RNA probe in
HM and the embryos were incubated overnight at 65°C. Washes were performed at the
hybridization temperature in 65% HM/35% 2x SSC, 35% HM/65% 2x SSC, 2x SSC, for
10 minutes each and, lastly, in 0.2x SSC + 0.1% Tween-20 for 20 minutes and 2 times
20 minutes each in 0.1x SSC + 0.1% Tween-20. A series of washes was performed at
room temperature in 65% 0.2x SSC/35% PBT, 35% 0.2x SSC/65% PBT, and PBT for
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10 minutes each. Embryos were then incubated in blocking solution (5% sheep serum
in PBT) for 4 hours at room temperature. The blocking solution was replaced with
alkaline phosphatase-conjugated anti-digoxigenin Fab fragments (Roche) diluted
1:2000 in blocking solution and embryos were incubated at 4°C overnight. After
washing at least 8 times 1 hour each in PBT at room temperature followed by overnight
wash in PBT at 4°C, embryos were rinsed 3 times 20 minutes each in NTMT staining
buffer (0.1 M Tris-HCI pH 9.5, 50 mM MgCl,, 0.1 M NaCl, 0.1% Tween-20). The
staining buffer was then replaced with 2% NBT/BCIP stock solution (Roche) in NTMT
and embryos were incubated in the dark at room temperature. To stop the reaction,
embryos were washed in PBS and fixed in 4% PFA in PBS for 20 minutes at room
temperature. After several washes in PBS, embryos were washed in 15% and 30%
sucrose in PBS for 2 hours each at room temperature, then in 40% sucrose in PBS
overnight at 4°C. Subsequently, embryos were embedded in OCT (VWR International)
and frozen in dry ice. Lastly, 20 um-thick sections were cut using a cryostat and stored
in 70% glycerol in PBS.

2.3 Morpholino Microinjections

2-2.5 ng/1.8 nl (0.24-0.3 pmols) of morpholino oligonucleotides (MOs; Gene Tools) in
Danieau solution were injected into one-cell stage zebrafish embryos. The sequences
of MOs used are as follows: splice-blocking tenm3 MO 5-ACGGTTGCTctgtg
gaaaaaaatca-3' (intronic sequence in lower case); standard control MO 5-CCTCTT
ACCTCAGTTACAA TTTATA-3'.

2.4 RT-PCR

Total RNA was isolated from multiple dechorionated embryos (~30) using TRIzol
reagent (Life Technologies). cDNA was synthesised using SuperScript Il reverse
transcriptase (Life Technologies) and random primers (Promega, C1181). The obtained
cDNA was then used as template for amplification through PCR. For the tenm3 MO,
the sequences of the primers are as follows: forward primer 5-ATGCCATCC
TCTCTCTCCAGTCCA-3’; reverse primer 5-ACTTCTTGAACTTGAAGGCGCTGC-3'.
They target exon 2 and exon 4 of the tenm3-001 splice variant, respectively. Full-length
and shorter splice variants were extracted from agarose gel using QlAquick Gel
Extraction Kits (Qiagen), cloned into StrataClone Blunt PCR Cloning Vectors pSC-B-

amp/kan (Agilent Technologies) and sent for sequencing.
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2.5 Behavioural Assessment

2.5.1 Visual Background Adaptation

Visual background adaptation of 4 dpf larvae was assessed by exposure to bright light
for more than 3 hours, followed by visual inspection of pigmentation using a

stereomicroscope.

2.5.2 Optomotor Response Assay

Individual 5 dpf larvae were positioned in a 35 mm petri dish containing Danieau
solution. The LCD screen of an iPhone 5 (Apple) controlled by a MacBook Pro (Apple)
through Duet Display (Kairos Technologies) was used to display black and white
square-wave gratings (85% contrast, spatial frequency 0.33 cycles/mm, temporal
frequency 3.5 cycles/s) moving in 4 directions (90° angular distance) at the bottom of
the petri dish. Visual stimuli were generated in Keynote (Apple). Each larva was tested
5 times in total (each trial lasted 6 s followed by 10 s of static gratings) and scored
according to the trials it responded to (i.e., fish turns and swims in the direction of the
moving gratings). The behaviour of larvae was visually monitored using an M165 FC

stereomicroscope (Leica).

2.6 Genome Editing

2.6.1 TALEN-mediated Tenm3 Knockout

Zebrafish tenm3 knockout mutants (tenm3*©) were generated by TALEN-mediated
genome editing. The exon encoding the transmembrane domain of the Tenm3 protein
was targeted. The DNA sequences targeted by the TALEN constructs are the following
(5'>3): left, TCAAAGTACTGTTCATGG; right, GTGCCATGGCCGTCTCCA. TALEN
constructs were designed using ZiFiT targeter version 4.2 (Sander et al., 2010), and
assembled following the REAL assembly protocol (Reyon et al.,, 2012). The T7
transcription mMessage mMachine kit (Life Technologies) was used to produce the 5’
capped TALEN mRNA, 200 pg of which was injected into Ekkwill zebrafish embryos at
one-cell stage (Sander et al.,, 2011). Founders were identified using the Surveyor
nuclease mismatch assay (Transgenomic) and outcrossed to generate heterozygous
F1 offspring, which were subsequently fin-clipped and genotyped by PCR amplifying
and sequencing a 400 bp amplicon using primers that flanked the target site. The
primers used for genotyping are the following (5>3’): tenm3_fw CAGGCACTT
TCTCTTTAAGACAGG; tenm3_rev CTCACGTGATCCTCTCTCAGC. Zebrafish were

selected when indels leading to frame shifts and consequent premature stop codons
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causing truncations in the transmembrane domain of Tenm3 were detected. The
tenm3*° mutant zebrafish line (tenm39¢?*9%% ysed for all subsequent experiments is
characterised by a 14-bp deletion (5-ACAGCCCTCAGTGC-3’) in the following
genomic location of tenm3: chromosome 1, 38,921,612-38,921,625.

2.6.2 BAC Transgenesis

The Tg(tenm3:Gal4) transgenic zebrafish line was generated through bacterial artificial
chromosome (BAC) transgenic insertion (kg302Tg) following a previously described
protocol (Bussmann and Schulte-Merker, 2011). In summary, the recombineering
procedure used to generate tenm3:Gal4 BAC constructs consists of three main steps.
Firstly, three different Escherichia coli BAC clones (CH211-58M24, 200 kb; CH211-
130122, 155 kb; CH211-169K10, 150 kb; BACPAC Resources, CHORI) containing
partially overlapping regions of the tenm3 genomic sequence were transformed with
pRed-Fip4, a plasmid encoding the homology-directed repair machinery needed for
DNA recombineering in an L-rhamnose inducible operon. Second, the iTol2 cassette
(iTol2-amp”) containing two long terminal repeats (LTRs) of the Medaka fish Tol2
transposon, as well as two 50-bp homologies on each end was inserted into tenm3
BAC vector backbones. Importantly, the LTRs are needed for single-copy integration of
the BAC into the zebrafish genome when co-injected with Tol2 transposase mMRNA into
one-cell embryos. Lastly, the transcriptional activator Gal4FF gene together with a
kanamycin resistance cassette possessing 50-bp homology arms (Gal4FF-kan") was
inserted at the start ATG site of the tenm3 gene (the exon containing the start ATG
codon is in chromosome 1: 38,879,739-38,879,945). Each recombineering step was
followed by resistance selection of positive colonies. Moreover, the temperature-
sensitive origin of replication of the pRed-Fip4 plasmid, which replicates at 30°C but not
at 37°C, allowed purification of the BACs without plasmid contamination.

Here is a detailed, point-by-point description of the protocol used (Bussmann
and Schulte-Merker, 2011). Identification of BAC clones containing the tenm3 gene of
interest was performed using Ensembl (www.ensembl.org). Primers of ~70 bp length
were designed to allow the insertion of the cassettes into the BAC vector: 50 bp
homology arms (HAs) homologous to the vector backbone and 20 bp to amplify the
iTol2-amp” cassette. In addition, gene-specific primers were designed so that they
contained 50 bp HAs at both sides of the start ATG codon of the tenm3 gene (positions
—53 to —4 and +4 to +53) and ~20 bp to amplify the Gal4FF:kan” cassette.
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E. coli stocks containing the BAC vectors were streaked on lysogeny broth (LB)
agar plates containing 11.3 pg/ml chloramphenicol (Cm) and incubated overnight at
37°C to obtain single colonies. Three single colonies per BAC were picked and
resuspended in 30 pl of LB to perform colony PCRs using primers
tenm3BAC_control_fw and tenm3BAC_control_rev. PCR product sizes were checked
on a 1x Tris-acetate-EDTA (TAE) 1% agarose gel. Positive colonies were grown
overnight at 37°C in LB containing 11.3 pug/ml Cm, using 20 ul of the resuspended
colony. Overnight cultures were used to generate glycerol stocks and stored at —80°C.
PCR conditions to confirm BAC clones and cassette insertions into the BAC backbone
were: (1) initial denaturation 95°C 5 min; (2) denaturation 94°C 30 s; (3) annealing 58°C
30 s; (4) elongation 72°C 30 s; (2) to (4) repeated for 32x cycles; (5) final elongation
72°C 6 min. The colony PCR master mix components for BAC clone confirmation and
cassette insertion conformation were: PCR master mix total volume 20 pul; suspended
bacterial colony 1 ul; 10x PCR buffer (Qiagen) 2 pl; 10 mM dNTPs 0.5 pl; 10 uM
forward primer 0.5 pl; 10 uM reverse primer 0.5 pl; Tag polymerase (Qiagen) 0.2 ul;
ddH-O 15.3 pl. To generate the insertion DNA products, PCRs were carried out using
the Phusion high-fidelity polymerase (New England Biolabs) and the following primers:
iTol2-amp” cassette (primers ptarBac_itol2_fw and ptarBac_itol2_rev); Gal4FF:kan”
cassette (primers tenm3BAC_Gal4FF_fw and tenm3BAC_KanR_rev). PCR reactions
and conditions were as follows: PCR master mix total volume 100 ul; 5 ng/ul plasmid
template 1 pl; 5x Phusion HF buffer (New England Biolabs) 20 pl; 10 mM dNTPs 2 ul;
10 uM forward primer 2.5 pl; 10 uM reverse primer 2.5 ul; Phusion DNA polymerase
(New England Biolabs) 1 pl; ddH,O 71 pl. The PCR conditions to generate cassettes
were: (1) initial denaturation 98°C 30 s; (2) denaturation 98°C 10 s; (3) annealing 58°C
20 s; (4) elongation 72°C 60 s; (2) to (4) repeated for 32x cycles; (5) final elongation
72°C 6 min. PCR product sizes were confirmed on a 1x TAE 1% agarose gel. Then 2
pl of Dpnl restriction enzyme were added to the PCR reaction and incubated for 4
hours at 37°C to digest plasmid DNA. PCR products were precipitated by adding 5 pl of
5 M LiCl and 300 ul of 100% ethanol, incubated at —20°C for 30 min and subjected to
centrifugation (13,000 rpm, 30 min at 4°C). The pellets were washed with 70% ethanol,
centrifuged (13,000 rpm, 5 min at 4 °C) and re-suspended in ddH.0.

To transform bacteria with the pRed-Flp4 plasmid, 40 ul of the BAC clone
glycerol stock were first grown in a 1.5 ml LB culture containing 11.3 pg/ml Cm (3
hours at 37°C). The culture was then centrifuged (5,000 rpm, 5 min at 4°C) and the

pellet was re-suspended in 1 ml of ice-cold ddH,O. This wash procedure was repeated
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twice, and after the final centrifugation, ~50 pl of the supernatant were left on the tube.
Subsequently, 1 ul of 10 ng/ul pRed-Fip4 plasmid was added and transferred to a pre-
chilled 1 mm electroporation cuvette. Bacteria were electroporated (1,800 V, 25 puF,
200 Q, time constant between 4.8-5.2 ms) and 1 ml of LB without antibiotics was
added. After growing bacteria for 1 hour at 37°C, they were seeded on LB plates
containing 11.3 pg/ml Cm and 60 pg/ml hygromycin (Hyg). Finally, three single
colonies were picked, transferred to LB containing 11.3 pg/ml Cm and 60 pug/ml Hyg
and grown overnight at 30°C.

To insert the iTolZ-ampR cassette into the BAC vector, 40 ul of the previously
transfected bacterial culture were used to grow a 1.5 ml LB culture containing 11.3
pg/ml Cm and 60 pg/ml Hyg (2.5 hours at 30°C). Then, 67 pl of 25% w/v L-rhamnose
(Alfa Aesar) were added to the culture to induce the expression of genes mediating
homology-directed repair machinery, and culturing was continued for 1 hour at 37°C.
The electroporation procedure was carried out as described for the pRed-Fip4
transformation. After electroporation, bacteria were grown for 1 hour at 30°C, and then
plated on LB plates containing 11.3 pg/ml Cm, 60 pug/ml Hyg and 16.7 pg/ml ampicillin
(Amp). Correct iTol2-amp” cassette insertion was confirmed by colony PCR, as
described for BAC clone confirmation, using primers pTarBAC_HA1_control_fw +
amp_HA1_control_rev (for HA1) and amp_HA2_control_fw + pTarBAC_HA2_
control_rev (for HA2) (see Table 1). PCR product sizes were checked on a 1x TAE 1%
agarose gel. Positive colonies were grown overnight at 30°C in LB containing 11.3
pg/ml Cm, 60 pg/ml Hyg and 16.7 pg/ml Amp.

Finally, the Gal4FF:kan" cassette was inserted into the BAC vector as
described for the iTol2-amp” cassette insertion. 40 ul of the previously transfected
bacterial culture were used to grow a 1.5 ml LB culture containing 11.3 pg/ml Cm, 60
pg/ml Hyg and 16.7 pg/ml Amp (2.5 hours at 30°C). After electroporation, bacteria were
grown for 1 hour at 30°C, and then plated on LB plates containing 11.3 pg/ml Cm, 16.7
pg/ml Amp, and 16.7 pg/ml kanamycin (Kan). Correct cassette insertion was confirmed
by colony PCR, as described for BAC clone confirmation, using primers
tenm3BAC_control_fw + Gal4ff_HA1_control_rev (for HA1) and kanR_HA2_control_fw
+ tenm3BAC_control_rev (for HA2) (see Table 1). Positive colonies were grown
overnight at 37°C in LB containing 11.3 pg/ml Cm, 16.7 pg/ml Amp, and 16.7 pg/ml
Kan. BAC DNA was extracted and purified using HiPure Midiprep kit (Invitrogen) and

subsequently kept in ddH-O at 4°C for maximum 2 weeks.
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Table 1

List of primers used for recombineering (5’ > 3’).

itol2 cassette amplification

ptarBac_itol2_fw

GCGTAAGCGGGGCACATTTCATTACCTCTTTCT
CCGCACCCGACATAGATCCCTGCTCGAGCCGG
GCCCAAGTG

ptarBac_itol2_rev

CGCGGGGCATGACTATTGGCGCGCCGGATCGA
TCCTTAATTAAGTCTACTAATTATGATCCTCTAG
ATCAGATCT

Gal4FF-Kan cassette amplification

tenm3BAC_Gal4FF_fw

ATTTTATTTTCTTCCTTTGGTTTAAAGTGATTTTT
CTTTCTATAGGTTCTACCATGAAGCTACTGTCTT
CTATCGAAC

tenm3BAC_KanR_rev

GGTTGAGAATGGGAATGCTCAGTGACTGATGG
ACTGGAGAGAGAGGATGGTCAGAAGAACTCGT
CAAGAAGGCG

itol2 cassette insertion control

pTarBAC_HA1_control_fw

CTGTCAAACATGAGAATTGGTC

amp_HA1_control_rev ACATTTCCCCGAAAAGTGG
amp_HA2_control_fw CTGAGATAGGTGCCTCACTG
pTarBAC_HA2_control_rev GAGAGCCTTCAACCCAGTC

Gal4FF-Kan cassette insertion control

tenm3BAC_control_fw

GCTACTCACCATTGCTGTGGCC

Gal4FF_HA1_control_rev AGTAGCGACACTCCCAGTTG
kanR_HA2_control_fw TCCTCGTGCTTTACGGTATC
tenm3BAC_control_rev CGCCTGTGTGGTGGCATTAC

To create first transient and subsequently stable transgenic zebrafish lines,

isolated BAC DNA constructs (120 ng/pl) were co-injected with Tol2 transposase
mRNA (100 ng/ul) into Tg(UAS:GCaMP5) zebrafish embryos at the early one-cell

stage. Transient expression, visible as GCaMP5 fluorescence, already gave a reliable

indication of the final expression in the stable transgenic line. All three BAC constructs

produced analogous transient expression patterns. The CH211-58M24 (200 kb) BAC

construct was used to generate the Tg(tenm3:Gal4) zebrafish line because of its higher
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level of Gal4FF expression compared to the other two BAC constructs. The CH211-
58M24 BAC construct contains genomic regions 100 kb upstream and 100 kb
downstream of the ftenm3 start codon site, but does not cover the entire tenm3
genomic locus (~400 kb). The BAC DNA preparation was obtained using the HiPure
Midiprep kit (Invitrogen), with modifications for BAC DNA isolation as described by the
manufacturer. Tol2 transposase mRNA was prepared by in vitro transcription from
Xbal-linearised pDB600 plasmid (Balciunas et al., 2006) using the T3 transcription
mMessage mMachine kit (Life Technologies). RNA was purified using the RNeasy
MinElute Cleanup kit (Qiagen). Germ line transmission was identified by mating
sexually mature adult fish to wild-type fish and, subsequently, examining their progeny
for GCaMP5 fluorescence. Positive embryos were raised to adulthood and outcrossed
to generate the Tg(tenm3:Gal4) single transgenic line, which was then used as driver

line.

2.7 Imaging

2.7.1 Whole-animal Image Acquisition

Whole-animal images of adult zebrafish were taken with a Nikon D7000 digital SLR
camera equipped with a Sigma 150 mm macro lens. Adult zebrafish were anesthetised
with 0.2% tricaine (MS222, Sigma) in fish facility water and placed in a 90 mm petri
dish containing fish facility water. Imaging of larvae was performed using a ZEISS
Axioskop microscope connected to EXi Blue CCD cameras (Retiga) and Volocity
acquisition software (PerkinElmer). Larval zebrafish were anesthetised with 0.02%
Tricaine in Danieau solution and immobilised in 1% low melting point agarose (Sigma)

on glass slides.

2.7.2 Confocal Imaging

Imaging was performed using an LSM 710 confocal microscope equipped with a
spectral detection scan head and a 20x/1.0 NA water-immersion objective (Carl Zeiss).
Optical sections were typically obtained at 1 um intervals through the Z axis and 1 AU
pinhole aperture. Maximum intensity projections and 3D rotated images were

generated using either Imaged (Schneider et al., 2012) or ZEN (Carl Zeiss).

2.7.3 In Vivo Confocal Calcium Imaging
Functional time-series of visually evoked calcium responses in RGCs were acquired at
arate of 4.1 Hz and 0.415 x 0.415 um lateral XY sampling (256 x 256 pixels) and 1 AU
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pinhole aperture, using the confocal setup described above. Excitation was provided by
488 nm multi-line laser. The point spread functions (PSFs) of the confocal setup were
not measured by the author. According to published measurements using the LSM 710
confocal microscope equipped with a 1.0 NA water-immersion objective (Carl Zeiss)
(Cole et al., 2011), the maximum PSF lateral XY sampling size is 83 nm whereas the
maximum PSF axial Z sampling size is 316 nm. The theoretical lateral and axial
resolution limit for 488-nm excitation light is 249 nm and 948 nm, respectively. The
average diameter of a presynaptic bouton in zebrafish RGCs is ~0.8 um (Meyer and
Smith, 2006). Thus, the physical XY dimensions of voxels are below that of a typical
presynaptic bouton. Non-anaesthetised Tg(isl2b:Gal4;UAS:SyGCaMP3), Tg(tenm3:
Gal4;UAS:KillerRed;elavi3:GCaMP5G) and UAS:GCaMPé6f-injected Tg(isl2b:Gal4)
larvae were immobilised in 2% low melting point agarose (Sigma) prepared in Danieau
solution and mounted dorsal side up on a raised glass platform that was placed in a
custom-made Danieau-filled chamber. The agarose was sufficient to restrain the larvae

so that anaesthesia was not required. Imaging was performed in the afternoon (1-8

pm).

2.7.4 In Vivo Two-photon Calcium Imaging

Two-photon functional imaging in the retina was performed using an A1R MP
microscope equipped with a 4-channel GaAsP NDD and an Apochromat 25x/1.1 NA
water-immersion objective (Nikon). Excitation was provided by a Chameleon Ultra I
Mode-locked titanium-sapphire laser (Coherent) tuned to 930 nm. Time-series of
visually evoked calcium responses in tenm3* ACs and BCs were acquired at a rate of
7.8 Hz and 0.397 x 0.397 um lateral XY sampling (256 x 128 pixels). The point spread
functions (PSFs) of the multiphoton setup were not measured by the author. Following
activation of the laser scanning, we waited 60 seconds before starting the visual
stimulation to ensure the retina adapted to the background light level caused by the
multi-photon laser. 4 dpf Tg(tenm3:Gal4;UAS:SyGCaMP3), Tg(-1.8ctbp2:SyGCaMP6)
and UAS:GCaMPé6f-injected Tg(tenm3:Gal4) larvae were first paralysed for 10-15
minutes in a-bungarotoxin (1 mg/ml; Biotium) prepared in Danieau solution.
Subsequently, larvae were immobilised in 2% low melting point agarose (Sigma) and
mounted on a raised custom-made glass platform with the dorsal side up (45° angle)
and one eye facing an LCD screen (see Visual Stimulation) that was placed
underneath a custom-made Danieau-filled chamber. Imaging was performed in the

afternoon (1-8 pm).
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2.7.5 Light-sheet Imaging

Whole-brain light-sheet imaging was performed using a ZEISS Lightsheet Z.1
microscope equipped with two 10x/0.2 NA illumination objectives and one 20x/1.0 NA
water-immersion detection objective (Carl Zeiss). 488 nm laser excitation light was
used to elicit GCaMP6f fluorescence and a 505-545 BP filter was used for emitted light
detection. The pivot scanner (Carl Zeiss) was used to deliver homogeneous
illumination and, therefore, avoid shadows along the illumination axis. The thickness of
the light sheet was 5.39 um at the centre and 10.8 um at the edges of the field of view.
Exposure time was 29.97 ms. The size of volumetric images was 623 x 798 x 283 ym®
(1500 x 1920 x 490 pixels) with a XYZ sampling of 0.415 x 0.415 x 0.631 um. 4 dpf
nacre, casper and crystal Tg(elavi3:GCaMP6f) larvae were first paralysed for 10-15
minutes in a-bungarotoxin (1 mg/ml; Biotium) prepared in Danieau solution.
Subsequently, larvae were immobilised in 2% low melting point agarose (Sigma) and
placed inside a glass capillary (20 pl volume, 701904; Brand). Subsequently, the
section of the agarose cylinder containing the head of the larva was extruded from the
capillary and oriented so that the dorsal side of the head was facing the detection
objective and the eyes were facing the two illumination objectives. Whole-brain light-
sheet imaging of casper mutant larvae was performed using a custom-made light-sheet
microscope built by Dr Martin Meyer (King’s College London) and equipped with a
20x/1.0 NA water-immersion XLUMPlanFLN detection objective (Olympus). The point

spread functions (PSFs) of the light-sheet setups were not measured by the author.

2.8 Visual Stimulation

2.8.1 Moving and Static Stimuli in Confocal Preparation

Moving bar stimuli were generated and controlled using custom-written Labview and
MATLAB code (MathWorks), implemented on a ViSaGe stimulus presenter (Cambridge
Research Systems) and delivered via a DLP Pico PK301 pocket LED projector
(Optoma) as previously described (Lowe et al., 2013). A diffusion filter (3026, Rosco)
was bonded to one side of the chamber to serve as a projection screen. The agarose in
front of the eye facing the projection screen was removed, allowing an unobstructed
view of the projected image on the side of the chamber. Larvae were positioned 3 cm
away from the screen, and the projected image filled a visual field of ~97° x 63°. Visual
stimuli consisted of light (56 cd/m?®) or dark bars (8 cd/m?® (175% and 25% of mean
luminance, respectively) on a mean grey background (32 cd/m?. As no qualitative

differences between light and dark bars were noted, data obtained using the two stimuli
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were combined. Each bar was 10° in width moving at a speed of 20°/s and separated
from the preceding bar by 30°, enabling more than one bar on the screen at any one
time. The long axes of the bars were orthogonal to the direction of motion. For the
moving vs. static gratings stimuli used to obtain data displayed in Fig. 6.9, either
moving square-wave gratings (75% contrast, spatial frequency 0.05 cycles/degree
equivalent to 10° bar width, temporal frequency 1 cycles/s) or static square-wave
gratings with alternating contrast (75% contrast, spatial frequency 0.05 cycles/degree
equivalent to 10° bar width) were used. Each of the 12 directions of motion was
presented once (3 seconds) in a pseudo-random order unique to each slice in every
animal imaged. Each inter-epoch interval was 10 seconds to enable SyGCaMP3 or
GCaMPé6f signals to return to baseline. A blank-screen null condition of 2 seconds was

also interleaved.

2.8.2 Moving Gratings in Two-photon Preparation

Moving gratings stimuli in the two-photon preparation were generated and controlled
using PsychoPy (Peirce, 2008), and delivered through an LCD screen (SKD5VA-3,
GoodWell Technology) positioned underneath a custom-made Perspex chamber. A
long-pass red glass filter (>610 nm, FGL610, Thorlabs) was positioned between the
LCD screen and the chamber to allow for simultaneous imaging and visual stimulation.
Therefore, the provided visual stimuli could only activate long wavelength-sensitive (L
or red) cones, which are the most abundant cones in the larval zebrafish retina (~35%
of all cones) (Suzuki et al., 2013). Larvae were positioned 2 cm away from the screen
and the image on the LCD screen filled a visual field of ~140° x 100° (mean
background luminance 30.4 cd/m?). Visual stimuli consisted of square-wave gratings
(100% contrast, spatial frequency 1.66 cycles/cm, temporal frequency 1 cycles/s).
Each grating bar was 8.5° in width and the long axes of the bars were orthogonal to the
direction of motion. Each of the 12 directions of motion was presented once (6
seconds) with and inter-epoch interval of 10 seconds to enable SyGCaMP3 or
SyGCaMP6 signals to return to baseline. A blank-screen null condition of 6 seconds
was also interleaved. TTL triggers (0-5-0 Volts) to record epoch time events where
generated through a LabJack USB DAQ device (U3-LV, LabJack Corporation).
Following activation of the laser scanning, we waited 60 seconds before starting the
visual stimulation to ensure the retina adapted to the background light level caused by

the multi-photon laser.
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2.9 Single Cell Labelling

2.9.1 Labelling of Individual RGCs

To mosaically label RGCs for morphological analyses, an activator plasmid containing
Gal4 driven by an upstream ath5 promoter (Ath5:Gal4) (gift of Prof. Steve Wilson, UCL,
UK) was co-injected with effector plasmids, where expression is driven by a UAS motif
in frame with either GFP (UAS:GFP) or tdTomato (UAS:tdTomato) (Ben Fredj et al.,
2010). The plasmids were injected at a concentration of 20 ng/ul each in Danieau
solution. Plasmid DNA was prepared using miniprep kits (Qiagen).

To label individual RGCs for functional analyses, UAS:GCaMP6f DNA
constructs (Chen et al., 2013a; Nikolaou and Meyer, 2015) were injected into 1-4 cell-
stage Tg(isl2b:Gal4) embryos. The pGP-CMV-GCaMP6f plasmid used to clone the
UAS:GCaMP6f DNA construct (Nikolaou and Meyer, 2015) was a gift from Douglas
Kim (Addgene plasmid # 40755). Plasmid DNA was prepared using midiprep kits
(Qiagen) and injected at a concentration of 30 ng/ul in Danieau solution. Only larvae
showing single GCaMP6f-expressing RGC axons in the optic tectum were used for
functional analyses. After functional identification of orientation-selective RGCs
(OSGCs), larvae were fixed, cryosectioned and immunostained (see
Immunohistochemistry) to visualise the morphology of GCaMP6f* dendritic arbours of
OSGCs.

2.9.2 Mosaic Labelling of Tenm3* ACs

To mosaically label tenm3* ACs, UAS:eGFP-CAAX (gift from Dr. Andy Symonds, MRC
Centre for Developmental Neurobiology, King’s College London, London, UK),
UAS:eGFP (Ben Fredj et al., 2010) or UAS:GCaMPé6f (Nikolaou and Meyer, 2015) DNA
constructs were injected into 1-4 cell-stage Tg(tenm3:Gal4) embryos. Plasmid DNA
was prepared using midiprep kits (Qiagen) and injected at a concentration of 40-50

ng/ul in Danieau solution.

2.10 Optogenetic Ablation of Tenm3* ACs

The optogenetic ablation of tenm3” ACs was performed using the genetically encoded
photosensitizer KillerRed (Bulina et al., 2006b; Del Bene et al., 2010) following
previously described guidelines (Bulina et al., 2006a; Teh et al., 2010). At 2 dpf, the
eyes of KillerRed* Tg(tenm3:Gal4;UAS:KillerRed;elavi3:GCaMP5G) and Tg(tenm3:
Gal4;UAS:KillerRed) larvae, and KillerRed Tg(tenm3:Gal4;elavi3:GCaMP5G) and

Tg(tenm3:Gal4) control larvae were illuminated with continuous intense green light
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(540-552 nm; filter set 15, BP 546/12 nm) for 40 minutes using a wide-field
fluorescence microscope (Zeiss Axioskop) equipped with a 40x objective and a 100
Watts mercury lamp employed at maximal light intensity and objective aperture. In
KillerRed" larvae, strong photobleaching (~90% decrease in relative fluorescence) was
observed after green light illumination, indicating effective KillerRed phototoxicity. To
detect cell death, 3-4 hours following illumination the larvae were fixed in 4%
paraformaldehyde (PFA) at 4°C overnight. Subsequently, larvae were cryosectioned
and fluorometric terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL,;

DeadEnd, Promega) assays were performed on sections following standard protocols.

2.11 Pharmacology

2.11.1 Block of Glutamate Receptors in the Optic Tectum

To isolate RGC axonal calcium responses from tectal cell dendritic responses in 4 dpf
Tg(tenm3:Gal4;UAS:KillerRed,elavi3:GCaMP5G) and Tg(tenm3:Gal4,elavi3:
GCaMP5G) larvae, the NMDA and AMPA/kainate glutamate receptor antagonists D-2-
amino-5-phosphonovaleric acid (APV; Sigma) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzol[flquinoxaline-2,3-dione (NBQX; Sigma), 100 uM and 20 pM in Danieau solution
respectively, were pressure-injected into one tectal hemisphere as previously
described (Hunter et al., 2013). Larvae were imaged immediately post-injection.
Animals were only included in the analyses if visual responses were not detected in

tectal cell bodies following pharmacological treatment.

2.11.2 GABA, Receptors Block

To block y-aminobutyric acid (GABA)-mediated inhibition from amacrine cells, the
GABA, receptor chloride channel blocker picrotoxin (Sigma) was used at a final
concentration of 100 uM, as previously described (Nikolaev et al., 2013). Functional
calcium imaging was first performed in 4 dpf Tg(isl2b:Gal4;UAS:SyGCaMP3) larvae in
Danieau solution with no drug. Subsequently, larvae were mounted in 2% low melting
point agarose (Sigma) in Danieau solution with freshly made 100 pM picrotoxin and
then imaged again. Importantly, also the Danieau solution in the imaging chamber

contained 100 uM picrotoxin.

2.11.3 Glycine Receptors Block
To block glycine-mediated inhibition from amacrine cells, the glycine receptor

antagonist strychnine (Sigma) was used at a final concentration of 70 pM (Hirata et al.,
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2013). Functional calcium imaging was first performed in 5 dpf Tg(isl2b:Gal4;
UAS:SyGCaMP3) larvae in Danieau solution with no drug. Subsequently, larvae were
mounted in 2% low melting point agarose (Sigma) in Danieau solution with freshly
made 70 pM strychnine and then imaged again. Importantly, also the Danieau solution

in the imaging chamber contained 70 pM strychnine.

2.12 Immunohistochemistry
The primary antibodies used in the study were diluted in blocking solution as follows:
chicken anti-GFP (1:500; Abcam, AB13970), rabbit anti-GABA (1:100; Sigma, A2052),
guinea pig anti-GABA (1:500; Abcam, AB17413), mouse anti-Parvalbumin (1:300;
Millipore, MAB1572), rabbit anti-TH (1:500; Millipore, AB152), goat anti-ChAT (1:100;
Millipore, AB144P), rabbit anti-glycine (1:50; Abcam, AB9442). The primary antibody
used to detect the Tenm3 protein in Fig. 4.3D and 5.9C-F is a custom-made polyclonal
rabbit anti-Tenm3 antibody (1:150 dilution in blocking solution; Eurogentec) designed to
recognise the following protein sequence, 445-TIDTGEVDVGRRAVQ-459, which is
located in the extracellular domain of the zebrafish Tenm3 protein. The secondary
antibodies used in the study were goat or donkey anti-chicken, anti-mouse, anti-rabbit,
anti-guinea pig and anti-goat conjugated to Alexa Fluor 488 or 568 fluorophores
(1:1000 dilution in blocking solution; Life Technologies). Nuclei were counterstained
with TO-PRO-3 lodide (1:1000 dilution in blocking solution; Life Technologies, T3605).
Immunostainings of zebrafish larvae on cryosections were performed following
standard procedures. Briefly, larvae were fixed in 4% PFA overnight, rehydrated with
PBS for 3 x 10 minutes, cryoprotected in 15%, 30% sucrose at room temperature for 2
hours and, lastly, 40% sucrose at 4°C overnight. Larvae used to immunostain Tenm3 in
the retina were subjected to the following antigen retrieval procedure (Inoue and
Wittbrodt, 2011): the cryoprotected larvae were incubated in 150 mM Tris-HCI pH 9.0
at room temperature for 5 minutes, followed by heating at 70°C for 15 minutes and,
finally, re-cryoprotected in 40% sucrose at 4°C overnight. The cryoprotected larvae
were then embedded in molds using O.C.T. compound (VWR International) and
cryosectioned (18 um thickness). Cryosections were mounted on glass slides
(Superfrost plus, Thermo Scientific) and dried overnight at room temperature.
Subsequently, slides were equilibrated 3 x 5 minutes in PBT (0.1% Tween-20 in PBS)
and then blocked with 3% goat or donkey serum + 1% BSA in PBT for 1 hour at room
temperature. After blocking, the slides were incubated with the respective primary

antibodies at 4°C overnight. Lastly, slides were washed 3 x 30 minutes in PBT,
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incubated with the respective secondary antibodies at room temperature for 2-3 hours,
and then washed 3 x 30 minutes in PBT. To preserve the immunostained cryosections,
Fluoromount-G (eBioscience) was used. Slides were then covered with glass

coverslips and stored at 4°C until use.

2.13 Analysis

2.13.1 Functional Analyses

In vivo calcium imaging data were analysed as previously described (Lowe et al.,
2013). In summary, functional time-series were processed before analysis as follows:
time-series images from each experiment were corrected for motion with a rigid-body
algorithm (SPM12; http://www.fil.ion.ucl.ac.uk/spm/), median filtered with a kernel size
of 1 voxel to remove dark and shot noise, and spatially smoothed with a 2D Gaussian
kernel = 2 voxels to improve signal-to-noise. A baseline (B) that corrects for low-
frequency drifts was determined using a cubic-spline algorithm extrapolating between
knots averaged from 5 s of the inter-epoch interval data. Both relative signal intensity
changes (AF = F — B; where F = raw fluorescence) and normalised signal intensity
changes [%AF/Fy, = (F — B)/B] were calculated at each voxel. AF was used for
population functional data (voxel-wise analysis), whereas %AF/F, was used for single
cell functional data (manually defined regions of interest, ROIls, of dendritic or axonal
arbours of GCaMP6f-labelled cells). For each voxel or ROI the integral response over
the epoch-interval was calculated to provide a single response metric of each
presented direction of stimulus motion. The integral within each epoch window is a
summary metric more resistant to saturation effects of the calcium probe than
maximum signal change. A threshold for each voxel within an acquisition image
sequence was determined from the variance of AF changes during the inter-epoch
intervals and null condition, threshold = 5 x SDs. All voxels that were supra-threshold
within at least two visual presentation epochs were regarded as visually responsive
and subjected to further characterisation.

To analyse the direction and orientation selectivity of visually responsive voxels
or ROls, direction- and orientation-selective indices (DSI and OSI) (Niell and Stryker,
2008), based on fitted von-Mises or Gaussian profiles (Swindale, 1998), were
calculated together with an estimate for their goodness of fit, R%. The DSI was defined
as (Rpret = Rnun)/(Rprer + Rnui), where Ryrer, the response to the preferred direction, was
the integral response over the preferred direction epoch-interval. Rny was similarly

calculated as the integral response evoked by the direction opposite to the preferred
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direction (180° angular distance). The OSI was defined as (Rpret = Rorth)/(Rpret + Rortn),
where Rgyer, the response to the preferred orientation, was the integral response over
the preferred orientation epoch-interval. Rown Was similarly calculated as the integral
response evoked by the orientation orthogonal to the preferred orientation (90° angular
distance). To minimise cross talk and over-fitting associated with DSI and OSI metrics,
a stringent approach was undertaken. For a voxel or ROI to be regarded as direction-
selective (DS) or orientation-selective (OS), mutually exclusive criteria were used: DS if
DSl > 0.5 and OSI < 0.5; and OS if OSI > 0.5 and DSI < 0.5. In both cases, the
goodness of fit (R%) for DSI and OSI, respectively, had to be > 0.8; thus, the fitted
curves explained at least 80% of the integral responses. A single von Mises distribution
was used to fit responses of DS voxels and estimate their preferred direction of motion
angle from the centre of the fitted curve, respectively. The sum of two von Mises or
Gaussian distributions (180° angular distance apart) was used to fit responses of OS
voxels or OS ROls, respectively, and estimate their preferred orientation of motion
angles from the centres of the fitted curves. Grouped cumulative histograms of the
preferred direction or orientation of motion angles were generated from the calculated
preferred angles of identified DS or OS voxel. The distribution of preferred angles for
each identified DS or OS subpopulation of voxels was fitted by a Gaussian distribution
with peak centre (mean), height (amplitude) and standard deviation being free
dimensions. Circular variance was also calculated for comparison as an alternative

metric of orientation selectivity (Circular variance < 0.4) (Batschelet, 1981).

2.13.2 Morphological Analyses

To determine the IPL stratification profile of tenm3” AC neurites and OSGC dendrites,
rectangular 10 um-wide ROls were drawn across the IPL. The Plot Profile function in
Imaged (Schneider et al., 2012) was applied to the ROIs to calculate fluorescence
intensity traces across the IPL depth. The traces obtained from multiple larvae were
then normalised and averaged using SigmaPlot (Systat Software). The dendritic field
area and orientation angle of individual eGFP-CAAX- or GCaMP6f-labelled tenm3* ACs
were measured using Imaged (Schneider et al., 2012) in 3D rotated images generated
through ZEN (Carl Zeiss). To quantify the dendritic field elongation of individual tenm3*
ACs, the eccentricity of dendritic arbour profiles [e = V(1 — b%a?); a = length of the
ellipse semi-major axis, b = length of the ellipse semi-minor axis] was calculated
following ellipse fitting in Imaged (Schneider et al., 2012). 3D morphological

reconstructions of individual tenm3® ACs were obtained using the Simple Neurite
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Tracer plugin in FIJI (Schindelin et al., 2012). To estimate the total number of type I-1V
tenm3* ACs required to tile the retina with a coverage factor of 1, the mean IPL area
(49,903 = 3,707 umz, mean + SD; n = 14 retinae from 14 larvae at 4 dpf) was divided
by the observed mean dendritic field area of each tenm3* AC type and, subsequently,
the obtained values were used to estimate the respective relative frequency.

To determine the brain volume imaged in 4 dpf nacre, casper and crystal
Tg(elavi3:GCaMP&6f) larvae, the number of GCaMP6f* voxels in each volumetric image
was calculated by applying the adjuststhreshold function followed by the
analyse>histogram>list command in Imaged (Schneider et al., 2012). Subsequently,
the obtained values were multiplied by the volume of a single voxel (0.415 x 0.415 x
0.631 um® = 1.086 x 10" um?).

2.13.3 Statistical Analyses

Statistical analyses and tests were carried out using Prism 6 (GraphPad), SigmaPlot 11
(Systat Software) or MATLAB R2014b (MathWorks). Before performing statistical tests,
descriptive statistics (e.g., normality tests to see whether values come from a Gaussian
distribution or F-test to compare variances) were used to choose the appropriate
statistical test. The criterion for statistical significance was set at p < 0.05. To
quantitatively measure and assess the effects of treatments or genetic manipulations
between animal groups, the effect size (Cohen's d) and its 95% confidence interval
were also calculated (not shown). No statistical method was used to predetermine
sample sizes, but sample sizes are similar to those generally employed in the field and

in most cases provided a high statistical power (i.e., power > 0.8).

2.14 Simulation of OSGC Output
To simulate the tuning profile of orientation-selective ganglion cells (OSGCs) the

following algorithm was used:
n
Onoscc = Z(Bi + way)
i=m

The tuning profile of OSGCs tuned to horizontal bars moving along the vertical axis (0°;
hence, Onosac) was simulated by summating normalised bipolar cell (BC) excitatory
input (B) and OS tenm3* amacrine cell (AC) inhibitory input (a) for each stimulus
orientation (i) across the whole orientation space. The orientation space ranges from
‘m’ to ‘n’, which are negative (-90°) and positive (90°) angles orthogonal to the

preferred orientation (0°), respectively. Values used for ‘@’ are the experimentally
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observed average responses of orthogonal orientation-tuned tenm3* ACs (i.e., tenm3*
ACs tuned to vertical bars moving along the horizontal axis; OSI > 0.5, DSI < 0.5, R?>
0.8; n = 20 larvae). Note that, since the OS tenm3" AC input is inhibitory, a negative
synaptic weight factor (w) is used in the algorithm. As a consequence, the OS inhibitory
input provided by tenm3* ACs has a subtractive effect on OSGC output. Values used
for ‘B’ are the experimentally observed average responses of BC terminals (n = 20
larvae). Three different orientation-tuning levels of excitatory BC input were tested,
namely: (1) untuned BC input (average responses of all visually responsive BC voxels),
(2) weakly OS (OSI > 0, DSI < 0.5, R? > 0) preferred orientation-tuned BC input; (3)
highly OS (OSI > 0.5, DSI < 0.5, R® > 0.8) preferred orientation-tuned BC input. The
experimentally observed average response profile of OSGCs tuned to horizontal bars
moving along the vertical axis (n = 23 larvae) was used as a comparison to evaluate

the accuracy of the simulated OSGC response profile.
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Chapter 3

Generation of a Zebrafish Pigmentation Mutant for in vivo

Imaging

3.1 Introduction

To understand complex biological phenomena, structural and functional information
has to be extracted from intact animal systems at different spatial scales. Optical
transparency of animals is a highly desirable feature to study these biological
processes in vivo using light microscopy. Pigment molecules, such as melanin,
haemoglobin and myoglobin, are the main sources of visible light absorption in
biological tissues (Pawley, 2005; Jacques, 2013). Lipids and collagen, on the other
hand, constitute the primary molecules responsible for light scattering. Recently,
several tissue-clearing techniques have been developed to reduce light scattering in
fixed biological tissues by selectively removing lipids in a non-destructive way
(Richardson and Lichtman, 2015). However, the only molecules that can be removed
from living systems without dramatically impairing their viability are pigment molecules
localised in defined tissues, such as melanin present in the skin. Here, a combinatorial
genetic approach has been used to generate a viable, fully transparent zebrafish
mutant, named crystal, lacking the vast majority of skin pigmentation. Compared to the
previously described combinatorial pigmentation mutant casper that has pigmented
eyes (White et al., 2008), the crystal mutant constitutes a significant improvement for in
vivo imaging of tissues inside or between the eyes.

In zebrafish, multiple populations of cells produce pigments that ultimately
restrict the optical accessibility of tissues (Kelsh et al., 1996; Singh and Nusslein-
Volhard, 2015). The three main kinds of pigment cells (or chromatophores) are the
melanophores (black appearance), iridophores (silvery or blue) and xanthophores
(yellow; Fig. 3.1A). In addition to these three populations, which in zebrafish larvae
derive from neural crest cells, there is another population of pigment cells forming the
retinal pigment epithelium (RPE), which originates from optic lobe neuroepithelial cells
(Fig. 3.1B) (Bharti et al.,, 2006). Common strategies to reduce zebrafish skin
pigmentation can be grouped in two categories: (1) use of chemical compounds

interfering with the synthesis of melanin, the most popular one being
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Figure 3.1. Pigment cell types and related mutations in larval zebrafish. AIB, Left: schematic diagram
of the main populations of pigment cells in wild type (WT) zebrafish. Centre: cell lineages generating the
different populations of pigment cells. Right: mutations affecting genes controlling either pigment cell
formation (nacre”®"? and roy*®*°) or melanin production (alb”**%) used to generate the crystal mutant.
Pigment cells in (A) derive from neural crest cells, whereas those forming the retinal pigment epithelium
(RPE, B) derive from optic neuroepithelial cells.

1-phenyl-2-thiourea (PTU) (Karlsson et al., 2001); (2) use of pigmentation mutants in
which genes controlling either pigment formation, chromatophore formation or
interactions between chromatophores have been inactivated (Kelsh et al., 1996; Lister
et al., 1999; White et al., 2008). The first strategy, despite being straightforward (i.e.,
embryos can be simply raised in medium containing 200 uM PTU), is associated with
toxic side effects that impair morphogenesis, behaviour and survival. For example,
PTU has been shown to interfere not only with tyrosinase (the enzyme that catalyses
the production of melanin) (Whittaker, 1966; Ryazanova et al., 2012), but also with
other enzymes, such as thyroid peroxidase (Li et al., 2012b) and dopamine beta-
hydroxylase (Johnson et al., 1970). Therefore, the poor selectivity of this drug results in

severe consequences including reduced thyroid hormone synthesis (Elsalini and Rohr,
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2003), decreased eye size (Li et al.,, 2012b), abnormal cranial neural crest and
extraocular muscle development (Bohnsack et al.,, 2011), impaired retinal light
adaptation (Page-McCaw et al., 2004), as well as anxiety (Parker et al., 2013) and
reduced mobility, hatching and survival (Karlsson et al., 2001). In contrast, the second
strategy is considerably less disruptive since it takes advantage of viable mutations
affecting the function of genes expressed in specific subsets of cells where they are
involved in defined processes of pigment production (Singh and Nusslein-Volhard,
2015). Since the formation of each pigment type is controlled independently of the
others, the combination of different mutations is required to produce fully transparent
zebrafish. This approach has been previously implemented to generate the double
mutant casper, which lacks all melanophores and iridophores (White et al., 2008).
Here, this strategy is further developed to generate a fully optically clear combinatorial
mutant (crystal) that not only lacks all melanophores and iridophores, but also has a
non-pigmented RPE. This particular feature makes crystal larvae especially suited for
imaging tissues inside or between the eyes while avoiding the use of chemical
pigmentation blockers. Importantly, crystal mutants show no behavioural or viability
deficits as compared to wild type animals. To further validate the in vivo application of
this novel mutant, whole-brain light-sheet imaging and two-photon functional recordings

of neural activity in the retinae of crystal larvae are also performed.

3.2 Results

3.2.1 Generation of ‘Crystal’: a Fully Transparent Zebrafish for in vivo Imaging

To generate optically clear zebrafish lacking the vast majority of skin pigmentation
without using chemical compounds inhibiting pigment formation, a combinatorial
genetic approach has been undertaken. Three previously described viable mutations
affecting different populations of chromatophores (Fig. 3.1 right) were selected and

w2M2 mutant lacks all

combined through crossbreeding (Fig. 3.2): (1) the nacre
melanophores due to a mutation in the mitfa gene (Lister et al., 1999). Since the nacre
mutation does not affect the population of cells forming the RPE, this structure is still
pigmented in this single mutant. (2) The albino (alb®***) mutant is characterised by a
general deficiency in the production of melanin due to a mutation in the slc45a2 gene
(Streisinger et al., 1986). (3) The roy orbison (roy”**°) mutant shows a complete lack of

iridophores (White et al., 2008). The gene responsible for this mutant phenotype is

2/w2 4/b4 %
w2/w. ;albb b 939;

currently unknown. The resulting combinatorial triple mutant (nacre ,;ro
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Figure 3.2. Generation of crystal, a fully transparent combinatorial pigmentation mutant. A-C,
Pigmentation phenotypes of wild type, single mutant, casper and crystal zebrafish at embryonic (3 dpf, A),
larval (7 dpf, B) and adult (> 3 month old, C) stages. Red dashed boxes indicate crystal mutants. Insets on
the right display eye pigmentation phenotypes. 3 dpf and 7 dpf zebrafish treated with 200 uM PTU are
shown at the bottom of (A) and (B). Note that the optical transparency of crystal fish is higher than that of
wild type, single mutant, casper and PTU-treated fish.

red boxes in Fig. 3.2), which was named crystal, lacks the vast majority of dark and
reflective pigments normally present at the cutaneous level and, as a consequence,
appears optically clear. The internal organs are clearly visible in adult (> 3 months old)
crystal mutants as opposed to wild type and single mutant fish (Fig. 3.2C). Compared
to the previously described double mutant casper (nacre"?*?;roy””*% (White et al.,
2008), where internal organs are also Vvisible, the triple mutant crystal
(nacre"®"?;alb®*"*:roy"**%) lacks melanin in the RPE (Fig. 3.2C). Consequently, the
eyes of crystal fish are considerably less pigmented than wild type, single mutant and
casper fish, and therefore are easily accessible to optical investigation (see right insets
in Fig. 3.2A-C). The pigmentation phenotype of crystal fish is already evident at
embryonic (e.g., 3 dpf, Fig. 3.2A) and larval (e.g., 7 dpf, Fig. 3.2B) stages. Importantly,
the optical clarity of crystal larvae is even superior to that of larvae treated with 200 pM
PTU (Fig. 3.2A,B), since PTU inhibits melanin production but does not interfere with
iridophore function (Karlsson et al., 2001). Moreover, unlike PTU-treated animals, adult

crystal mutants are viable and produce normal numbers of offspring. Heterozygous fish
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(nacre"®*;alb®*:roy””*) do not exhibit any visible pigmentation phenotype. Overall, the
crystal mutant constitutes a significant improvement in the optical accessibility of both
larval and adult zebrafish, even superior to the previously described combinatorial

mutant casper (White et al., 2008), which is characterised black-pigmented eyes.

3.2.2 Crystal Zebrafish Larvae Exhibit Normal Visual Behaviour

An ideal system for in vivo imaging has to be characterised not only by optical clarity
but also by normal functional and behavioural viability. The use of PTU to quickly
obtain transparent zebrafish larvae is widespread across the research community.
However, numerous studies reported severe morphological and behavioural side
effects caused by the toxicity of PTU treatment (see 3.1). To compare the behavioural
viability of crystal larvae to wild type larvae and to larvae raised in medium containing
200 uM PTU, the ability of 5 dpf larvae to perform the optomotor response was tested.
During optomotor response assays, freely swimming zebrafish larvae respond to
whole-field moving stimuli (e.g., dark and light bars) by swimming in the same direction
of stimulus motion (Fig. 3.3A) (Orger et al., 2004). They do so to compensate for the
optic flow-induced perception of apparent involuntary displacement, and therefore
regain the desired course of locomotion. Individual larvae were tested five
times in total and scored according to the number of trials they

responded to (i.e., fish turns and swims in the direction of the moving stimulus).
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Figure 3.3. PTU impairs zebrafish visual behaviour. A, Schematic diagram illustrating the optomotor
response behavioural assay. Individual 5 dpf larvae were positioned in a petri dish containing Danieau
solution. An LCD screen controlled by a computer was used to display black and white square-wave
gratings moving in 4 directions (red arrows) at the bottom of the petri dish. Each larva was tested 5 times
in total (each trial lasted 6 seconds) and scored according to the trials it responded to (i.e., fish turns and
swims in the direction of the moving gratings). B, Quantification of the optomotor response assays for 5
dpf wild type (WT, black), crystal (blue) and PTU-treated (red) larvae (n = 25 larvae in each group). The
frequency distribution (left), cumulative frequency distribution (centre) and mean + SEM (right) of number
of responsive trials per larva are reported. Note that PTU-treated larvae show a significant decrease in the
number of trials they respond to. ns, non-significant; ***p < 0.001; one-way ANOVA with post-hoc Tukey’s
HSD test.
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Notably, crystal larvae exhibited a response rate equivalent to wild type larvae as
opposed to PTU-treated larvae, which instead showed a dramatic behavioural
impairment (Fig. 3.3B; mean number of responsive trials + SEM, WT 3.40 + 0.32 trials
out of 5, n = 25 larvae; crystal 3.52 + 0.30 trials, n = 25; PTU-treated 1.36 + 0.29 trials,
n =25;p<0.0001, F572 = 16.17, one-way ANOVA with post-hoc Tukey’s HSD test).

3.2.3 Abnormal Visual Responses in PTU-treated Zebrafish Larvae

Given the observed behavioural consequences of PTU treatment, whether PTU has
any effect on zebrafish visual system function was further investigated by recording
visually induced neural responses in the optic tectum — the main retinorecipient brain
area in zebrafish. The optic tectum receives inputs from all functional types of retinal
ganglion cells (Robles et al., 2014), including some types that are tuned to stimulus
direction of motion (direction-selective cells) or stimulus orientation (orientation-
selective cells; see 1.1 and 1.2) (Nikolaou et al., 2012). Using a transgenic fish line
where the genetically encoded calcium indicator GCaMP5G is expressed pan-
neuronally (Ahrens et al., 2013), visual responses to moving dark and light bars in both
the tectal neuropil and periventricular neurons were analysed through in vivo calcium
imaging (Fig. 3.4A and Movie 3.1) (Nikolaou and Meyer, 2015). Compared to untreated
Tg(elavi3:GCaMP5G) larvae, 4 dpf PTU-treated larvae (treatment from 1 dpf to 3 dpf)
showed a large decrease in visual responses (Fig. 3.4B; mean number of visually
responsive voxels = SEM, control 19463 = 1294 voxels, n = 12 larvae; PTU-treated
4110 = 708 voxels, n = 12; p < 0.0001, t» = 10.41, unpaired two-tailed t-test) with
direction- and orientation-selective neural responses being absent or severely
impaired, respectively (Fig. 3.4B; mean number of direction-selective voxels + SEM,
control 128 + 22.75 voxels, n = 12 larvae; PTU-treated 0 + 0 voxels, n = 12; p = 0.0002,
tiy = 5.62, unpaired two-tailed t-test with Welch's correction; mean number of
orientation-selective voxels + SEM, control 1239.25 + 229.99 voxels, n = 12; PTU-
treated 12.66 + 3.01 voxels, n = 12; p = 0.0002, t;; = 5.33, unpaired two-tailed t-test
with Welch's correction). These data indicate that PTU has deleterious consequences
in both zebrafish behaviour and neural function, and should be therefore avoided
whenever these two biological processes are under investigation. Since PTU is a highly
non-selective drug (see 3.1) and is generally applied at the whole-animal level, it is
difficult to attribute any of the detrimental effects observed to a specific biochemical

pathway.
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Figure 3.4. PTU impairs zebrafish visual system function. A, Functional calcium imaging of tectal cells
and retinal ganglion cell axons expressing GCaMP5G (green) in 4 dpf Tg(elavi3:GCaMP5G) larvae.
Distance of right eye from projection screen is 3 cm. Recordings are performed from 3 Z-planes
(approximately 20 um total volume thickness) in the contralateral optic tectum at 4 Hz image acquisition
rate. Dashed box shows the angles of moving bars relative to zebrafish larva orientation. Mean AF/F,
images of calcium recordings in untreated (control) and PTU-treated larvae followed by mapping of
direction-selective (DS) and orientation-selective (OS) voxels are displayed. Np, neuropil; SPV, stratum
periventriculare; DSI, direction selectivity index; OSI, orientation selectivity index. Scale bar is 40 um. B,
Average number (top) and relative frequency (bottom) of DS, OS, visually responsive and non-DS/non-OS
voxels per Z-plane in control and PTU-treated 4 dpf larvae (n = 12 larvae in each group). Criteria used to
identify DS and OS voxels are reported at the top. Note the dramatic reduction in visually responsive, DS
and OS voxels following 200 uM PTU treatment. Error bars are + SEM. ***p < 0.001, unpaired two-tailed
Student’s t test.

3.2.4 Whole-brain Light-sheet Imaging of Crystal Larvae

The next aim was to validate the in vivo application of crystal larvae by performing
whole-brain light-sheet imaging (Keller and Ahrens, 2015). Light-sheet microscopy has
recently experienced a series of significant technological advancements and is
generally used to study nervous system activity and development with cellular
resolution at the whole-animal level (Ahrens et al., 2013; Chhetri et al., 2015; Tomer et
al., 2015; Wolf et al., 2015). In typical zebrafish light-sheet preparations, the excitation
light is provided laterally and fluorophore emission light is collected through an
objective positioned orthogonally to the illumination plane. However, due to the strong

pigmentation of the eyes, imaging of areas inside or between these structures is
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Figure 3.5. Improved optical accessibility of zebrafish larvae in whole-brain light-sheet imaging
using crystal. A, Volumetric imaging of the larval zebrafish brain with light-sheet microscopy in 4 dpf
nacre (top), casper (middle) and crystal (bottom) Tg(elavi3:GCaMP6f) larvae (n = 4-5 larvae in each
group). Six different volume sections per larva out of 450 (total xyz volume of 798 x 623 x 283 um°) are
displayed. L, left; A, anterior. Scale bar is 200 um. B, Single volume sections of the brain (100 pm Z plane)
in nacre (left), casper (middle) and crystal (right) larvae. Note the dark region between the eyes of the
nacre and casper larvae due to the excitation light being absorbed or reflected by pigments present on the
surface of the eyes. L, left; A, anterior. Scale bar is 100 um. C, Insets showing the labelling of amacrine
and ganglion cells in the left retina of the crystal larva (right) compared to nacre (left) and casper (middle)
larvae, where no GCaMP6f fluorescence is detected in the eyes. T, temporal; N, nasal. Scale bar is 50 um.
D, 3D reconstructions of the brain (lateral view) of nacre (left), casper (middle) and crystal (right)
Tg(elavi3:GCaMPé6f) larvae shown in (A). Note the improved optical accessibility (~18% of brain volume)
enabled by crystal. P, posterior; V, ventral. Scale bar is 100 um. E, Average brain volume in nacre, casper
and crystal 4 dpf Tg(elavi3:GCaMP&6f) larvae. Error bars are + SEM. ns, non-significant; *p < 0.05; **p <
0.01; one-way ANOVA with post-hoc Tukey’s HSD test.

normally problematic. The optical accessibility of the nervous system in crystal, nacre
and casper larvae was therefore assessed using the pan-neuronal
Tg(elavi3:GCaMPé6f) line (Dunn et al., 2016b) (Fig. 3.5A and Movie 3.2). In the imaging
setup used, the sheet of laser light (488 nm) is generated by two objectives positioned

on the lateral sides of the larva. In 4 dpf crystal larvae, the excitation light can easily

reach deep (i.e., ventral) regions of the brain (Fig. 3.5B) as well as the retinae (Fig.
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3.5C) without being absorbed or reflected by pigments normally present on the surface
of the eyes, like in nacre or casper larvae (note the dark regions in the left and middle
panels of Fig. 3.5B,C). Therefore, crystal allows a fully unobstructed optical access of
the larval zebrafish brain in its entirety (i.e., including the eyes), as opposed to nacre
and casper mutants where a substantial portion of the nervous system (~18%) is not
accessible through standard light-sheet imaging (Fig. 3.5A,D,E; mean volume + SEM,
crystal 3.04 +0.12 x 10’ ym®, n = 4 larvae; casper 2.51 + 0.07 x 10’ ym®, n = 4; nacre
2.47 +0.10 x 10" um?, n = 5; p = 0.0040, F, 1, = 10.09, one-way ANOVA with post-hoc
Tukey’s HSD test). Even though the optical accessibility of crystal larvae through light-
sheet imaging is significantly higher than nacre and casper mutants, it is noteworthy
that the spatial definition of brain regions between the eyes appears lower than other
regions of the brain, likely due to scattering of excitation light by the lenses. Despite
this fact, the light-sheet signal detected from these regions in crystal mutants is still

many-fold higher than in the other animal groups (Fig. 3.5A,B).

3.2.5 Two-photon Calcium Imaging in the Intact Retina Using Crystal

To further assess the in vivo application of crystal larvae, two-photon functional
imaging of neural activity was performed in the retina, a brain region that is not optically
accessible in wild type, single pigmentation mutant or casper larvae (Fig. 3.2) unless
embryos are raised in medium containing PTU (Odermatt et al., 2012; Nikolaev et al.,
2013). To record visual responses in the larval retina through calcium imaging, 4 dpf
Tg(elavi3:GCaMP&6f) crystal larvae were immobilised in 2% low melting point agarose
with one eye facing an LCD screen where square-wave gratings moving in 12 different
directions were displayed (Fig. 3.6A; n = 8 larvae). Visually evoked calcium transients
were recorded from amacrine and ganglion cells at 4 Hz using near-infrared (930 nm)
two-photon laser excitation (Movie 3.3). Voxel-wise analysis was then used to identify
visually responsive voxels (Fig. 3.6B) and quantify direction and orientation selectivity
of visual responses at subcellular resolution (0.248 x 0.248 ym voxel XY size, Fig.
3.6C) (Lowe et al., 2013). AF/Fy calcium traces from 6 selected regions of interest
(ROIs) comprising several voxels (Fig. 3.6B) are displayed as examples (Fig. 3.6D).
Interestingly, not only stimulus-locked responses could be recorded, but also the
presence of direction-selective (DSI > 0.5, ROI# 4 and 5) and orientation-selective (OSI
> 0.5, ROI# 1-3) responses was observed (Fig. 3.6C,D), indicating that the retina is

functional in crystal larvae. A previous study has reported that adult zebrafish mutants
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Figure 3.6. Calcium imaging of visually evoked neural activity in the retina using crystal. A, Two-
photon functional calcium imaging of amacrine cells and ganglion cell dendrites expressing GCaMP6f
(green) in 4 dpf crystal Tg(elavi3:GCaMP6f) larvae (n = 8 larvae). Distance of the eye from LCD screen is
2 cm. Recordings are performed from 2-4 Z-planes (approximately 20 pm total volume thickness) at 4 Hz
image acquisition rate. Dashed box shows the angles of moving gratings relative to zebrafish larva
orientation. INL, inner nuclear layer; GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bar is 20
um. BIC, Mean AF/F, image of a representative calcium recording (B) followed by voxel-wise analysis of
direction and orientation selectivity of visual responses (C). DSI, direction selectivity index; OSI, orientation
selectivity index. D, AF/Fq calcium traces during a representative tuning experiment from the 6 selected
regions of interest (ROIs) shown in (b). Polar plots showing the tuning profiles (i.e., integral AF/Fg
responses to different stimuli) of individual ROls are reported on the right. Stimulus epochs are shown in
grey. Dark arrows indicate the different directions of gratings motion. The blank-screen null condition is
indicated by a ‘-’ sign.

with hypopigmented eyes show deficits in performing visual escape assays under
defined luminance conditions (Ren et al., 2002). Thus, even though the visual
behaviour assays above demonstrated that crystal larvae perform the optomotor
response as well as wild type larvae (Fig. 3.3), it cannot be excluded that crystal
mutants might show abnormal retinal responses under certain luminance conditions.
However, given the deleterious effects caused by PTU treatment (Fig. 3.3 and 3.4; see

3.1), the crystal mutant represents, to date, the most viable strategy to perform in vivo

functional imaging in the intact retina of larval zebrafish.
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3.3 Discussion

Here, a viable and optically transparent combinatorial pigmentation mutant zebrafish,
named crystal, has been generated. This novel mutant constitutes an ideal tool for
completely unobstructed imaging of biological phenomena in vivo through light
microscopy. More specifically, compared to casper mutants (White et al., 2008), crystal
fish are superior in terms of optical transparency when imaging inside or between the
eyes. The viability and in vivo application of crystal larvae have been validated through
the optomotor response assay, whole-brain light-sheet imaging and two-photon
functional imaging of neural activity in the intact retina. Importantly, crystal larvae show
a higher viability than larvae treated with the chemical pigmentation blocker PTU. Thus,
it is reasonable to envisage that crystal will be an invaluable tool for other in vivo
applications, such as one-photon (Ahrens et al., 2013) or two-photon (Wolf et al., 2015)
volumetric calcium imaging of neural activity across the entire brain in semi-restrained
behaving (Bianco and Engert, 2015) or paralysed fictively swimming (Vladimirov et al.,
2014) zebrafish larvae, as well as to study the wiring, function and plasticity of neural
circuits in normally highly pigmented, optically inaccessible structures like the eyes
(Nikolaev et al., 2013; Randlett et al., 2013).
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Chapter 4

Characterisation of Teneurin-3-expressing Neurons

4.1 Introduction

As described in the introductory chapter, retinal ganglion cells (RGCs) develop
stereotypic dendritic arborisation patterns and make specific synaptic connections with
amacrine and bipolar cells in the inner plexiform layer (IPL) (Masland, 2012a). The
formation of such precise connections is critical for the processing of visual information
and the generation of feature selectivity in RGCs (Wassle, 2004; Gollisch and Meister,
2010). Recent developmental studies have shown that the assembly of neuropil strata
and synaptic connectivity in the IPL are regulated by both adhesive (Yamagata and
Sanes, 2008) and repulsive cues (Matsuoka et al., 2011a). In particular, cell-adhesion
transmembrane proteins selectively expressed in specific retinal cell types play crucial
roles in mediating the matching between defined pre- and postsynaptic partners
(Yamagata and Sanes, 2008; Duan et al., 2014; Krishnaswamy et al., 2015). However,
we are still far from a complete understanding of the molecular mechanisms specifying
synaptic connectivity within the retina, and between the retina and retinorecipient nuclei
in the brain.

In this context, teneurins represent intriguing candidates in the control of retinal
circuit wiring (see 1.3.3) (Young and Leamey, 2009; Tucker et al., 2012). The essential
role of teneurins in synaptic partner matching and target choice has been elegantly
demonstrated in the Drosophila olfactory system (Hong et al, 2012) and
neuromuscular synapses (Mosca et al.,, 2012). In mice, teneurins regulate the
generation of binocular visual circuits by controlling the development of ipsilaterally
projecting RGCs (Leamey et al., 2007; Dharmaratne et al., 2012; Young et al., 2013).
However, a role for teneurins in mediating synapse-specific wiring in the vertebrate
retina has yet to be demonstrated. During my PhD, the role played by teneurin-3
(tenm3) in the assembly of retinal circuits during development has been investigated
using zebrafish as animal model system. To start addressing this biological question,
the endogenous expression pattern of tenm3 in the zebrafish visual system was
analysed. The data presented here show that tenm3 is expressed in RGCs, amacrine
cells and the optic tectum. Additionally, the morphological properties of a subset of

amacrine cells expressing tenm3 were also characterised.
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4.2 Results

4.2.1 Tenm3 Is Expressed in Interconnected Regions of the Developing Visual
System

Between 2 and 5 dpf, zebrafish retinal cells undergo a rapid phase of morphological
and functional development associated with a wave of intense synapse formation
(Schmitt and Dowling, 1999; Meyer and Smith, 2006; Mumm et al., 2006; Lowe et al.,
2013). To reveal the expression pattern of tenm3 in the zebrafish visual system during
this developmental period, in situ hybridization analyses using a specific digoxigenin-
labeled antisense riboprobe against fenm3 were carried out. In the retina, tenm3
MRNA expression was observed in the ganglion cell layer (GCL) and the inner third of
the inner nuclear layer (INL), where amacrine cells are located (Fig. 4.1A). Since in
zebrafish only a very small number of displaced amacrine cells is present in the GCL

(Connaughton et al., 1999), the majority of signal detected in this layer can be

nm3 - 3 dpf Sense - 3 dpf

e ST\, g
> ot 2 g iy B

Periventricular Neurons

Ganglion Cells

Amacrine Cells

Figure 4.1. Tenm3 is expressed in interconnected regions of the zebrafish visual system. A, Retinal
cryosections showing tenm3 mRNA expression in the lower third of the inner nuclear layer (INL) and
ganglion cell layer (GCL) of right retina at 2, 3 and 5 dpf. Scale bar is 40 um. B, Tectal cryosections
showing tenm3 mRNA expression in the stratum periventriculare (SPV) of right tectal hemisphere at 2, 3
and 5 dpf. N, neuropil; M, medial; V, ventral. In both (A) and (B), control in situ hybridizations using the
sense tenm3 riboprobe are shown on the right. All images are in transverse plane. C, Schematic showing
the expression pattern of tenm3 in the retina. Tenm3-positive cells are represented as blue circles.
Neuropil layers are indicated in grey. Anatomical reference is reported on the right. IPL, inner plexiform
layer; ONL, outer nuclear layer; OPL, outer plexiform layer. D, Schematic showing the expression pattern
of tenm3in the optic tectum.
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attributed to RGCs. At 2 dpf, tenm3 is expressed more strongly in the ventral part of the
retina, but this gradient disappears at subsequent stages (Fig. 4.1A). At 3 and 5 dpf,
tenm3 acquires a sparse expression pattern, suggesting that at these stages of
development only a subset of cells are tenm3-positive. Tenm3 is also expressed in the
optic tectum, which is the main RGC target region (Fig. 4.1B). At 2 dpf, tenm3 is highly
expressed in the medial portion of the stratum periventriculare (SPV), where cell bodies
of most tectal cells are located. Between 3 and 5 dpf, this medial-to-lateral gradient
gradually decreases and, at 5 dpf, fenm3 shows a salt-and-pepper expression pattern
(Fig. 4.1B). No signal could be detected in the retina or the optic tectum when using a
control fenm3 sense riboprobe (Fig. 4.1A,B right). In summary, tenm3 is expressed by
RGCs, amacrine cells and tectal neurons, consistent with a possible role of tenm3 in

instructing connectivity along the visual pathway (Fig. 4.1C,D).

4.2.2 Neurite Stratification Pattern of Tenm3* Amacrine Cells

To selectively visualise the morphology of tenm3-expressing retinal cells, a transgenic
approach aimed to reproduce the endogenous expression pattern of tenm3 was
undertaken. Specifically, bacterial artificial chromosomes (BACs) containing different,
partially overlapping regions of the zebrafish tenm3 genomic locus (Fig. 4.2A) were
used to generate BAC constructs in which Gal4FF is under transcriptional control of
regulatory elements upstream and downstream of the tenm3 start codon (Fig. 4.2B). All
three tenm3:Gal4 BAC constructs produced similar transient expression patterns. The
BAC construct giving the highest intensity level of fluorescent labelling was selected to
generate a Tg(tenm3:Gal4) transgenic line through the Tol2 system that was
subsequently crossed with reporter/actuator transgenic lines (Fig. 4.3A,B). Importantly,
the Tg(tenm3:Gal4) BAC line produces patterns of Gal4 expression in brain regions
where fenm3 is endogenously expressed, including the retina and optic tectum (Fig.
4.4). In the retina, the Tg(tenm3:Gal4) line labels a subset of ACs (hereafter referred to
as tenm3’ ACs), but fails to drive expression in RGCs (Fig. 4.3C,D), possibly due to a
lack of RGC-specific regulatory elements in the BAC construct used for transgenesis.
The Tg(tenm3:Gal4;UAS:tagRFP-CAAX) line was then used to selectively visualise the
morphological development of tenm3* ACs from 2 to 5 dpf (Fig. 4.5A and Movie 4.1).
During this developmental period, the IPL width occupied by tenm3" AC dendrites
gradually increases up to 4 dpf, and then plateaus at 5 dpf (Fig. 4.5B; IPL thickness,
mean =+ SD, 2 dpf 710 =+ 1.08 um, 3 dpf 11.38 =+ 0.60 um,
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Figure 4.2. Generation of tenm3:Gal4 BAC constructs through recombineering. A, Schematic
representing the overlapping tenm3 genomic locations covered by three different BAC clones (green) used
to generate tenm3:Gal4 constructs. Length in kilo-base pairs (kb) is reported in brackets. Exons are
represented as black vertical lines, whereas introns are represented as segmented lines. The grey vertical
dashed lines indicate start codons in the tenm3 gene, which is contained in chromosome (Chr.) 1. B,
Schematic illustrating the recombineering of the iTol2 cassette and Gal4 driver gene into tenm3 BAC
clones. The iTol2-amp linear fragment with 50-bp overhangs matching sequences flanking a loxP site is
introduced into a BAC clone containing a genomic fragment of the fenm3 gene (left). After selection on
chloramphenicol (Cam) + ampicillin (Amp) plates, bacteria containing the resulting Tol2-BAC plasmid are
electroporated with a PCR product containing Gal4 and kanamycin resistance (KanH) genes with 50-bp
homologous sequences that match regions directly upstream and downstream of the tenm3 start codon
(black arrow, middle). After selection on chloramphenicol + ampicillin + kanamycin plates, colonies
containing the tenm3:Gal4 Tol2-BAC are obtained (right).

4 dpf 14.93 £1.09 um, 5 dpf 15.25 £ 0.93 um, n = 13 larvae). Interestingly, tenm3* ACs
stratify their neurites in three precise IPL strata located at 5%, 61%, and 94% depth
(0% corresponds to the INL/IPL border, 100% to the IPL/GCL border), which were
named S5, S61 and S94, respectively (Fig. 4.5C). This tri-laminar IPL stratification
pattern starts becoming visible at 3 dpf and progressively refines over the following two
developmental days (Fig. 4.5D; strata relative IPL position at 5 dpf, mean = SD, S5
478 + 2.44%, S61 60.83 + 3.14%, S94 93.85 + 1.87%, n = 13 larvae). Overall, by
selectively labelling ACs expressing tenm3, the Tg(tenm3:Gal4) BAC line provides a
genetic tool to characterise in detail the morphological and functional features of
tenm3* ACs.
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tenm3 BAC (CH211-58M24, 204 kb)
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Figure 4.3. Tg(tenm3:Gal4) BAC transgenic lines and labelling in the retina. A, Schematic
representing the tenm3:Gal4FF BAC construct (tfenm3 BAC A in Fig. 4.2A) used to generate a zebrafish
transgenic line labelling tenm3-expressing cells. BAC clone code and length are reported in brackets. Start
codons (ATG) are indicated by black arrows. Exons are represented as boxes, introns as lines. Note that
the selected BAC clone contains the fenm3 gene up to intron 11. URE, upstream regulatory elements. B,
Crosses between the Tg(tenm3:Gal4) driver line and four different reporter lines: Tg(UAS:tagRFP-CAAX)
in red, Tg(UAS:GCaMP5) in green, Tg(SyGCaMP3) in cyan, and Tg(UAS:KillerRed) in orange. C,
Immunostaining showing tenm3 BAC transgenic labelling of a subset of amacrine cells in a 3 dpf
Tg(tenm3:Gal4;UAS:GCaMP5G) larva. GCaMP5 expression is showed in green, whereas choline
acetyltransferase (ChAT) expression is showed in magenta as a reference. Yellow arrowheads indicate
tenm3* amacrine cells in the inner portion of the inner nuclear layer (INL). GCL, ganglion cell layer; IPL,
inner plexiform layer. D, dorsal; L, lateral. Scale bar is 40 um. D, Immunostaining showing the expression
of Tenm3 protein (green) in the retina of a 3 dpf WT larva. Cell bodies are labelled with the nuclear stain
TO-PRO-3 (magenta). Yellow arrowheads indicate Tenm3* amacrine cells in the inner portion of the INL.
Scale bar is 40 um.
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Figure 4.4. Tg(tenm3:Gal4;UAS:tagRFP-CAAX) BAC transgenic labelling in the brain. Overview of
the brain regions labelled by the Tg(tenm3:Gal4;,UAS:tagRFP-CAAX) BAC transgenic zebrafish line from 2
to 5 dpf. Eight Z-planes are displayed per developmental stage (approximately 230 pm total volume
thickness). The most ventral regions (z = 0 um) are displayed at the top, whereas the most dorsal ones (z
= 230 um) are at the bottom. Note that tagRFP-CAAX is expressed in the retina (0-80 um Z-axis depth),
thalamus (80-150 um Z-axis depth), and optic tectum (150-230 pm Z-axis depth), which are brain regions
where tenm3 is highly expressed. A, anterior; L, left. Scale bars are 100 pm.
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Figure 4.5. Neurite stratification of tenm3* amacrine cells in the IPL during development. A, Inner
plexiform layer (IPL) stratification pattern of tenm3* AC neurites in Tg(tenm3:Gal4;UAS:tagRFP-CAAX)
larvae from 2 to 5 dpf. INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar is 20 um. B, IPL
thickness from 2 to 5 dpf (mean = SD, n = 13 larvae). C, IPL fluorescence intensity profiles of tenm3* AC
neurites from 2 to 5 dpf (n = 13 larvae). Thin traces represent individual IPL profiles, whereas thick traces
indicate average IPL profiles. 0% corresponds to the INL/IPL boundary, whereas 100% corresponds to the
IPL/GCL boundary. D, Fluorescence peak relative IPL positions of the strata formed by tenm3® AC
neurites from 2 to 5 dpf.

4.2.3 Neurotransmitter Identity of Tenm3* ACs

To characterise the neurotransmitter identity of tenm3* ACs, immunohistochemical co-
labelling of these ACs together with markers for the major AC classes was carried out.
These analyses showed that most tenm3® ACs are y-aminobutyric acid (GABA)-
positive and express the calcium-binding protein Parvalbumin (Fig. 4.6A,B,F; frequency
of GABA cells in tenm3* ACs, 54.2 + 4.2%, mean = SD, n = 13 retinae; frequency of
Parvalbumin® cells in tenm3* ACs, 52.7 + 3.0%, mean + SD, n = 10 retinae). Tenm3*
ACs also comprise dopaminergic ACs, which constitute a very small fraction of the
whole AC population in zebrafish (Fig. 4.6C; frequency of tyrosine hydroxylase® cells in
tenm3* ACs, 3.5 + 1.1%, mean = SD, n = 9 retinae) (Xi et al., 2011). Negligible or no
co-localisation was observed between tenm3* ACs and cholinergic or glycinergic ACs,
respectively (Fig. 4.6D,E; frequency of choline acetyltransferase® cells in tenm3* ACs,

1.2 £ 1.6%, mean = SD, n = 10 retinae; frequency of glycine® cells in tenm3* ACs,
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Figure 4.6. Most tenm3* amacrine cells express the neurotransmitter GABA. A-E, Immunostaining
showing the expression of y-aminobutyric acid (GABA; A), parvalbumin (B), tyrosine hydroxylase (TH; C),
choline acetyltransferase (ChAT; D) and glycine (E) (all in magenta) in 3 dpf Tg(tenm3:Gal4;
UAS:GCaMP5) larvae, where tenm3* ACs are labelled with GCaMP5 (green). Yellow arrowheads indicate
neurites of TH* interplexiform ACs (C). INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer
plexiform layer; IPL, inner plexiform layer. Scale bars are 20 um. F, Percentage of GCaMP5" cells co-
localising with antigen® cells (mean + SD). GABA, n = 13 retinae; Parvalbumin, n = 10 retinae; TH, n = 9
retinae; ChAT, n = 10 retinae; Glycine, n = 5 retinae.
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0 = 0%, mean = SD, n = 5 retinae). In mammals, the only cholinergic ACs are the
SACs, which generate RGC direction selectivity in most direction-selective circuits (see
1.2.1). Given the extremely low level of co-labelling between tenm3® ACs and
cholinergic ACs, tenm3* ACs likely do not include SACs. However, whether zebrafish
possess cholinergic ACs that are morphologically and functionally homologous to

mammalian SACs has yet to be determined.

4.2.4 Single Cell Morphologies of Tenm3* AC Types

To analyse the morphology of tenm3* ACs at the single cell level, tenm3* ACs were
sparsely labelled by injecting UAS:eGFP-CAAX DNA constructs into 1-4 cell-stage
Tg(tenm3:Gal4) embryos. Using this strategy, seven types of tenm3® ACs
characterised by distinct morphological properties were identified (Fig. 4.7A-F; n = 125
cells from 65 larvae). These types differ in terms of their observed frequency (Fig. 4.71),
IPL dendritic stratification, dendritic field area (Fig. 4.7J) and, interestingly, dendritic
field elongation, quantified by calculating the eccentricity of their dendritic fields (Fig.
4.7G,H). The most frequent tenm3* AC type (type |, 43% of tenm3* ACs, n = 53 cells)
is a narrow-field AC (type | dendritic field area, 463 + 124 um? mean + SD) with a
dendritic arbour mono-stratified in S5 (Fig. 4.7A). Type Il and Il tenm3* ACs (19% and
16% of tenm3* ACs, n = 24 and 20 cells, respectively) are medium-field ACs (dendritic
field area, mean + SD, type Il 1494 + 442 um?; type Il 1559 + 450 um®) characterised
by highly elongated dendritic fields (Fig. 4.7B,C,H; dendritic field eccentricity, mean +
SD, type | 0.374 + 0.100; type Il 0.897 + 0.042; type Il 0.889 + 0.053; type IV ON
0.3827 + 0.104; type IV OFF 0.404 +0.118; F4 91 = 209.5, p < 0.0001, one-way ANOVA
with post-hoc Tukey’s HSD test). Their dendritic arbours stratify differently in the IPL
with type Il tenm3* ACs having mono-stratified neurites in S5, and type Ill tenm3* ACs
showing a bi-stratified dendritic arbour in S5 and S61. Type IV-ON and IV-OFF tenm3*
ACs (each 8% of tenm3" ACs, n = 10 cells for both types) are mono-stratified medium-
field ACs (dendritic field area, mean + SD, type IV ON 2767 + 820 um?; type IV OFF
2441 + 652 um®) characterised by circular dendritic fields of similar area but different
IPL stratification pattern, with the ON type stratifying in the innermost stratum (S94)
and the OFF type in the outermost stratum (S5; Fig. 4.7D,E). Lastly, type V and VI
tenm3* ACs are the least frequent tenm3” AC types (each 3% of tenm3” ACs, n = 4
cells for both types) and possess wide-field dendritic arbours. Type V has extensive,

radially arranged neurites covering most of the retina (Fig. 4.7F). Type VI corresponds
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+

Figure 4.7. Morphological diversity of tenm3* amacrine cell types. A-F, Morphologies of single tenm3
ACs expressing eGFP-CAAX in 4 dpf UAS:eGFP-CAAX-injected Tg(tenm3:Gal4) larvae. The side views
(left), top views (middle) and top view 3D reconstructions (right) are shown. IPL strata location of tenm3*
AC neurites is indicated by the letter ‘S’ followed by the relative IPL position. The 3D reconstructed
neurites of the bi-stratified type Ill tenm3* AC are color-coded according to the stratum they are located.
Note that the type V tenm3* AC shown in (F) is from a 7 dpf larva. Scale bars are 10 ym in (A-E) and 40
pum in (F). G, Diagram illustrating the quantification of dendritic field elongation by calculating the
eccentricity of dendritic arbour profiles following ellipse fitting. ‘a’ is the length of the semi-major axis and
‘b’ is the length of the semi-minor axis. H-J, Dendritic field elongation (i.e., eccentricity; H), dendritic field
area (I), and relative frequency (J) of identified tenm3* AC types (n = 125 cells from 65 larvae). The
number of observed cells for each tenm3’ AC type is reported in brackets (J). Box plots indicate
interquartile ranges (boxes), medians (lines in boxes) and ranges (min-max, whiskers). P values are the
results of one-way ANOVA. K, Relationship between dendritic field area of type I-IV tenm3* ACs and their
observed frequency (in number of cells). The continuous curve shows the nonlinear regression of the data
with a second order polynomial function indicating a quadratic relationship between the two variables.
Thick and thin dashed curves report the 95% confidence and prediction bands of the nonlinear fit,
respectively. Goodness of fit value (RZ) is reported at the bottom right corner. LIM, k-means clustering of
type I-IV tenm3* ACs based on their IPL stratification, dendritic field area and dendritic field elongation.
Individual cell data points are colour-coded according to which tenm3* AC type they have been classified
(L). Analysis of mean silhouette values for increasing number of clusters indicates that 5 clusters best
describe the dataset (M). Importantly, the 5 cell clusters obtained by k-means are consistent with the
classification of the most frequent tenm3* ACs into 5 different types. Error bars are + SEM. N, Observed
(blue) and estimated (red; assuming a retinal coverage factor of 1) relative frequencies of type I-IV tenm3*
ACs. Results of the two-tailed chi-square test are reported.

to the dopaminergic interplexiform AC previously described in goldfish (Fig. 4.6C)
(Dowling and Ehinger, 1978). Importantly, k-means clustering based on IPL
stratification, dendritic field area and dendritic field elongation support the notion that
the different tenm3* ACs identified here are indeed defined AC types (Fig. 4.7L,M; type
V and VI ACs were not included in the clustering). Moreover, several lines of evidence
suggest that type I-IV tenm3" ACs are arranged in mosaics tiling the retina with a
coverage factor close to 1: (a) their frequency scales quadratically as a function of their
dendritic field area (Fig. 4.7K; nonlinear regression of a second order polynomial —
‘quadratic’ function, y = by + bsX + baX? b, = 1.191, R® = 0.76). (b) Their observed
frequency does not differ significantly from the frequency estimated assuming a retinal
coverage factor of 1 (Fig. 4.7N; estimated frequency in number of cells, type | 60.90;
type 11 18.17; type 11l 17.09; type IV OFF 9.61; type IV ON 11.22; * =3.537,df =4, p =
0.4723, two-tailed chi-square test). Taken together, these data indicate that tenm3*
ACs are a heterogeneous cell population comprising defined AC types with specific

morphological features and neurotransmitter identity.

4.3 Discussion

How retinal circuits wire up during development is still largely unknown. Among the cell-
adhesion molecules known to be involved in the development of neural circuits, the
teneurins represent intriguing candidates. Recent studies in Drosophila showed that

teneurins control the synaptic matching between defined subsets of neurons (Hong et
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al., 2012; Mosca et al., 2012). However, a similar role in the wiring of the vertebrate
retina has not yet been demonstrated. As a first step in investigating a potential role of
tenm3 in retinal circuit assembly, the expression pattern of fenm3in the larval zebrafish
visual system has been characterised. In situ hybridization analyses and BAC
transgenic labelling show that fenm3 is expressed early in the developing visual
system. In particular, RGCs as well as their pre- and postsynaptic cellular targets (i.e.,
amacrine cells and tectal neurons, respectively) express tenm3, suggesting a potential
role in synaptic matching through homophilic interactions between neuronal partners
along the visual pathway. Interestingly, BAC labelling indicates that, at least in
amacrine cells, tenm3 is expressed by morphologically and physiologically defined cell
types. Previous studies in mice showed that teneurin-3 regulates the development of
topography in the retinogeniculate (Leamey et al., 2007) and retinocollicular pathways
(Dharmaratne et al., 2012), specifically for the ipsilaterally projecting RGC population.
However, the fact that tenm3 is not exclusively expressed in ipsilaterally projecting
RGCs (Leamey et al., 2007) and is also found in the visual system of species where
RGCs project contralaterally only, like chick (Kenzelmann-Broz et al., 2010) and
zebrafish (this study) (Mieda et al., 1999), clearly suggests that tenm3 may have

alternative functions in vertebrate visual system development.
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Chapter 5

Role of Teneurin-3 in Visual Circuit Assembly

5.1 Introduction

The wiring of visual circuits during development requires the coordinated action of
different molecular cues selectively expressed in defined subsets of neurons. In the
vertebrate retina (Fig. 5.1A), some of these molecules and their roles have been
identified (see 1.3.1), but we are still far from a complete understanding of the players
and mechanisms instructing cell-type-specific circuit assembly. In this regard, the
recognition molecule Teneurin-3 (Tenm3) is expressed in subsets of zebrafish RGCs
and ACs (Fig. 5.1B) as well as tectal neurons during a period of intense synaptic
formation (see 4.2.1), and therefore constitutes a potential player in retinal circuit
wiring. Here, loss-of-function approaches disrupting the transmembrane localisation
and architecture of Tenm3 are used to assess its possible requirement for the normal
development of retinal circuit structure and function (Fig. 5.1C). Notably, tenm3
knockdown was found to induce stratification and targeting errors in both RGC
dendrites and axons. Interestingly, these errors appear to be limited to a subset of

RGCs. In addition, orientation- but not direction-selective RGC responses are severely

A B C
ONL tenm 3KD/KO
OPL AC
INL / pre
IPL
GeL post
GC ©

Figure 5.1. Tenm3 expression and potential role in retinal circuit wiring. A, Basic neural circuit
structure of the vertebrate retina. Cell classes are represented in colours, whereas layers are shown in
black. Excitatory synapses are indicated by ‘+’ (filled circles), inhibitory synapses are labelled with ‘~’
(empty circles). PR, photoreceptor; HC, horizontal cell; BC, bipolar cell; AC, amacrine cell; RGC, retinal
ganglion cell; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer
plexiform layer; IPL, inner plexiform layer. B, Schematic showing tenm3 mRNA expression in the retina of
zebrafish larvae. Blue circles indicate tenm3* ACs and RGCs. C, Schematic diagram of the potential role
Tenm3 could play during development. Trans-synaptic homophilic interactions could mediate the synaptic
matching between defined presynaptic (pre, blue) amacrine cell (AC) types and postsynaptic (post, red)
ganglion cell (GC) types (left). Tenm3 loss-of-function (through gene knockdown, KD, or knockout, KO)
would cause an incorrect wiring of these AC and GC types (right).

103



Chapter 5

impaired in tenm3 morphants and mutants, thus supporting the idea that tenm3 is
involved in the wiring of functionally defined visual circuits. Lastly, tenm3 knockout also
affects tenm3-expressing amacrine cells, which not only fail to correctly stratify their

neurites in the IPL but also exhibit abnormal planar morphologies.

5.2 Results

5.2.1 Knockdown of Tenm3 through Morpholino Oligonucleotides

To start investigating the function of Tenm3 in retinal circuit development, antisense
morpholino oligonucleotides (MOs) were used to knock down tenm3 expression levels.
A splice-blocking MO (Draper et al.,, 2001) was designed to target the boundary
between intron 2 and exon 3 of fenm3 pre-mRNA (hereafter referred to as tenm3 MO;
Fig. 5.2A top). Reverse transcription polymerase chain reaction (RT-PCR) followed by
cDNA sequencing revealed that the injection of tenm3 MO into one-cell stage zebrafish
embryos leads to the deletion of exon 3 (which encodes part of the intracellular
domain) from tenm3 mRNA (Fig. 5.2A bottom). This causes a frameshift in exon 4
(normally encoding the transmembrane domain) and a subsequent early stop codon in
exon 5, resulting in the deletion of the transmembrane and extracellular domains (Fig.
5.2B). Tenm3 morphants are viable and do not show any obvious morphological
defect. However, 4 dpf tenm3 MO-injected larvae fail to show a normal visually
mediated background adaptation (VBA) and therefore appear darker compared to wild

type (WT) and control MO-injected larvae (Fig. 5.2C). Since the VBA is a
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Figure 5.2. Knockdown of tenm3 through splice-blocking morpholino oligonucleotides. A,
Schematic detailing the targeting site of splice-blocking tenm3 morpholino (MO), which is shown in red
(top). Exons are represented in cyan. Solid lines indicate introns. The dashed line indicates exon 3 deletion
caused by tenm3 MO injections. Primers used for RT-PCR are reported as blue arrows. RT-PCR analysis
of tenm3 mRNA structure in control MO- and tenm3 MO-injected embryos (bottom). Two shorter splice

4 dpf
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variants are distinguished in tenm3 morphants. cDNA sequence comparison revealed that the shortest
splice variant lacks exon 3. B, Schematic detailing the effect resulting from exon 3 deletion caused by the
splice-blocking tenm3 MO. The full-length protein is represented on the left. The N-terminus is located
intracellularly, whereas the C-terminus is in the extracellular space. C, At 4 dpf, fenm3 morphant larvae fail
to visually adapt their skin pigmentation to the level of background illumination.

neuroendocrine response dependent on RGC function (Neuhauss et al., 1999; Kay et
al., 2001), this observation suggests that the knockdown of tenm3 negatively impacts

the normal development of the retina.

5.2.2 Tenm3 Regulates RGC Dendritic Stratification in the IPL

To examine RGC dendritic stratification in the IPL in vivo, the
Tg(Isl2b:Gal4,UAS:Kaede) double transgenic zebrafish line, where the fluorescent
protein Kaede is expressed in the vast majority of RGCs, was used. At 5 dpf, when
RGC dendrites exhibit obvious stratification, four Kaede-positive strata are visible in the
IPL of WT and control MO-injected larvae (Fig. 5.3A,B left). Fluorescence intensity
measurements across the IPL of multiple larvae show that these strata are positioned
at 5%, 33%, 66% and 95% depth of the IPL (with 0% corresponding to the INL/IPL
border, and 100% to the IPL/GCL border), and thus were named S5, S33, S66 and
S95, respectively (Fig. 5.3E; WT n = 7 larvae, control MO n = 7). The presence of four
RGC dendritic strata in the IPL of 5 dpf zebrafish larvae is consistent with previous
work using the Tg(Brn3c:MGFP) transgenic line, where approximately 50% of RGCs
are labelled (Mumm et al., 2006). In 5 dpf tenm3 morphants, by contrast, strata within
the IPL are poorly defined (Fig. 5.3A,B right). The average fluorescence intensity profile
reveals that only three Kaede-positive strata are present in the IPL of tenm3 morphants
at this stage (Fig. 5.3E; red line, n = 10 larvae). Particularly, only one irregularly
laminated stratum is visible in the central portion of the IPL, instead of the two middle
strata (S33 and S66) found in WT and control MO retinae. Also, the outermost stratum
(S5) is not tightly stratified and appears thicker compared to S5 in control groups. No
significant difference in IPL width was observed between the three groups (IPL width,
mean £ SEM, WT 15.2 £ 0.2 um, n = 7 larvae; control MO 15.0 £ 0.1 um, n = 7; tenm3
MO 15.1 + 0.2 ym, n = 10; Fz21 = 0.08, p = 0.92, one-way ANOVA with post-hoc
Tukey’s HSD test). In addition to these stratification abnormalities in the IPL, ectopic
RGC processes in the INL of tenm3 morphants were detected (Fig. 5.3B right; n = 19
out of 20 larvae), a phenomenon never observed in WT and control MO larvae where
all RGC dendrites are confined within the IPL (Fig. 5.3B left; n = 10 larvae per group).

Strikingly, in some cases these processes reach the outer plexiform layer (OPL;
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Figure 5.3. Tenm3 is required for correct stratification of RGC dendrites. A, Kaede-expressing RGCs
in the retinae of 5 dpf WT, control MO- and tenm3 MO-injected Tg(/sl2b:Gal4;UAS:Kaede) larvae. Scale
bar is 40 um. B, Insets in (A) showing the dendritic stratification pattern of Kaede-positive RGCs. Aberrant
projections are detected in tenm3 MO-injected larvae (right; cyan arrowheads and yellow arrow) but not in
control fish (left). All images represent maximum intensity projections of ~20 um confocal Z stacks. Scale
bar is 20 um. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; OPL, outer
plexiform layer. C, Fluorescence intensity profiles of dendritic IPL stratification in 5 dpf WT (blue), control
MO- (grey) and tenm3 MO-injected (red) larvae. Thin traces represent intensity profiles of IPLs of single
larvae. Thick traces indicate average profiles (WT, n = 7 larvae; control MO, n = 7; tenm3 MO, n = 10). 0%
corresponds to the boundary between INL and IPL; 100% corresponds to the boundary between IPL and
GCL. Four peaks positioned at 5%, 33%, 66% and 95% depth of the IPL are present in control groups.
They correspond to S5, S33, S66, S95 Kaede-positive strata in (B), respectively. An aberrant stratification
pattern is present in tenm3 morphants (red line). D, Schematic summarizing the defects observed in the
retinae of tenm3 morphant larvae. RGCs are indicated in blue. Neuropil layers are in grey. ONL, outer
nuclear layer.
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Fig. 5.3B right, yellow arrow). Ectopic RGC processes extending into the INL were also
seen in fenm3 morphant retinae at 3 dpf, when RGCs start to stratify their dendritic
arbours within the IPL (data not shown).

To resolve the changes in RGC dendritic morphology in greater detail, individual
RGCs were mosaically labelled by co-injecting Ath5:Gal4, UAS:GFP and
UAS:tdTomato DNA constructs into one-cell stage embryos. Using this approach it was
possible to determine that the neurites mistargeting into outer layers of the retina
observed in tenm3 morphants originate from RGC dendrites (Fig. 5.4A) and that this
phenotype is restricted to a subset of cells (n = 5 cells out of 98 in 49 larvae). This
mistargeting phenotype resembles the morphology of the biplexiform RGC type
observed by Robles et al. (2014) in the larval zebrafish retina at 6-7 dpf. However, in
this study no RGC with biplexiform morphology was observed in WT or control MO-
injected larvae at 5 dpf, and the frequency of the observed phenotype (5.1%) was
higher than the very low frequency reported for biplexiform RGCs (0.6%) (Robles et al.,
2014).

The mosaic labelling strategy also allowed to visualise the precise IPL dendritic
stratification patterns of single RGCs (Fig. 5.4B). Interestingly, 5 dpf tenm3 morphants
show a significantly higher proportion of RGCs possessing diffuse dendritic arbours
(tenm3 MO 25 diffuse vs. 73 stratified cells in 49 larvae; WT 12 diffuse vs. 77 stratified
cells in 34 larvae; control MO 12 diffuse vs. 80 stratified cells in 39 larvae; )(2 = 6.596,
df = 2, p = 0.037, two-tailed chi-square test). Looking at the relative proportions
between monostratified, bistratified, multistratified and diffuse RGCs, it appears that the
increase in number of RGCs with diffuse dendritic arbours is exclusively at the expense
of monostratified RGCs (Fig. 5.4C; WT 55.1% monostratified, 24.7% bistratified, 6.7%
multistratified, 13.5% diffuse; control MO 55.5% monostratified, 22.8% bistratified,
8.7% multistratified, 13% diffuse; tenm3 MO 40.8% monostratified, 25.5% bistratified,
8.2% multistratified, 25.5% diffuse). Further identification and classification of the 11
morphological RGC types previously reported in the adult zebrafish retina (Mangrum et
al., 2002) revealed that the monostratified RGC types are not indiscriminately affected
by tenm3 knockdown. In fact, some RGC monostratified types decrease in frequency in
tenm3 morphants whereas others show frequencies comparable to those found in
control animals (Fig. 5.4D). Overall, these data show that tenm3 knockdown causes
structural abnormalities in the developing retina (Fig. 5.3D), and that changes in RGC

dendritic stratification appear to be limited to subsets of RGC types.

107



Chapter 5

(@)

100 4

©
o
!

[=2]
o
i

S
o
i

Relative Proportions (%)
N
o

Ath5:Gal4
UAS:GFP

WT Control MO tenm3 MO
Monostratified Bistratified Multistratified Diffuse

MONOSTRATIFIED

wT 7.9% (7) 3.4% (3) 6.7% (6) | 11.2% (10) | 10.1% (9) | 15.7% (14)

Control MO | 6.5% (6) 3.3% (3) 8.7% (8) | 11.9% (11) | 10.9% (10) | 14.1% (13)

tenm3 MO 8.2% (8) 0% (0) 8.2% (8) 5.1% (5) 7.1% (7) 12.2% (12)
Vil Vil IX X XI
GCL | : :
DIFEUSE MULTISTRATIFIED BISTRATIFIED
WT 5.6% (5) 7.9% (7) 6.7% (6) 21.3% (19) 3.4% (3)

Control MO | 4.3% (4) 8.7% (8) 8.7% (8) | 19.6% (18) | 3.3% (3)

tenm3MO | 10.2% (10) | 11.2% (11) | 8.2% (8) | 22.4% (22) | 3.1% (3)

Figure 5.4. Higher proportion of RGCs with diffuse dendritic arbours in tenm3 morphants. A, Lateral
view of mosaically labeled RGCs in the retinae of a 5 dpf tenm3 MO-injected larva. Ectopic RGC dendritic
processes extending in outer layers of the retina are indicated by cyan arrowheads. GCL, ganglion cell
layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar is 20 um. B, Representative RGCs with
monostratified (cyan), bistratified (green), multistratified (yellow) and diffuse (magenta) dendritic arbours.
All images represent maximum intensity projections of ~30 um confocal Z stacks that have been rotated to
best show dendritic arborisations. Scale bars are 20 um. C, Bar graph showing the proportions of 5 dpf
RGCs possessing monostratified, bistratified, multistratified and diffuse dendritic arbours relative to the
total number mosaically labeled RGCs within each animal group (WT n = 89 cells in 34 larvae; control MO
n = 92 cells in 39 larvae; fenm3 MO n = 98 cells in 49 larvae). Note the increase in the proportion of RGCs
with diffuse dendritic arbours at the expense of monostratified RGCs in tenm3 morphant larvae. D,
Summary table showing the morphological classification and frequency of the 11 RGC types within each
group (number of cells found per each type are reported in brackets). In tenm3 morphants, 4 diffuse RGCs
(4.1% of cells) showed dendritic arborisation patterns that could not be classified in any of the 11 types
and, therefore, were not included in the table.
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5.2.3 Laminar Targeting Errors in a Subset of RGC Axons Upon Tenm3
Knockdown

Next, RGC axonal arborisation in the tectal neuropil was examined. Similar to the IPL in
the retina, this structure is characterised by a stereotypic lamination pattern (Xiao et al.,
2011; Robles et al., 2013). Using the Tg(Isl2b:Gal4;,UAS:Kaede) zebrafish line, it was
possible to visualise the four main retinorecipient laminae of the optic tectum that, from
the most superficial to the deepest, are named stratum opticum (SO), stratum fibrosum
et griseum superficiale (SFGS), stratum griseum centrale (SGC) and lamina at the
interface between the stratum album centrale and the stratum periventriculare
(SAC/SPV; Fig. 5.5A) (Nevin et al., 2010). In 3 dpf WT and control MO larvae, all RGC
axons are restricted to these four laminae and no RGC axon is found outside the
neuropil region (Fig. 5.5A,B left; n = 15 larvae per group). In tenm3 morphants,
however, neurites projecting into the SPV were observed (Fig. 5.5A,B right, cyan
arrowheads; n = 18 out of 23 larvae). 3D reconstructions and neurite tracing revealed
that these processes arise principally from the deepest lamina (SAC/SPV) and, in
some cases, are up to 30-40 um long and possess several branches (Fig. 5.5B right,
cyan arrowheads). In addition, tectal laminae of tenm3 morphants are less precisely
delimited and axons aberrantly cross lamina borders (Fig. 5.5A right, yellow arrow).

To examine in more detail how the lamination defects seen at the population
level arise, individual RGCs were labelled through mosaic expression of either GFP or
tdTomato driven by the ath5 promoter (Fig. 5.5C). As a rule, individual RGC axons
arborise in a planar fashion within a single tectal lamina or sublamina (the SO and
SFGS are further subdivided into 2 and 6 sublaminae, respectively) (Robles et al.,
2013). This behaviour was confirmed in 4 dpf control groups, where 100% of labelled
axons (WT n = 102 axons in 50 larvae; control MO n = 94 axons in 45 larvae) showed
planar arborisation patterns (Fig. 5.5C-E; RGC arbour thickness, mean + SEM, WT 5.1
+ 0.1 um; control MO 5.3 + 0.1 um; n = 20 axons per group). In contrast, RGCs with
abnormally laminated axons were found in tenm3 morphants (Fig. 5.5C right).
Intriguingly, these axons represent only a fraction of the total number of labelled RGCs
(Fig. 5.5D; 12.7%, n = 20 axons out of 157 in 80 larvae). They are characterised by
axonal processes projecting towards adjacent laminae (Fig. 5.5C right, cyan
arrowhead) and significantly broader cross-sectional profiles (RGC axonal arbour
thickness, mean + SEM, tenm3 MO 16.9 £ 1.4 um; n = 20 axons, Fp57 = 57.97, p <
0.0001, one-way ANOVA with post-hoc Tukey’s HSD test) than those observed in

109



Chapter 5

tenm3 MO

Control MO

4
-

. & 3dpf
® (s2b:Gald;
. AS:Kaede

4 dpf
Ath5:Gal4
UAS:GFP

g
o 804 = 1
e £ 16
S £
< 60 w
5 g 1
g £
g 407 I}
t £ 81
o =
S 204 5
& 2 4
<
0 T T 1
WT Control MO tenm3 MO 04
D Normal . Defective wT Control MO tenm3 MO
F ns G ok
200 ns 14 ns
= B 12 —
£ 1001 E
E = tenm3 MO
- 3
2 120 4 z 3 en
3 E
S g £ 6
2 <
< [
< c 4
= s
] o
s 40 o
[ 2 4
0 0 4

WT Control MO tenm3 MO WT Control MO  tenm3 MO

Figure 5.5. Laminar targeting errors in a subset of RGC axons in tenm3 morphants. A, The four main
retinorecipient laminae of the tectum are visible in 3 dpf Tg(/sl2b:Gal4;UAS:Kaede) larvae. A few tectal
cells are also labeled in this line. SO, stratum opticum; SFGS, stratum fibrosum et griseum superficiale;
SGC, stratum griseum centrale; SAC, stratum album centrale; SPV, stratum periventriculare. Scale bar is
20 um. A, anterior; D, dorsal. B, Insets in (A) showing RGC axon lamination in deep laminae of the tectal
neuropil. Aberrant projections are detected in tenm3 MO-injected larvae (right; cyan arrowheads and
yellow arrow) but not in control fish (left). Scale bar is 10 um. C, Lateral view of mosaically labeled RGC
axons at 4 dpf. GFP-positive axons are shown in white, whereas tdTomato-positive axons are shown in
red. Dashed lines indicate the skin overlaying the tectum. All images represent maximum intensity
projections of ~50 um confocal Z stacks that have been rotated around the longitudinal axis to best show
axonal lamination. Scale bar is 20 ym. D, Quantification of axon laminar targeting errors in mosaically
labeled RGCs (WT n = 102 axons in 50 larvae; control MO n = 94 axons in 45 larvae; tenm3 MO n = 157
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axons in 80 larvae). E-G, Graphs showing average arbor thickness (E), total arbor length (F) and
branching point number (G) of single RGC axons (n = 20 axons per group). All graphs show mean values
+ SEM. **p < 0.001; ns, not significant by one-way ANOVA followed by Tukey’s HSD test. H, Schematic
summarizing the defects observed in the optic tecta of fenm3 morphant larvae. RGC axons are indicated in
blue. Neuropil layers are in grey. N, neuropil.

control animals (Fig. 5.5E). The total arbour length of aberrant RGC axons is
comparable to that of control groups (Fig. 5.5F; RGC axonal arbour length, mean =+
SEM, tenm3 MO 165.1 £17.4 um; WT 173.8 = 7.7 um; control MO 180.5 £ 9.7 uym; n =
20 axons per group, F2s7 = 0.33, p = 0.72, one-way ANOVA with post-hoc Tukey’s
HSD test) but their number of branch points is significantly lower (Fig. 5.5G; RGC axon
branch points, mean + SEM, tenm3 MO 5.9 + 0.4; WT 11.5 = 0.3; control MO 12.4 +
0.5; n = 20 axons per group, F>s7 = 48.86, p < 0.0001, one-way ANOVA with post-hoc
Tukey’s HSD test), suggesting that knockdown of tenm3 impairs their capacity to either
make or stabilise new branches, without affecting overall arbour length. Taken
together, these results indicate that tenm3 is required for the correct laminar targeting

and arborisation of a subset of RGC axons (Fig. 5.5H).

5.2.4 Tenm3 is Required for the Development of RGC Orientation Selectivity

To investigate the functional consequences in the retinal output following tenm3
knockdown, direction- and orientation-selective responses of RGC axon terminals
innervating the tectal neuropil were analysed. Light or dark drifting bars moving in 12
different directions were presented to one eye of 5 dpf Tg(Isl2b:Gal4;UAS:SyGCaMP3)
double transgenic larvae while performing calcium imaging in the contralateral optic
tectum (Fig. 5.6A) (Nikolaou et al., 2012). Since SyGCaMP3 is based on the fusion
between the synaptic vesicle protein synaptophysin and the genetically encoded
calcium indicator GCaMP3, this transgenic line enables the targeting of the probe
specifically to RGC presynaptic terminals and hence the functional analysis of RGCs
within the tectal target. RGCs of all three animal groups respond to drifting bars and
exhibit complex patterns of stimulus responses (Fig. 5.6D and Movies 5.1-3). To
characterise and map visual response properties (i.e., direction and orientation
selectivity) present in the retinal output, an unbiased voxel-wise analysis strategy
independent of cellular and neuropil morphology was used (Nikolaou et al., 2012; Lowe
et al., 2013). Only visually responsive voxels were subjected to further characterisation.
Direction and orientation selectivity indices (DSI and OSI) (Niell and Stryker, 2008)
based on fitted von-Mises profiles (Swindale, 1998) were calculated together with an

estimate for their goodness of fit — R®. For a voxel to be regarded as direction-selective
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Figure 5.6. Analysis of RGC direction and orientation selectivity in control and tenm3 morphant
larvae. A, Schematic describing the experimental setup. Larvae are immobilized in agarose and placed
with one eye facing a screen, where drifting bars moving in 12 directions are projected. Visually evoked
SyGCaMP3 responses are recorded in the contralateral tectal neuropil. B, Polar plots of representative
direction-selective (DS, magenta) and orientation-selective (OS, green) voxels showing relative integral
responses to moving bars. Criteria employed to characterize the two classes of voxels are reported at the
bottom. C, Parametric maps of single 5 dpf Tg(/sl2b:Gal4;UAS:SyGCaMP3) larvae (one larva per animal
group) representing the spatial distribution of direction-selective (DS, magenta), orientation-selective (OS,
green) and non-DS/non-OS visually responsive voxels (others, yellow) superimposed onto the mean
fluorescence images of SyGCaMP3-expressing axons (greyscale). Note that the tenm3 morphant larva
(bottom) shows substantially fewer OS voxels than WT and control MO-injected larvae (top). Dashed lines
indicate the skin overlaying the tectum. A, anterior; L, lateral. D, Montages showing visual responses
(integral responses during individual epochs) in the tectal neuropil of larvae shown in (C). Note that all
three larvae exhibit complex response patterns to moving bars. Direction of motion is shown at the bottom
right in each panel. Scale bars in (C,D) are 20 pm.

(DS) or orientation-selective (OS), mutually exclusive criteria were employed: DS if R® >
0.8, DSI > 0.5 and OSI < 0.5; and OS if R> > 0.8, OSI > 0.5 and DSI < 0.5 (Fig. 5.6B).
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Functional maps obtained from individual larvae (Fig. 5.6C) were spatially co-registered
and used to generate parametric composite maps across multiple larvae (Fig. 5.7A;
WT n = 8 larvae; control MO n = 11; tenm3 MO n = 20). DS RGC (or DSGC) responses
were observed in all three experimental groups (Fig. 5.7B). Moreover, the normal
laminar organisation of DSGC axons within the superficial region of the SFGS
(Nikolaou et al., 2012) is preserved in tenm3 morphants. Further analysis of DSGC
functional subtypes, identified by fitting von Mises distributions to the grouped
population data of preferred angles (Nikolaou et al., 2012; Lowe et al., 2013), revealed

that all three DSGC subpopulations — tuned to anterior (~260°), dorsoposterior (~40°)

DS/Tot

OS/Tot

IsI2b:Gal4;
UAS:SyGCaMP3

Others/Tot

B wt [ control M0 [l tenm3 MO

-
=)
=]

60 -
40 4

1TH B

0

Relative Proportions (%) m

WT Control MO tenm3 MO
D DS D os D Other visually responsive

Figure 5.7. Impaired development of RGC orientation selectivity following tenm3 knockdown. A,
Composite parametric maps across multiple 5 dpf Tg(/sl2b:Gal4,UAS:SyGCaMP3) larvae representing the
spatial distribution of direction-selective (DS; magenta) and orientation-selective (OS; green) voxels within
each animal group (WT n = 8 larvae; control MO n = 11; fenm3 MO n = 20). Within individual parametric
maps, voxel brightness is proportional to the summed incidence of each functional response across all
larvae imaged. The standard space template image derived for each group (greyscale) provides an
anatomical reference. Dashed lines indicate the skin overlaying the tectum. Scale bar is 20 um. A, anterior;
L, lateral. B, Parametric maps of DS voxels only. C, Parametric maps of OS voxels only. D, Ratios
between the different voxel classes and total visually responsive voxels within each group (WT n = 8
larvae; control MO n = 11; tenm3 MO n = 20). Non-DS/non-OS voxels are classified as ‘others’. All graphs
show mean values + SEM. ***p < 0.001; ns, not significant by one-way ANOVA followed by Tukey’s HSD
test. E, Bar graph showing the frequency of DS and OS voxel classes relative to visually responsive voxels
within each group.
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and ventroposterior (~150°) motion — found in control groups are also present in tenm3
morphants (Fig. 5.8A,B). Overall, no difference between fenm3 morphants and control
groups was observed in the DSGC output.

In contrast, the OS RGC (or OSGC) output is severely impaired upon tenm3
knockdown. Specifically, the overall number of OSGC voxels is decreased in tenm3
morphants (Fig. 5.7C). Additionally, OSGC voxels, which are typically found in deeper
sublaminae of the SFGS with little or no overlap with DSGCs in control animals
(Nikolaou et al., 2012), show a substantial degree of overlap with DS voxels in tenm3
morphants (Fig. 5.7A). To further confirm the OSGC impairment, the relative
proportions of functional response classes within each experimental group were
analysed. In tenm3 morphants, a significant change in the ratio between OSGC voxels
and the total population of visually responsive voxels was found (Fig. 5.7D; OS/tot,
mean = SEM, tenm3 MO 0.022 + 0.004, n = 20 larvae; WT 0.111 £ 0.012, n = 8; control
MO 0.112 + 0.016, n = 11; Fo35 = 24.61, p < 0.0001, one-way ANOVA with post-hoc
Tukey’s HSD test), so the OSGC output becomes the smallest population of RGCs
responding to drifting bars in this group (Fig. 5.7E). The relative proportions of DSGC
and non-DS/non-OS (classified as ‘others’) voxel populations, on the contrary, were
similar between the three animal groups (Fig. 5.7D,E; DS/tot, mean + SEM, WT 0.105
+ 0.015, control MO 0.101 + 0.018, tenm3 MO 0.121 = 0.016, n = 39 larvae, Fz35 =
0.42, p = 0.66, one-way ANOVA with post-hoc Tukey’s HSD test; others/tot, mean +
SEM, WT 0.783 + 0.016, control MO 0.817 + 0.019, tenm3 MO 0.856 + 0.016, n = 39
larvae, Fo3s = 3.06, p = 0.059, one-way ANOVA with post-hoc Tukey’s HSD test),
suggesting that they were not impaired by fenm3 knockdown. Further analysis of
OSGC functional subtypes revealed that all four OSGC subpopulations — tuned to bars
oriented along the cardinal (~0°, ~90°) and diagonal axes (~40°, ~145°) — found in
control groups are also present in tenm3 morphants (Fig. 5.8C), yet with much smaller
population sizes (Fig. 5.8D). Strikingly, the OSGC subpopulation tuned to horizontal
bars moving along the vertical axis (~0°, yellow) appears to be the most severely
affected by tenm3 knockdown. These functional results indicate that visual responses
of OSGCs are impaired by tenm3 loss of function whereas DSGCs develop normally,
therefore reinforcing the possible role of tenm3 in the assembly of specific retinal

circuits.
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Figure 5.8. Subpopulations of direction- and orientation-selective RGC responses in control and
tenm3 morphant larvae. A, Cumulative histograms summarizing the incidence of direction-selective (DS)
voxels within each animal group (WT n = 8 larvae; control MO n = 11; tenm3 MO n = 20). Fitted von-Mises
distributions reveal three subpopulations of DS responses tuned to three different directions of motion.
Individual peak preferred angles are reported above. Note that all three animal groups develop three DS

115



Chapter 5

RGC subtypes. Moreover, the sizes of individual DS response subpopulations are comparable across
groups, with the dominant input corresponding to anterior motion selectivity. B, Composite parametric
maps across multiple 5 dpf larvae representing the spatial distribution of the three DS voxel subtypes
within each group (WT n = 8 larvae; control MO n = 11; tenm3 MO n = 20). Note that the laminar
organization of the three DS response subtypes in the tectal neuropil is analogous in all three groups,
namely they are confined to superficial layers of the SFGS. Individual parametric maps for each voxel
subtype are shown at the bottom. Colour-coding as in (A). The standard space template image derived for
each group (greyscale) provides an anatomical reference. Dashed lines indicate the skin overlaying the
tectum. Scale bar is 20 um. A, anterior; L, lateral. C, Cumulative histograms summarizing the incidence of
orientation-selective (OS) voxels within each animal group (WT n = 8 larvae; control MO n = 11; tenm3 MO
n = 20). Fitted von-Mises distributions reveal four subpopulations of OS responses tuned to four different
stimulus orientations. Individual peak preferred angles are reported above. D, Composite parametric maps
across multiple 5 dpf larvae representing the spatial distribution of the four OS response subtypes within
each group (WT n = 8 larvae; control MO n = 11; tenm3 MO n = 20). Individual parametric maps for each
response subtype are shown at the bottom. Note that, even though tenm3 morphants (right) show fewer
OS responses than control larvae (left), all four OS response subtypes can be identified in their RGC
output. Colour-coding as in (C). The standard space template image derived for each group (greyscale)
provides an anatomical reference. Dashed lines indicate the skin overlaying the tectum. Scale bar is 20
um. A, anterior; L, lateral.

5.2.5 RGC Orientation Selectivity is Impaired also in Tenm3*° Mutants

To confirm the requirement of tenm3 in the development of RGC orientation selectivity
and further investigate its role in retinal circuit wiring, a zebrafish tenm3 knockout
mutant (tenm3*°) was generated using Transcription Activator-Like Effector Nuclease

(TALEN)-based genome editing. In tenm3*°

mutants, a 14-base pair deletion in the
exon encoding the transmembrane domain of Tenm3 (Fig. 5.9A) leads to a reading
frame shift and, subsequently, to a premature stop codon causing the loss of the entire

3C mutants was

extracellular domain (Fig. 5.9B-F). The RGC functional output of fenm
then examined as described above (Nikolaou et al., 2012). Briefly, drifting bars moving
in 12 different directions were presented to awake immobilised zebrafish larvae through
a projection screen (Fig. 5.10A). Using the RGC-specific transgenic line
Tg(isl2b:Gal4;UAS:SyGCaMP3), population visual responses were simultaneously
recorded through calcium imaging of RGC axon terminals in the contralateral optic
tectum (Movie 5.4). Voxel-wise analysis was then used to isolate visually responsive
voxels and identify DS and OS responses (Fig. 5.10B,C) (Lowe et al., 2013).

Consistent with tenm3 knockdown results, 4 dpf tenm3<°

mutants have a large
decrease in both the number of OS voxels (Fig. 5.11A; number of OS voxels per Z-
plane, mean + SEM, control 1308.6 + 132.2, n = 23 larvae; tenm3<© 533.0 + 72.9, n =
22; two-tailed unpaired t-test with Welch's correction, ta;1= 5.13, p < 0.0001) and the
proportion of OSGC output relative to the whole population of responsive voxels (Fig.
5.11B; relative frequency of OS voxels per Z-plane, mean + SEM, control 0.103

0.008, n = 23 larvae; tenm3*° 0.060 + 0.008, n = 22; two-tailed unpaired t-test, ts3

H+

3.63, p = 0.0007). As a consequence, the relative proportion of ‘non-tuned’
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Figure 5.9. Generation of a tenm3 knockout mutant through TALEN-mediated genome editing. AIB,
TALEN-mediated tenm3 gene knockout (A) and consequent structural changes in the Tenm3 protein (B).
DNA sequencing chromatograms show the 14-base pair (bp) deletion present in tenm3© mutant (mut)
larvae. This deletion in the gene region encoding the transmembrane domain of Tenm3 generates a
reading frame shift and subsequent premature stop codon, therefore leading to the production of a non-
functional Tenm3 protein missing its entire extracellular domaln CID Immunostaining showing the
expression of Tenm3 (green) in retinae of 3 dpf WT (C) and tenm3*© larvae (D). Cell bodies are labelled
with the nuclear stain TO-PRO-3 (magenta). D, dorsal; L, lateral. Scale bars are 40 um. EIF, Insets in (C)
and (D) showing that, in the WT retina (E), Tenm3 is expressed in the inner nuclear layer (INL) and
ganglion cell layer (GCL), whereas no Tenm3 expression is present in the tenm3© retina (F). IPL, inner
plexiform layer. Scale bars are 20 ym. Importantly, all images in (C-F) were obtained using the same
acquisition settings.

(non-DS and non-0OS) RGC output is increased in tenm3°

mutants (Fig. 5.11B; relative
frequency of non-DS/non-OS voxels per Z-plane, mean + SEM, control 0.847 + 0.010,
n = 23 larvae; tenm3<© 0.888 + 0.011, n = 22; two-tailed unpaired t-test, ty3 = 2.69, p =
0.01). This impairment in the OSGC population is consistent with the lower degree of
orientation selectivity, quantified by the orientation selectivity index (OSI), across
visually responsive voxels in tenm3 ° mutants (Fig. 5.11D; two-sample Kolmogorov-
Smirnov test, D = 0.096, p < 0.0001). By contrast, the DSGC population of responses

did not show any impairment in tenm3<©

mutants (Fig. 5.11A-C; number of DS voxels
per Z-plane, mean + SEM, control 672.3 + 105.2, n = 23 larvae; tenm3© 545.9 +
119.0, n = 22; two-tailed unpaired t-test, t,3 = 0.79, p = 0.42; relative frequency of DS
voxels per Z-plane, mean + SEM, control 0.049 + 0.007; tenm3*° 0.050 + 0.009; two-
tailed unpaired t-test, t43 = 0.07, p = 0.94), confirming that fenm3 is not involved in the

assembly of DS circuits. Equivalent results were obtained in 7 dpf tenm3*° mutants
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Figure 5.10. Analysis of RGC direction and orientation selectivity in control and tenm3*° larvae. A,
Functional calcium imaging of RGC axon terminals expressing SyGCaMP3 (green) in 4 dpf
Tg(isl2b:Gal4,UAS:SyGCaMP3) larvae. Distance of right eye from projection screen is 3 cm. Recordings
are performed from 2-4 Z-planes (approximately 20 um total volume thickness) in the contralateral optic
tectum. Dashed box shows the angles of moving bars relative to zebrafish larva orientation. Np, neuropil;
SPV, stratum periventriculare. Scale bar is 40 ym. B, Mean AF/Fo images of calcium recordings in control
(top) and tenm3° (bottom) larvae. C, Voxel-wise mapping of DS and OS responses. DSI, direction
selectivity index; OSI, orientation selectivity index.

(Fig. 5.12A-D; number of DS voxels per Z-plane, mean + SEM, control 660.0 + 154.6, n
= 12 larvae; tenm3*© 532.6 + 113.5, n = 13; two-tailed unpaired t-test, t,s = 0.67, p =
0.50; number of OS voxels per Z-plane, mean + SEM, control 1250.0 + 174.2; tenm3*°
568.1 + 58.9; two-tailed unpaired t-test with Welch's correction, t135 = 3.70, p = 0.0025),
indicating that the development of RGC orientation selectivity is not simply delayed as
a consequence of tenm3 loss of function. A modest but significant decrease in the
number of visually responsive voxels was observed in tenm3“° mutants at 4 dpf (Fig.
5.11A; number of visually responsive voxels per Z-plane, mean + SEM, control 12557 +
741, n = 23 larvae; tenm3© 9101 + 815, n = 22; two-tailed unpaired t-test, t;3 = 3.14, p
= 0.003), but not at 7 dpf (Fig. 5.12A; number of visually responsive voxels per Z-plane,
mean + SEM, control 11698 + 1478, n = 12 larvae; tenm3%° 9648 + 930, n = 13; two-

tailed unpaired t-test, to3 = 1.19, p = 0.24).
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Figure 5.11. Tenm3 is required for RGC orientation selectivity. AIB, Average number (A) and relative
frequency (B) of DS, OS, visually responsive and non-DS/non-OS voxels per Z-plane in control (n = 23
larvae) and tenm3© (n = 22 larvae) 4 dpf larvae. Criteria used to identify DS and OS voxels are reported
at the top. Error bars are + SEM. **p < 0.01, **p < 0.001, unpaired two-tailed Student’s t test. CID,
Cumulative distributions of DSI values (R? > 0) across voxels with OSI < 0.5 (C) and OSI values (R? > 0)
across voxels with DSI < 0.5 (D) in control and tenm3* larvae. ***p < 0.001, two-sample Kolmogorov-
Smirnov test. EIF, Cumulative histograms summarising the incidence of preferred angles for identified DS
(E) and OS voxels (F) in control (n = 23; top) and tenm3'° (n = 22; bottom) 4 dpf larvae. Overlaid curves
are the fitted Gaussian distributions for each DS or OS subtype. Polar plots illustrate the mean (+ 1 SD)
normalised response profiles for each DS or OS subtype.

Next, the extent to which the subtypes of DSGCs and OSGCs were affected by
tenm3 knockout was explored. The different subpopulations of DSGC and OSGC
responses were identified by fitting Gaussian distributions to the grouped population
data of preferred angles (Nikolaou et al.,, 2012; Lowe et al., 2013). As expected,
population sizes and relative proportions of the three subtypes of DSGCs were not
altered in tenm3*° mutants (Fig. 5.11E and 5.12E), reinforcing the view that RGC
direction selectivity develops through tenm3-independent mechanisms. Interestingly,
the decrease in OS responses in tenm3“° mutants was not equally represented among
the four OSGC subtypes, with the small OSGC subpopulation tuned to vertical bars
moving along the horizontal axis (~90°) being the least affected (magenta, Fig. 5.11F
and 5.12F). Overall, these data confirm and further elucidate the crucial role played by

tenm3in generating RGC orientation selectivity during development.
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Figure 5.12. Tenm3 is required for RGC orientation selectivity in late development. AIB, Average
number (A) and relative frequency (B) of DS, OS, visually responsive and non-DS/non-OS voxels per Z-
plane in control (n = 12 larvae) and tenm3*° (n = 13 larvae) 7 dpf Tg(isi2b:Gal4;UAS:SyGCaMP3) larvae.
Error bars are + SEM. *p < 0.05, **p < 0.01, unpaired two-tailed Student’s t test. CID, Cumulative
distributions of DSI values (R2 > 0) across voxels with OSI < 0.5 (C) and OSI values (R2 > 0) across voxels
with DSI < 0.5 (D) in control and tenm3*© arvae. ***p < 0.001, two-sample Kolmogorov-Smirnov test. EIF,
Cumulative histograms summarising the incidence of preferred angles for identified DS (E) and OS voxels
(F) in control (n = 12; top) and tenm3 ® (n = 13; bottom) 7 dpf larvae. Overlaid curves are the fitted
Gaussian distributions for each DS or OS subtype. Polar plots illustrate the mean (+ 1 SD) normalised
response profiles for each DS or OS subtype.

5.2.6 IPL Stratification Defects of Tenm3* AC Neurites in Tenm3“° Mutants

Since tenm3 is not only expressed in RGCs but also in ACs (see 4.2), potential
structural defects in the IPL stratification of tenm3* AC neurites were investigated using
the Tg(tenm3:Gal4;UAS:tagRFP-CAAX) line in tenm3“° background. As described in
section 4.2.2, tenm3* ACs normally stratify their neurites in three precise strata located
at 5%, 61%, and 94% IPL depth (Fig. 5.13A). This tri-laminar IPL stratification pattern is

already visible at 3 dpf and becomes more refined at 5 dpf. In tenm3<©

mutants, by
contrast, tenm3” AC neurites do not stratify correctly in the IPL (Fig. 5.13B). This is
particularly striking at 3 dpf when they fail to target the two innermost IPL strata and
instead stratify diffusely across the IPL, as shown by fluorescence intensity
measurements across the IPL of multiple larvae (Fig. 5.13C; control n = 13 larvae,

tenm3*©

n =13 larvae).

Do these stratification defects observed at the population level result from all
tenm3* AC types stratifying abnormally in the IPL? Or, alternatively, are only a few
types affected by tenm3 knockout? Also, is there any change in the planar

morphological features of tenm3" ACs (e.g., dendritic field area or elongation) in
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Figure 5.13. Tenm3 is required for normal neurite IPL stratification of tenm3* amacrine cells. AIB,
Inner plexiform layer (IPL) stratification pattern of tenm3" AC neurites in control (A) and tenm3'° (B)
Tg(tenm3:Gal4;UAS:tagRFP-CAAX) larvae from 2 to 5 dpf. INL, inner nuclear layer; GCL, ganglion cell
layer. Scale bars are 20 um. C, IPL fluorescence intensity profiles of tenm3* AC neurites in control (blue; n
= 18 larvae) and tenm3"© larvae (red; n = 13 larvae) from 2 to 5 dpf. Thin traces represent individual IPL
profiles, whereas thick traces indicate average IPL profiles. 0% corresponds to the INL/IPL boundary,
whereas 100% corresponds to the IPL/GCL boundary. Fluorescence peaks indicating IPL strata in control
larvae are labelled with the letter ‘'S’ followed by their relative IPL position.

tenm3© mutants? To address these questions, individual tenm3® ACs where
mosaically labelled with the cyan fluorescent protein mTFP1 in Tg(tenm3:Gal4;
UAS:tagRFP-CAAX);tenm3*© larvae. To classify tenm3*° mutant tenm3* ACs into the
different AC types identified in wild type control larvae (Fig. 4.7), k-means clustering
based on IPL stratification, dendritic field area and dendritic field elongation was
performed using fixed cluster centroids obtained from the initial clustering of control
tenm3* ACs (Fig. 5.14; wide-field AC types were non included in the clustering analysis
given their low labelling frequency, n = 2 cells out of 52). This allowed to assign
tenm3° mutant tenm3* ACs having abnormal morphological properties to the pre-
identified AC types in an automated way that depends on their similarity to the
stereotypical morphological characteristics of control tenm3® ACs (Fig. 5.15A). No

significant difference in the relative frequency of tenm3® AC types was observed
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Figure 5.14. Abnormal morphological properties of single tenm3® amacrine cells in tenm3°
mutants. A, 3D scatter plot summarising the morphological properties (i.e., IPL stratification, dendrite
eccentricity and area) of single, mosaically labelled tenm3* ACs in 4 dpf control UAS:eGFP-CAAX-injected
Tg(tenm3:Gal4) larvae (blue circles, n = 117 cells) and in 4-5 dpf UAS:mTFP1-injected
Tg(tenm3:Gal4;UAS:tagRFP-CAAX) tenm3*© larvae (magenta circles, n = 50 cells). B, 2D scatter plots
representing pairwise comparison of morphological features in control tenm3* ACs clustered and classified
into distinct types (coloured circles and dashed ellipses) and tenm3 © mutant tenm3* ACs (magenta
circles). Note the considerable number of tenm3 © mutant tenm3* ACs having morphological features
outside of the normal range observed in control cells (magenta circles outside dashed ellipses).

between control and tenm3® mutant larvae (relative frequency of control vs. tenm3"©,
type 1 0.43 vs. 0.59, type 1l 0.19 vs. 0.13, type Ill 0.16 vs. 0.10, type IV ON 0.08 vs.
0.086, type IV OFF 0.08 vs. 0.08, type V 0.03 vs. 0.02, type VI 0.03 vs. 0.02; y* = 6.235,
df = 6, p = 0.397, n = 125 cells control, n = 52 cells tenm3KO, two-tailed chi-square
test). Interestingly, the only morphological feature that is consistently different across

3C mutants is the width of neurite stratification in the IPL

type I-IV tenm3* ACs in tenm
(Fig. 5.15B). In particular, the neurites of tenm3*° mutant tenm3* ACs fail to form
precise strata and, therefore, occupy a larger portion of the IPL (Fig. 5.16D). This also
results in a shift of the relative IPL location with highest neurite density towards the
centre of the IPL (Fig. 5.15B and 5.16C). Planar morphological features, on the other
hand, appear to be affected in a cell-type-specific manner by fenm3 knockout.
Specifically, the dendritic field area is decreased in type | tenm3* ACs, increased in
type Ill tenm3* ACs, and unchanged in the other AC types (Fig. 5.16A). Likewise,
dendritic field elongation is higher in type I, IV ON and IV OFF tenm3* ACs, but lower in
type 1l and Il tenm3* ACs, which are the AC types characterised by a high dendritic
field elongation in control larvae (Fig. 5.16B). Overall, these results reveal that tenm3 is
required not only for RGC dendritic arborisation, but also for the correct stratification of
tenm3* AC neurites in the IPL. Interestingly, even though neurite IPL stratification is
equally affected in all tenm3* AC types, planar morphological features show cell-type-

specific changes.
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Figure 5.15. Neurite IPL stratification is consistently broader in all tenm3* amacrine cell types
upon tenm3 knockout. A, Morphologies of single tenm3* ACs expressing mTFP1 in 4-5 dpf UAS:mTFP1-
injected Tg(tenm3:Gal4;UAS:tagRFP-CAAX) tenm3© larvae. Cells have been classified into the different
tenm3* AC types identified in control larvae through k-means clustering. Side views (left) and top views
(right) are shown. Scale bars are 10 um. B, Neurite IPL fluorescence intensity profiles for each tenm3* AC
type in control (colours; n = 117 cells) and tenm3© larvae (magenta; n = 50 cells). Note the broader IPL
stratification pattern of all tenm3* AC types in tenm3*° mutants. Thin traces represent individual IPL
profiles, whereas thick traces indicate average IPL profiles. 0% corresponds to the INL/IPL boundary,
whereas 100% corresponds to the IPL/GCL boundary.
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Figure 5.16. Planar morphological features of tenm3” amacrine cell dendrites are also affected in
tenm3*° mutants. A-D, Average dendritic field area (A), dendritic field elongation (B), relative IPL position
of peak neurite stratification (C), and neurite IPL stratification width (D) for each tenm3* AC type in control
(colours; n = 117 cells) and tenm3*© larvae (magenta; n = 50 cells). In (C) and (D) results for the inner and
outer dendritic branches of type Il tenm3* ACs are reported separately. Error bars are + SEM. *p < 0.05,
**p < 0.01, ™*p < 0.001, all unpaired two-tailed Student’s t tests except for dendritic field eccentricity in (B)
where Mann-Whitney tests were instead performed.

124



Chapter 5

5.3 Discussion

The loss-of-function experiments described above demonstrate that tenm3 is required
for the correct structural and functional development of retinal circuits in the larval
zebrafish. In particular, fenm3 knockdown produces laminar targeting errors of RGC
dendrites and axons, indicating that tenm3 acts both in the retina and the optic tectum.
Intriguingly, these errors appear to be restricted to a subset of RGCs, hinting that cells
not expressing tenm3 are unaffected. Similar results were obtained by examining the
functional development of RGC visual response properties, inasmuch as the
orientation-selective RGC output is strongly impaired by tenm3 loss of function,
whereas direction selectivity is unaffected. In addition, the IPL stratification of tenm3*
ACs as well as their planar morphology is disrupted upon tenm3 knockout, suggesting
that the functional deficits found in OSGCs could potentially result from a synaptic

mismatch between these two subpopulations of cells (Fig. 5.1C).

5.3.1 Role of Teneurins in Neural Circuit Wiring

Taken together, these findings support a role for tenm3 in the establishment of cell-
type-specific circuit wiring in the vertebrate visual system. But what specific wiring
process does tenm3 regulate? It is generally accepted that molecules mediating
homophilic cell-cell adhesion can instruct the recognition between specific pre- and
postsynaptic elements by triggering synapse formation/stabilisation (Sanes and
Yamagata, 2009; Williams et al., 2010). Homophilic cell adhesion has been extensively
studied in the IPL of the chick and mouse retina, where different immunoglobulin
superfamily adhesion molecules are expressed by specific cell subsets and control the
precise laminar/synaptic matching of their neurites (Yamagata et al., 2002; Yamagata
and Sanes, 2008, 2012; Krishnaswamy et al., 2015). Interestingly, this homophilic
matching mechanism appears to operate also in higher visual targets. For example,
evidence in mouse showed that Cadherin-6 mediates the axon-target recognition
between a specific subset of RGCs and their target nuclei in the brain (Osterhout et al.,
2011). Consistent with these findings, elegant studies in Drosophila demonstrated that
teneurins play an instructive role in the synaptic matching between specific pre- and
postsynaptic cells in the olfactory system and at the neuromuscular junction (Hong et
al., 2012; Mosca et al., 2012). In addition, teneurins have been shown to regulate other
fine-scale neural wiring processes in vivo, such as cell-type-specific dendrite
morphogenesis (Hattori et al., 2013), synapse organisation (Mosca et al., 2012; Mosca

and Luo, 2014), and axon projection topography (Dharmaratne et al., 2012). In light of
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these results and considering that teneurin-mediated homophilic cell recognition and
adhesion inhibit neurite outgrowth in vitro (Beckmann et al.,, 2013), the simplest
hypothesis would be that tenm3 (by being expressed in RGCs, amacrine cells and
tectal neurons) controls the stratification/matching of RGC neurites with their pre- and
postsynaptic partners through selective stabilisation of branches/synapses contacting
tenm3-expressing cells. In particular, the data presented here suggest that tenm3
specifies the correct matching of functionally and morphologically defined subsets of
ACs and RGCs forming a circuit underlying retinal orientation selectivity. Even though
the results are suggestive of direct synaptic matching between tenm3® ACs and
OSGCs (see also 6.2), the technical limitations of this study did not allow to
unequivocally demonstrate the physical synaptic connections between these two
neural populations and, therefore, future experiments will be required to further

elucidate this point.

5.3.2 Homo- vs. Heterophilic Teneurin Trans-interactions

Given that tenm3 is expressed in both RGCs and ACs, and that tenm3 loss of function
leads to specific morphological and functional impairments in RGCs as well as defects
in tenm3" AC neurite IPL stratification, one possible explanation of tenm3 mechanism
of action could be through trans-synaptic homophilic interactions (Fig. 5.1C), as
highlighted above. However, loss of selective trans-interactions with other cell-
adhesion molecules known to bind heterophilically with teneurins, such as latrophilins
(Silva et al., 2011; Boucard et al., 2014), may as well explain the phenotypes caused
by tenm3 loss of function. The precise roles played by teneurin homo- versus
heterophilic frans-interactions during neural circuit wiring are still unclear. Yet, recent
reports appear to indicate that homophilic interactions are crucial for the initial
recognition and matching between specific subsets of neurons (Hong et al.,, 2012;
Beckmann et al., 2013), whereas heterophilic interactions are involved in subsequent
steps of synapse adhesion and organisation (Silva et al., 2011; Boucard et al., 2014;
Mosca and Luo, 2014). Since teneurins can control these distinct processes even
between the same sets of neurons (Hong et al., 2012; Mosca and Luo, 2014),
sophisticated genetic manipulations will be required to disentangle the contribution of
homo- versus heterophilic frans-interactions in neurons where a given teneurin and its
heterophilic binding partners are simultaneously expressed. Interestingly, some
latrophilin members are expressed in the zebrafish eye at larval and adult stages,

although it is not clear whether they exhibit a cell-type-specific expression pattern
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(Lange et al., 2012; Harty et al., 2015). Thus, the retinal orientation-selective circuit
affected by tenm3 loss of function represents a tractable in vivo vertebrate system to
test the specific roles played by teneurin homo- and heterophilic frans-interactions

during neural circuit wiring.
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Chapter 6

Circuit Mechanisms Underlying Orientation Selectivity in the

Retina

6.1 Introduction
The detection of oriented visual stimuli is a key neural computation performed by visual
systems of many animals. Neurons performing this task are known as orientation-
selective (OS) since they respond preferentially to elongated stimuli oriented along a
specific axis in the visual field, but respond weakly to stimuli oriented orthogonally to
their preferred axis. Orientation selectivity was first discovered in cat primary visual
cortex by Hubel and Wiesel over 50 years ago (Hubel and Wiesel, 1962). Since then,
numerous studies described OS neurons in visual systems of vertebrates and
invertebrates, including primates (Hubel and Wiesel, 1968), rodents (Niell and Stryker,
2008), fish (Nikolaou et al., 2012) and insects (Fisher et al., 2015). Work in several
vertebrate species identified OS cells in regions upstream of primary visual cortex, like
the lateral geniculate nucleus (Marshel et al., 2012; Cheong et al., 2013; Piscopo et al.,
2013) and the retina (Levick, 1967; Venkataramani and Taylor, 2010; Zhao et al., 2013;
Baden et al., 2016), suggesting that the first steps in the processing of oriented stimuli
take place early along the vertebrate visual pathway. In the retina, orientation
selectivity is present among retinal ganglion cells (RGCs) (Levick, 1967; Bloomfield,
1994), the sole retinal output neurons, and amacrine cells (ACs) (Bloomfield, 1994;
Murphy-Baum and Taylor, 2015), a class of inhibitory neurons that modulate and shape
responses of RGCs, bipolar cells and other ACs. However, presently it is not fully
understood how orientation selectivity emerges in these cells and whether they form a
distinct retinal circuit, partially due to the lack of specific molecular markers allowing
targeted labelling and manipulations.

The vertebrate retina consists of more than 70 neuron types (Masland, 2012a).
Its primary function is to detect light stimuli, convert them into electrochemical signals
and, subsequently, send the processed information to higher visual nuclei through
parallel feature-specific neural pathways. Most of the information processing takes
place in a layered neuropil structure called the inner plexiform layer (IPL) (Roska and
Werblin, 2001). Essential neural substrates underlying the computations performed in

the IPL are the specific and stereotypic synaptic connections between three classes of
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neurons, namely bipolar cells (BCs), ACs and RGCs (Fig. 6.1A). How defined cell
types belonging to these three retinal cell classes form a circuit computing orientation
selectivity has yet to be described in its entirety (Fig. 6.1A,B). Here, using tenm3 as a
marker, crucial cellular players and mechanisms generating orientation selectivity are
identified in the larval zebrafish retina. First, orientation tuning is found in tenm3-
expressing (tenm3*) AC types characterised by elongated dendritic arbours. Second,
evidence suggesting that tenm3* ACs generate RGC orientation selectivity by being a
source of y-aminobutyric acid (GABA) feedforward inhibition is provided. Third,
optogenetic ablation of tenm3* ACs further confirms that tenm3* ACs are required for
normal orientation-selective RGC (OSGC) tuning. Fourth, anatomical data shows that
tenm3* ACs co-stratify their neurites with OSGC dendrites. Fifth, orientation tuning is
found also in a fraction of BC presynaptic terminals. Lastly, a circuit model describing
how OSGCs acquire their orientation selectivity by integrating tuned tenm3” ACs and

BC inputs is presented.

A B Presynaptic Mechanisms
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Figure 6.1. What are the presynaptic mechanisms generating orientation selectivity in RGCs? A,
Schematic of the basic retinal circuit structure. Horizontal cells are not represented. Excitatory inputs are
indicated by ‘+’ (full circles), whereas inhibitory inputs are indicated by ‘—’ (empty circles). Tuning profiles of
example photoreceptor (PR, yellow) and orientation-selective ganglion cell (OSGC, red) are reported.
Putative synapses between amacrine cell (AC, blue) and bipolar cell (BC, green) terminals are also
represented. Unknown presence of orientation tuning among zebrafish BCs or ACs is indicated by green
or blue question marks, respectively. B, The presynaptic cellular elements and mechanisms generating
OSGC tuning are currently unknown. Both excitatory (black arrow) and inhibitory (black orthogonal lines)
inputs could potentially contribute to the emergence of orientation selectivity in RGCs (i.e., orientation
selectivity index, or OSI, > 0.5). The colour code describes the different levels of RGC orientation
selectivity.
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6.2 Results
6.2.1 Tenm3* ACs Show Orientation Tuning
The functional requirement of tenm3 for the normal development of RGC orientation
selectivity (see 5.2.4 and 5.2.5), together with the high dendritic field elongation of type
Il and lll tenm3" ACs (see 4.2.4) — a feature previously described in rabbit orientation-
sensitive ACs (Bloomfield, 1991, 1994; Murphy-Baum and Taylor, 2015) — led to the
following hypothesis: type Il and Ill tenm3® ACs could produce orientation-tuned
responses when stimulating the retina with elongated stimuli oriented along particular
axes in the visual field and, consequently, constitute cellular elements underlying the
emergence of orientation selectivity in RGCs. To start testing this hypothesis,
orientation tuning in the tenm3* AC population was analysed by performing in vivo two-
photon calcium imaging in the retinae of Tg(tenm3:Gal4,UAS:SyGCaMP3) crystal
larvae (Fig. 6.2A). Similarly to the setup described in 3.2.5, 4 dpf larvae were
immobilised in 2% low melting point agarose with one eye facing an LCD screen where
square-wave gratings moving in 12 different directions were displayed (Fig. 6.2A right).
Visually evoked calcium transients were recorded from tenm3” ACs at 7.8 Hz using
near-infrared (930 nm) two-photon laser excitation. Voxel-wise analysis was then used
to identify visually responsive voxels and quantify orientation selectivity of visual
responses at subcellular resolution (0.397 x 0.397 um voxel XY size, 256 x 128 pixels).
Importantly, tenm3"* ACs show stimulus-locked responses to moving square-wave
gratings (Movie 6.1). Notably, analyses using different metrics of orientation selectivity
(i.e., OSI and circular variance) and progressively higher tuning stringency levels
revealed that a large fraction of tenm3” ACs is tuned to elongated stimuli (Fig. 6.2B-D;
n = 20 larvae). The distribution of preferred stimulus orientations across tenm3* ACs
indicated the presence of four subpopulations of OS responses tuned to gratings
oriented along the cardinal (13°, 90°) and diagonal axes (40°, 145°; Fig. 6.2E), similar
to what was found in OSGCs (see 5.2.5) (Lowe et al., 2013). Compared to OSGCs,
however, tenm3* ACs exhibited a higher degree of orientation selectivity (Fig. 6.2B,C).
Given the presence of different cell types in the tenm3® AC population (see
4.2.4), the tuning of single tenm3" ACs has to be investigated to know which one/s
displays high orientation selectivity. Functional imaging of individually GCaMP6f-
labelled tenm3* ACs followed by analyses of their tuning and dendritic field morphology
was thus performed (Fig. 6.3A-D). Strikingly, the only tenm3® ACs that showed

stimulus-locked visual responses characterised by high orientation tuning were those
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Figure 6.2. Tenm3" amacrine cells show orientation-selective responses. A, Two-photon functional
calcium imaging of tenm3* AC synaptic terminals expressing SyGCaMP3 (green) in 4 dpf Tg(tenm3:Gal4;
UAS:SyGCaMP3) larvae. Distance of the eye from LCD screen is 2 cm. Recordings are performed from 2-
4 Z-planes (approximately 20 pm total volume thickness). INL, inner nuclear layer; GCL, ganglion cell
layer; IPL, inner plexiform layer. Scale bar is 20 um. B, Cumulative distribution (left) and relative frequency
(right) of orientation selectivity index (OSI) values across voxels with DSI < 0.5 in tenm3® ACs (n = 20
larvae) and RGCs (black, n = 23 larvae). The colour code indicates the progressively higher goodness of fit
(R? of the fitted von-Mises profiles) criteria applied to the data to identify voxels characterised by high
orientation selectivity. The black dotted lines indicate the OSI threshold used to identify OS responses
(0S| > 0.5). Depending on the R® value chosen as threshold, the number of voxels that satisfy the criteria,
and therefore are represented in the distributions, varies. C, Total number of OS voxels (top) and
distribution of OSI values (bottom) using progressively higher R® values in tenm3* ACs and RGCs (black,
R? > 0). Boxplots indicate interquartile ranges (boxes), medians (lines in boxes) and 10-90 percentiles
(whiskers). D, Cumulative distribution (left) and relative frequency (right) of circular variance values across
all voxels in tenm3* ACs (blue, n = 20 larvae) and RGCs (black, n = 23 larvae). The black dotted lines
indicate the circular variance threshold used to identify OS responses (circular variance < 0.4). Boxplots in
the right inset indicate interquartile ranges (boxes), medians (lines in boxes) and 5-95 percentiles
(whiskers). E, Cumulative histogram (left) summarising the incidence of preferred angles for identified
tenm3* AC OS voxels in 4 dpf larvae (n = 20 larvae). Overlaid curves are the fitted Gaussian distributions
for each OS subtype. Polar plots (right) illustrate the mean (+ 1 SD) normalised response profiles for each
OS subtype.

that could be classified as type Il or lll ACs (Fig. 6.3E; frequency of OS cells among
tenm3* ACs, type Il 100%, 5/5 cells; type Ill 100%, 3/3 cell; n = 8 cells from 8 larvae).
The other tenm3* AC types, instead, did not respond to grating stimuli, namely they did
not exhibit visual responses that were time-locked to stimulus epochs (type | 0%, 0/11
cells; type IV ON 0%, 0/4 cells; type IV OFF 0%, 0/5 cells; type V no cell found; type VI
0%, 0/1 cell; n = 21 cells from 19 larvae). Interestingly, the degree of orientation
selectivity of type Il and Ill tenm3* ACs was correlated with the elongation of their
dendritic fields (Fig. 6.3F; Spearman's correlation coefficient, r = 0.8024, p = 0.0222, n
= 8 cells from 8 larvae), and the angular difference between their preferred stimulus
orientation and dendritic field orientation was close to zero (Fig. 6.3G; 1.18 + 19.70°,
mean + SD; Spearman's correlation coefficient, r = 0.9341, p = 0.0017), indicating that
these tenm3* ACs respond maximally when the stimulus orientation coincides with the
orientation of their dendritic fields. Additionally, the distribution of dendritic field
orientations across sparsely eGFP-labelled type Il and Il tenm3* ACs revealed that
they fully cover the orientation space (Fig. 6.4). Together, these data show that type I
and Il tenm3* ACs are orientation-selective and that their tuning likely results from their

highly elongated dendritic fields.
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Figure 6.3. Type Il and Il tenm3® amacrine cells are orientation-selective. A-D, Summary of
morphological and functional analyses of single GCaMP6f-labelled tenm3* ACs in 4 dpf UAS:GCaMP6f-
injected Tg(tenm3:Gal4) larvae. An example of a type Il tenm3® AC that showed stimulus-locked
responses and high orientation selectivity is displayed. A, Morphological reconstruction of the example cell
(grey, top view) with corresponding fitted ellipse profile (green) and dendritic field (DF) orientation (black
line). Scale bar is 20 pm. B, Measurements of morphological and functional characteristics of the cell. OSlI,
orientation selectivity index; DSI, direction selectivity index; R®, sum of two Gaussians distribution
goodness of fit; Pref Stim Ori, preferred stimulus orientations. C, Polar plot representing the tuning profile
of the cell (green, obtained by calculating the integral response to each stimulus) in response to gratings
moving in different directions. Grey line indicates preferred stimulus orientation. Radial axis scale shows
AF/Fq of integral calcium responses. D, Tuning profile (green) with fitted sum of two Gaussians (dotted
black line). E, Bar histogram summarising the frequency of OS cells among tenm3® ACs in 4 dpf
Tg(tenm3:Gal4) larvae injected with UAS:GCaMP6f DNA constructs (n = 29 cells from 27 larvae). The
number of observed OS cells for each tenm3* AC type is reported at the bottom. nf, not found. F, Scatter
plot representing the relationship between OSI and dendritic field eccentricity of OS type Il and lll tenm3*
ACs (ll, n = 5 cells; Ill, n = 3 cell). Spearman’s correlation coefficient (r) with the corresponding p value is
reported. Dotted line represents the linear regression fit to the data. G, Scatter plot representing the
relationship between preferred stimulus orientation and dendritic field orientation of OS type Il and Il
tenm3” ACs (ll, n = 5 cells; lll, n = 3 cell). Spearman’s correlation coefficient (r) with the corresponding p
value is reported. Dotted reference line indicates x = y. Top graph shows the angular difference between
preferred stimulus orientation and dendritic field orientation (mean + SD).
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Figure 6.4. Type Il and Ill tenm3" amacrine cells cover the orientation space and do not show
retinal location bias. A, Retinal location mapping of individual eGFP-CAAX-labelled type Il (green, top)
and type Il (yellow, bottom) tenm3* ACs in 4 dpf UAS:eGFP-CAAX-injected Tg(tenm3:Gal4) larvae (n = 24
and 20 cells in 39 larvae, respectively). D, dorsal; V, ventral; N, nasal; T, temporal. B, Frequencies of type
Il and Il tenm3* ACs in number of cells per retinal quadrant or hemiretina. C, Grouped data summarising
dendritic field orientation and elongation (quantified by the eccentricity of dendritic fields; radial axis) of
individual eGFP-CAAX-labelled type Il (green, top) and type Il (yellow, bottom) tenm3* ACs (n = 24 and 20
cells in 39 larvae, respectively). Radial axis scale of the polar plots shows the eccentricity of dendritic
fields. D, Frequencies of type Il and lll tenm3* ACs in number of cells per orientation (20° bin width; 0°-
180° orientation space).

6.2.2 GABAergic Inhibition Generates RGC Orientation Selectivity

To further investigate the above hypothesis, the role played by tenm3® AC
neurotransmission in  generating OSGC tuning was assessed. Since
immunohistochemical analyses revealed that the vast majority of tenm3® ACs are
GABAergic (Fig. 6.5A,B and see 4.2.3), GABA-mediated inhibition was blocked using
the GABA, receptor antagonist picrotoxin (100 uM). RGC visual responses were
recorded through calcium imaging from the same Tg(isl2b:Gal4;UAS:SyGCaMP3)
larvae before and after drug application. Notably, OSGCs were severely affected by
GABA inhibition block, with a decrease in both OS responses and overall degree of
RGC orientation selectivity comparable to the effects seen in tenm3“° mutants (Fig.
6.5C-F; number of OS voxels per Z-plane, mean = SEM, control 1441.0 + 228.9,
picrotoxin 669.3 + 153.8, n = 15 larvae; two-tailed paired t-test, t14 = 3.39, p = 0.0043;
relative frequency of OS voxels per Z-plane, mean + SEM, control 0.110 + 0.013;
picrotoxin 0.050 + 0.010; two-tailed paired t-test, t1, = 3.77, p = 0.0020). Similarly to the

tenm3 knockout experiments, the small OSGC subpopulation tuned to vertical bars was
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Figure 6.5. GABAergic inhibition generates RGC orientation selectivity. A, Immunostaining showing
the expression of y-aminobutyric acid (GABA, magenta) in 3 dpf Tg(tenm3:Gal4;UAS:GCaMP5) larvae,
where tenm3* ACs are labelled with GCaMP5 (green). INL, inner nuclear layer; GCL, ganglion cell layer;
IPL, inner plexiform layer. Scale bar is 20 um. B, Percentage of GCaMP5" cells co-localising with antigen*
cells (mean + SD). GABA, n = 13 retinae; Parvalbumin, n = 10 retinae; TH, n = 9 retinae; ChAT, n = 10
retinae; Glycine, n = 5 retinae. Note that most tenm3” ACs are GABAergic (54.2 + 4.2%). CID, Average
number (C) and relative frequency (D) of DS, OS, visually responsive and non-DS/non-OS voxels per Z-
plane in 4 dpf Tg(isl2b:Gal4;,UAS:SyGCaMP3) larvae (n = 15 larvae) before (control) and after (picrotoxin)
the application of picrotoxin (100 uM). Error bars are + SEM. **p < 0.01, ***p < 0.001, paired two-tailed
Student’s t test. EIF, Cumulative distributions of DSI values (R® > 0) across voxels with OSI < 0.5 (E) and
OSl values (R? > 0) across voxels with DSI < 0.5 (F) before (control) and after (picrotoxin) the application
of picrotoxin (100 pM). ***p < 0.001, two-sample Kolmogorov-Smirnov test. GIH, Cumulative histograms
summarising the incidence of preferred angles for identified DS (G) and OS voxels (H) in 4 dpf larvae (n =
15 larvae) before (control) and after (picrotoxin) the application of picrotoxin (100 uM). Overlaid curves are
the fitted Gaussian distributions for each DS or OS subtype. Polar plots illustrate the mean (+ 1 SD)
normalised response profiles for each DS or OS subtype.

the least affected by the pharmacological block (magenta, Fig. 6.5H). RGC direction
selectivity was also negatively impacted (Fig. 6.5C-G; number of DS voxels per Z-
plane, mean + SEM, control 665.9 + 101.3; picrotoxin 223.6 + 72.13, n = 15 larvae;
two-tailed paired t-test, ti4 = 3.57, p = 0.0030). Since directionally tuned GABAergic
inputs from SACs play a key role in most mammalian DSGCs (Vaney et al., 2012), this
observation suggests that a similar inhibitory mechanism may also be present in
zebrafish. Compared to the impairments in RGC direction and orientation selectivity
caused by blocking GABAa receptors, the effects produced by blocking glycine
receptors using strychnine (70 uM) were minimal (Fig. 6.6; number of DS voxels per Z-
plane, mean + SEM, control 1355.0 + 166.1; strychnine 1032.0 + 161.8, n = 11 larvae;
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Figure 6.6. Glycinergic inhibition is not essential for RGC orientation selectivity. AIB, Average
number (A) and relative frequency (B) of DS, OS, visually responsive and non-DS/non-OS voxels per Z-
plane in 5 dpf Tg(isl2b:Gal4;UAS:SyGCaMP3) larvae (n = 11 larvae) before (control) and after (strychnine)
the application of strychnine (70 puM). Error bars are + SEM. Paired two-tailed Student’s t test. CID,
Cumulative distributions of DSI values (R? > 0) across voxels with OSI < 0.5 (C) and OSI values (R? > 0)
across voxels with DSI < 0.5 (D) before (control) and after (strychnine) the application of strychnine (70
uM). ***p < 0.001, two-sample Kolmogorov-Smirnov test. EIF, Cumulative histograms summarising the
incidence of preferred angles for identified DS (E) and OS voxels (F) in 5 dpf larvae (n = 11 larvae) before
(control) and after (strychnine) the application of strychnine (70 upM). Overlaid curves are the fitted
Gaussian distributions for each DS or OS subtype. Polar plots illustrate the mean (+ 1 SD) normalised
response profiles for each DS or OS subtype.

two-tailed paired t-test, tio = 1.87, p = 0.0909; number of OS voxels per Z-plane, mean
+ SEM, control 1321.0 + 137.3; strychnine 1035.0 + 109.7; two-tailed paired t-test, tio =
2.02, p = 0.0699). Given that only type Il and Ill tenm3* ACs are orientation-tuned, anti-
GABA immunostaining of sparsely eGFP-labelled tenm3* ACs was performed to see
whether these two AC types are GABAergic. Consistent with the above results, both
type Il and Il tenm3” ACs do indeed express the neurotransmitter GABA (Fig. 6.7).
Overall, these data suggest that OSGCs require GABAergic inhibitory input, likely

provided by type Il and Il tenm3* ACs, to acquire their orientation tuning.

6.2.3 Tenm3* ACs are Required for OSGC Tuning

To directly test whether tenm3* ACs play a central role in the emergence of RGC
orientation selectivity, the Tg(tenm3:Gal4) line was used to selectively ablate these
cells and assess the functional consequences in RGCs. In the Tg(tenm3:Gal4;
UAS:KillerRed;elavi3:GCaMP5G) line, the genetically encoded photosensitiser
KillerRed (Bulina et al., 2006b) is expressed in tenm3* ACs, whereas GCaMP5G is
expressed pan-neuronally (Fig. 6.8) (Ahrens et al., 2013). At 2 dpf, tenm3" ACs were
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tenm3:Gal4;UAS:eGFP - 4 dpf

Figure 6.7. Type lI-IV, but not type I, tenm3* amacrine cells are GABAergic. A, Mosaically labelled
tenm3* ACs expressing eGFP in 4 dpf UAS:eGFP-injected Tg(tenm3:Gal4) larvae. Both side views (left)
and top views (right) are shown. Scale bars are 20 um. B, Immunostaining showing the expression of y-
aminobutyric acid (GABA; magenta) in the identified eGFP-expressing tenm3* ACs (green) reported in (A).
Arrowheads are colour-coded according to the tenm3* AC type each cell is classified into. Note that both
type Il (green arrowheads) and type Ill (yellow arrowheads) tenm3® ACs express the neurotransmitter
GABA. Interestingly, type | tenm3* ACs (cyan arrowheads) do not appear to express GABA. Note that the
merged images (right) have been enlarged by the reported magnification factors to help visualisation.
Scale bars are 20 um.

optogenetically ablated by illuminating the retina with intense green light (540-552 nm)
for 40 minutes (Fig. 6.9 and 6.10). Subsequently, at 4 dpf, RGC visual responses to
moving bars were recorded in the optic tectum through calcium imaging (Movie 6.2). To
isolate RGC axonal calcium responses from tectal cell dendritic responses the
glutamate receptor antagonists APV and NBQX (100 uM and 20 pM, respectively)
were locally applied in the tectum (Fig. 6.8) (Hunter et al.,, 2013). Unlike KillerRed-
positive larvae, control larvae subjected to the same procedures did not exhibit retinal
cell death (Fig. 6.10B; n = 3 larvae for each group). Notably, larvae subjected to tenm3*
AC ablation, showed a dramatic impairment in RGC orientation selectivity, but no
detrimental change in DSGC responses (Fig. 6.11A-D; number of OS voxels per Z-
plane, mean + SEM, control 328.00 + 82.64, n = 16 larvae; ablated 78.63 + 20.91,

137



Chapter 6
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40 min @ 2 dpf
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Figure 6.8. Functional analysis of RGC output following tenm3* amacrine cell ablation. Summary of
the experimental procedures used to record visual responses from larvae where tenm3® ACs were
optogenetically ablated. At 2 dpf, the eyes of Tg(tenm3:Gal4;UAS:KillerRed,elavi3:GCaMP5G) larvae,
where KillerRed is selectively expressed in tenm3* ACs only (magenta), are illuminated with green light
(540-552 nm) for 40 minutes. Then, at 4 dpf, visual responses to moving bars are recorded through
calcium imaging of RGC axon terminals (expressing GCaMP5G; green) in the optic tectum contralateral to
the illuminated eye. Local application of the glutamate receptor antagonists APV and NBQX (100 pM and
20 pM, respectively) is used to isolate RGC axonal calcium responses from tectal cell dendritic responses.
INL, inner nuclear layer; GCL, ganglion cell layer; IPL, inner plexiform layer; Np, neuropil; SPV, stratum
periventriculare. Scale bars are 40 pm.

n = 16 larvae; two-tailed unpaired t-test with Welch's correction, tig91 = 2.92, p

H+

0.0095; relative frequency of OS voxels per Z-plane, mean + SEM, control = 0.0631
0.0124; ablated: 0.0211 + 0.0048; two-tailed unpaired t-test with Welch's correction,
t19.45 = 3.14, p = 0.0052; number of DS voxels per Z-plane, mean + SEM, control 14.44
+ 3.57; ablated 11.88 + 3.66; two-tailed unpaired t-test, t30 = 0.50, p = 0.62; relative
frequency of DS voxels per Z-plane, mean + SEM, control 0.0039 + 0.0011; ablated
0.0026 + 0.0007; two-tailed unpaired t-test, t3p = 0.94, p = 0.35). The extent of the
decrease in number of OS voxels, relative proportion of OSGC output and overall
degree of RGC orientation selectivity was analogous to what was observed in tenm3*©
mutants and following pharmacological block of GABAergic inhibition. Moreover, the
OSGC subpopulation tuned to vertical stimuli was the least affected by tenm3® AC

ablation (magenta, Fig. 6.11F), matching the fenm3 knockout and GABA block results.
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Figure 6.9. KillerRed photobleaching and light-induced cellular toxicity. A, Proof-of-principle
experiment showing the effects of 15 minutes illumination with green light on the KillerRed (magenta)
fluorescence level (F) in the retina of a 3 dpf Tg(tenm3:Gal4; UAS:KillerRed;elavi3:GCaMP5G) larva.
Strikingly, strong photobleaching (~90% decrease in fluorescence) is observed after green light
illumination, indicating effective KillerRed phototoxicity. This large decrease in KillerRed fluorescence is
visible even one day after illumination. No significant decrease in the overall GCaMP5G fluorescence
(green) is detected after illumination. Importantly, all images were obtained using the same acquisition
settings. Scale bars are 20 um. B, Inset of (A) showing the dramatic morphological changes of a single
KillerRed-expressing tenm3" AC (yellow arrowhead) following green light illumination. Notably, also the
GCaMP5G fluorescence appears to decrease in this cell, probably due to the production of phototoxic
reactive oxygen species in the cytoplasm. The magenta channel signal has been increased post-
acquisition to compensate for the ~90% decrease in fluorescence resulting from the illumination procedure.
Inner nuclear layer, INL; GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bars are 10 pm.

Compared to data acquired using the Tg(isl2b:Gal4;UAS:SyGCaMP3) line (Fig.
6.7E,F), differences in the relative proportions of DSGC and OSGC subtypes as well as
in their preferred directions or orientations were observed both in control and tenm3*
AC ablated groups (Fig. 6.11E,F), likely resulting from the use of a different transgenic
line or the pharmacological treatment used to isolate RGC responses. The results
obtained by ablating tenm3* ACs strongly support the hypothesis that the output of

tenm3* ACs is crucial in generating RGC orientation selectivity.

TUNEL

A B E KillerRed
40 min g
2
40x
48 hrs N 3
© -t
2
IS
c
3/4hrs 2
4% PFA -
5
O/N %}
4°C 3
)

Figure 6.10. Optogenetic ablation of tenm3® amacrine cells using KillerRed. A, Schematic
summarising the experimental procedure used to validate the optogenetic ablation of tenm3* ACs. At 2
dpf, the eyes of Tg(tenm3:Gal4;UAS:KillerRed) and Tg(tenm3:Gal4) control larvae were illuminated with
intense green light (540-552 nm) for 40 minutes using a wide-field fluorescence microscope equipped with
a 40x objective. After 3-4 hours, the larvae were fixed in 4% paraformaldehyde (PFA) at 4°C overnight
(O/N). Subsequently, larvae were cryosectioned and fluorometric terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assays were performed on sections following standard protocols. B,
TUNEL staining (green) shows the presence of apoptotic nuclei characteristic of dying cells in the retinae
of 2 dpf Tg(tenm3:Gal4,UAS:KillerRed) larvae following 40 minutes of green light illumination (top, n = 3
larvae). In these larvae KillerRed (magenta) is selectively expressed in tenm3* ACs. White arrowheads
indicate the sites of co-localisation between KillerRed” cell bodies and TUNEL" apoptotic nuclei in the
inner nuclear layer (INL). Importantly, no cell death is detected in the retinae of 2 dpf Tg(tenm3:Gal4)
control larvae that were subjected the same illumination procedure (bottom, n = 3 larvae). In the bottom
panel, cell bodies are labelled with the nuclear stain TO-PRO-3 (magenta). GCL, ganglion cell layer; IPL,
inner plexiform layer. Scale bars are 20 um.
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Figure 6.11. Tenm3" amacrine cells are required for RGC orientation selectivity. AIB, Average
number (A) and relative frequency (B) of DS, OS, visually responsive and non-DS/non-OS voxels per Z-
plane in control (n = 16 larvae) and tenm3" AC ablated (n = 16 larvae) 4 dpf larvae. Error bars are + SEM.
**p < 0.01, unpaired two-tailed Student’s t test. CID, Cumulative distributions of DSI values (R® > 0) across
voxels with OSI < 0.5 (C) and OSlI values (R® > 0) across voxels with DSI < 0.5 (D) in control and tenm3"*
AC ablated larvae. ***p < 0.001, two-sample Kolmogorov-Smirnov test. EIF, Cumulative histograms
summarising the incidence of preferred angles for identified DS (E) and OS voxels (F) in control (n = 16;
top) and tenm3* AC ablated (n = 16; bottom) 4 dpf larvae. Overlaid curves are the fitted Gaussian
distributions for each DS or OS subtype. Polar plots illustrate the mean (+ 1 SD) normalised response
profiles for each DS or OS subtype.

6.2.4 Neurite Co-stratification between OSGCs and Tenm3* ACs

An indication of potential synaptic connections between tenm3* ACs and OSGCs would
be their neurite co-stratification in the IPL. Currently, no molecular marker or transgenic
line exists to selectively label OSGCs and directly detect neurite co-stratification with
tenm3* ACs. Therefore, individual RGCs were sparsely labelled with GCaMP6f (Chen
et al., 2013a) and, after having functionally identified OSGCs, post-hoc immunostaining
using antibodies against GCaMP6f was performed to analyse their IPL stratification
pattern (Fig. 6.12A-D). Then, fluorescence intensity profiles of dendritic stratification
from multiple OSGCs (5 out of 39 cells in 39 larvae) were averaged, and the resulting
mean profile was overlaid to the IPL stratification profile of tenm3* ACs (Fig. 6.12E,F).
Strikingly, as a population OSGCs stratify their dendrites in 3 strata located at 9%, 61%
and 90% IPL depth, and show a high degree of overlap with the stratification profile of
tenm3* AC neurites (Fig. 6.12F). These anatomical results, together with the functional
data described above, strongly support the idea that tenm3* ACs and OSGCs are part

of a retinal circuit computing orientation selectivity.
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Figure 6.12. IPL dendritic co-stratification between OSGCs and tenm3" amacrine cells. A, Side
views of axon projections (green arrowheads) of individual OSGCs expressing GCaMP6f in the optic
tectum of 5 dpf UAS:GCaMPé6f-injected Tg(isl2b:Gal4) larvae. Np, neuropil; A, anterior; L, lateral. Scale
bars are 40 um. B, Functional identification of individual OSGCs through analyses of their visual
responses to moving bars. Polar plots represent the tuning profiles (obtained by calculating the integral
response to each stimulus) of OSGCs for dark and light moving bars (dark and light green, respectively).
Black and grey traces represent the AF/F, calcium responses to moving dark and light bars, respectively.
OSlI, orientation selectivity index; DSI, direction selectivity index; R®, Gaussian goodness of fit; PO,
preferred orientation. CID, Immunostaining for GCaMP6f (green) showing the dendritic morphology of
functionally identified OSGCs (C) and corresponding normalised IPL fluorescence intensity profiles (D). 0%
corresponds to the INL/IPL boundary, whereas 100% corresponds to the IPL/GCL boundary. Cell bodies
are labelled with the nuclear stain TO-PRO-3 (magenta). INL, inner nuclear layer; GCL, ganglion cell layer;
IPL, inner plexiform layer. Scale bars are 20 um. E, IPL stratification of tenm3® AC neurites in 5 dpf
Tg(tenm3:Gal4;,UAS:tagRFP-CAAX) larvae. Scale bar is 20 um. F, IPL fluorescence intensity profiles of
OSGCs (green; n = 5 cells) and tenm3* AC neurites (blue; n = 13 larvae) at 5 dpf. 12.8% of functionally
imaged RGCs were OS (5 out of 39 cells in 39 larvae). Thin traces represent individual IPL profiles,
whereas thick traces indicate average IPL profiles. Fluorescence peaks indicating IPL strata formed by
OSGC dendrites are labelled with the letter ‘S’ followed by their relative IPL position.

6.2.5 Orientation-selective Responses in Bipolar Cell Presynaptic Terminals

Since ACs have been shown to modulate BC output at the level of individual
presynaptic terminals (Tachibana and Kaneko, 1988; Asari and Meister, 2012, 2014),
tuned inhibitory input from type Il and Il tenm3" ACs could potentially generate
orientation tuning in BC presynaptic terminals. To start investigating this idea calcium
imaging was performed in the retinae of Tg(-1.8ctbp2:SyGCaMP6) larvae, where BC
ribbon synapses are selectively labelled with SyGCaMP6 (Fig. 6.13A and Movie 6.3)
(Johnston et al., 2014). Interestingly, some bipolar cell presynaptic terminals showed
orientation-tuned responses across multiple trials (Fig. 6.13B-D, ROI #1). Voxel-wise
analyses using different metrics of orientation selectivity (i.e., OSI and circular
variance) and progressively higher tuning stringency levels further confirmed that a
fraction of BC responses (~5% of visually responsive voxels) is indeed highly
orientation-selective (OSI > 0.5, DSl < 0.5, R?> 0.8; Fig. 6.14A-C; n = 20 larvae). The
degree of orientation selectivity across the whole population of BC terminals appeared
to be lower than the tenm3* AC population, and more similar to RGCs (Fig. 6.15A,C).
Similarly to OSGCs and tenm3® ACs, the preferred stimulus orientations of OS
responses fall into four subpopulations tuned to gratings oriented along the cardinal
(18°, 99°) and diagonal axes (44°, 149°; Fig. 6.14D). These results indicate that

orientation selectivity is present in the synaptic output of some bipolar cell terminals.
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Figure 6.13. Analysis of orientation selectivity in bipolar cell terminals. A, Two-photon functional
calcium imaging of BC ribbon synapses expressing SyGCaMP6 (green) in 4 dpf Tg(-1.8ctbp2:SyGCaMP6)
larvae. Distance of the eye from LCD screen is 2 cm. Recordings are performed from 2-4 Z-planes
(approximately 20 um total volume thickness). Scale bar is 20 um. B-D, Examples of visual responses to
moving gratings in two BC terminals. B, Images showing the mean fluorescence across tuning
experiments with identified regions of interest (ROIs). Scale bar is 5 um. C, calcium responses of the two
ROls in (B) with black traces representing the average responses across three trials (grey traces) for each
stimulus epoch. D, Polar plots illustrating the mean response profile (+ SD, dotted lines) of each ROI with
corresponding orientation selectivity index (OSI), direction selectivity index (DSI) and sum of two
Gaussians distribution goodness of fit (Rz) values. Note that ROl #1 shows orientation selective
responses.

6.2.6 Correlation between OS Subpopulations in Tenm3* ACs, BCs and RGCs

Can tenm3" ACs generate orientation selectivity in both RGCs and BCs? If activation of
type Il or Il tenm3* ACs along a particular axis in the visual field leads to inhibition of
responses along that axis, one would expect that the distribution of OS subpopulations
in tenm3" ACs is inversely correlated to the distributions observed in BCs and RGCs.
To test this idea, the frequency distributions of the four OS subpopulations in tenm3*
ACs, BCs and RGCs were analysed (Fig. 6.15D,E; relative proportion of OS
subpopulations, tenm3® ACs pop-1 18.58%, pop-2 56.50%, pop-3 18.78%, pop-4
6.14%, n = 20 larvae; BCs pop-1 58.22%, pop-2 14.53%, pop-3 5.95%, pop-4 21.30%,
n = 20; RGCs pop-1 34.25%, pop-2 9.09%, pop-3 6.34%, pop-4 50.32%, n = 23). As

expected, the tenm3* AC distribution was found to be anti-correlated to BC and RGC
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Figure 6.14. A fraction of bipolar cell terminals is orientation-tuned. A, Cumulative distribution (left)
and relative frequency (right) of orientation selectivity index (OSI) values across voxels with DSI < 0.5 in
BCs (n = 20 larvae), tenm3* ACs (grey, n = 20 larvae) and RGCs (black, n = 23 larvae). The colour code
indicates the progressively higher goodness of fit (F{2 of the fitted von-Mises profiles) criteria applied to the
data to identify voxels characterised by high orientation selectivity. The black dotted lines indicate the OSI
threshold used to identify OS responses (OSI > 0.5). Depending on the R? value chosen as threshold, the
number of voxels that satisfy the criteria, and therefore are represented in the distributions, varies. B, Total
number of OS voxels (top) and distribution of OSI values (bottom) using progressively higher R®values in
BCs, tenm3* ACs (grey, R?> 0) and RGCs (black, R? > 0). Boxplots indicate interquartile ranges (boxes),
medians (lines in boxes) and 10-90 percentiles (whiskers). C, Cumulative distribution (left) and relative
frequency (right) of circular variance values across all voxels in BCs (green, n = 20 larvae), tenm3* ACs
(grey, n = 20 larvae) and RGCs (black, n = 23 larvae). The black dotted lines indicate the circular variance
threshold used to identify OS responses (circular variance < 0.4). Boxplots in the right inset indicate
interquartile ranges (boxes), medians (lines in boxes) and 5-95 percentiles (whiskers). D, Cumulative
histogram summarising the incidence of preferred angles for identified OS BC voxels in 4 dpf larvae (n =
20 larvae). Overlaid curves are the fitted Gaussian distributions for each OS subtype. Polar plots illustrate
the mean (+ 1 SD) normalised response profiles for each OS subtype.
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Figure 6.15. Tenm3* amacrine cells likely provide orthogonal orientation-tuned inhibitory input to
RGCs and bipolar cell terminals. A-C, Degree of orientation selectivity (quantified by the OSI) across
voxels with DSI < 0.5 and R? > 0 in tenm3* ACs (blue, n = 20 larvae), BCs (green, n = 20 larvae) and
RGCs (red, n = 23 larvae). Box plots in (A) indicate interquartile ranges (boxes), medians (lines in boxes)
and 10-90 percentiles (whiskers). The black dotted lines in (B) and (C) indicate the OSI threshold used to
identify OS responses (0S| > 0.5). D, Relative proportions of the four different OS subpopulations (Pop 1-
4) in tenm3® ACs (blue), BCs (green) and RGCs (red). Values are obtained by calculating the relative
proportion (%) of the area under the normalised Gaussian curves in (E). E, Normalised frequency
distributions of preferred stimulus orientations in OS tenm3* ACs (blue, n = 20 larvae), BCs (green, n = 20
larvae) and RGCs (red, n = 23 larvae). The Gaussian distributions of the four different OS subpopulations
are reported in separate graphs. F, Correlation matrix showing Spearman's correlation coefficients (r)
between the frequency distribution of the four OS subpopulations in tenm3* ACs, BCs and RGCs. Note the
negative correlation between tenm3* ACs and BCs or RGCs.

distributions (Fig. 6.15F; Spearman's correlation coefficients, tenm3” ACs vs. RGCs r =
— 0.8; tenm3* ACs vs. BCs r = — 0.6; RGCs vs. BCs r = 0.8). This not only indicates
that the OS inhibition provided by type Il and Il tenm3* ACs to OSGCs is orthogonally
tuned (i.e., tuned to the orientation orthogonal to the OSGC-preferred orientation), but

also suggests that, similarly to OSGCs, orientation selectivity in BC terminals could be

generated by orthogonal orientation-tuned inhibitory inputs from these tenm3* ACs.

6.3 Discussion

The vertebrate retina extracts information from visual scenes and sends it to higher
brain areas through feature-specific neural pathways. Crucial neural substrates
underlying this information processing in the retina are the stereotypic synaptic
connections between defined neural cell types. How specific elements of the retinal

circuitry perform computations is not yet completely understood. The data presented
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here define cellular building blocks of a circuit in the larval zebrafish retina capable of
detecting the orientation of elongated visual stimuli. In particular, the functional link
between RGC orientation selectivity and the cell-adhesion molecule Tenm3 led to the
identification of a class of genetically defined orientation-tuned ACs with elongated
dendritic arbours. Pharmacological and cellular ablation experiments show that these
tenm3* ACs and their GABAergic inhibitory output are crucial for the tuning of
orientation-selective RGCs. In addition, orientation selectivity is also found among a
fraction of bipolar cell presynaptic terminals. This study represents one of the most
extensive characterisations of the retinal orientation-selective circuit in a single
tractable system. By collecting functional and structural data from amacrine, bipolar
and ganglion cells at cellular and population levels, a mechanistic explanation of how
defined neural cell types in the retina generate a fundamental property of visual
perception — i.e., orientation selectivity — is presented. Furthermore, these results
elucidate the functional role of two novel AC types, therefore shedding some light on

the most diverse and least understood retinal cell class (MacNeil et al., 1999).

6.3.1 A Circuit Model of Orientation Selectivity in the Retina

To integrate the obtained data into a general framework describing the computation of
orientation selectivity in RGCs, a model of the retinal OS circuit was outlined. The
model is based on the following principles: (a) the highly elongated dendritic fields of
type Il and Il tenm3® ACs underlie their orientation tuning (Fig. 6.2 and 6.3).
Specifically, these morphologically defined AC types respond maximally when the
orientation of elongated visual stimuli coincides with the orientation of their dendritic
fields. Interestingly, ACs characterised by elongated dendritic fields and orientation
selectivity have been found also in the rabbit retina, although their genetic identity is
still unknown (Bloomfield, 1994; Murphy-Baum and Taylor, 2015). (b) Type Il and llI
tenm3" ACs provide orthogonal orientation-tuned inhibitory input to OSGCs and,
potentially, BC presynaptic terminals (Fig. 6.15). This feedforward inhibition is mediated
by GABA and generates orientation selectivity in OSGCs (Fig. 6.5, 6.11 and 6.12).
Interestingly, pharmacological block of synaptic inhibition onto zebrafish BC terminals
indicates that orientation selectivity in BC ribbon synapses is generated through AC
inhibitory input (J. Johnston and L. Lagnado, personal communication), therefore
supporting the idea that the OS inhibitory output of type Il and Ill tenm3* ACs could be
at the basis of orientation selectivity in both BCs and OSGCs. Studies in the rabbit and

mouse retina showed that OSGCs receive preferred orientation-tuned excitatory inputs
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and orthogonal orientation-tuned inhibitory inputs and, in rabbit, presynaptic GABAergic
inhibition plays a pivotal role in the emergence of these OS inputs (Venkataramani and
Taylor, 2010; Nath and Schwartz, 2016; Venkataramani and Taylor, 2016). Recent
findings in Drosophila showed an analogous requirement of GABA signalling for
orientation selectivity (Fisher et al., 2015), revealing strikingly similar mechanisms
between vertebrates and invertebrates. (c) Stimulus orientation, not the axis of stimulus
movement, is the visual feature OSGCs are selective to. This is supported by the
observation that static gratings, even though less effective in eliciting RGC responses,
produce results analogous to those obtained using moving gratings (Fig. 6.16). Again,

such property has been observed in rabbit and mouse OSGCs as well (Levick, 1967;

Nath and Schwartz, 2016). Additional mechanisms to those described here may
contribute to the emergence of RGC orientation selectivity.
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Figure 6.16. RGC orientation-selective responses using moving or static gratings. A, Diagram
showing the criteria used to identify DS and OS voxels when using moving (top) or static gratings (bottom).
The DSI cannot be calculated when using static stimuli, therefore only OS, visually responsive and non-OS
voxels can be identified when larvae are stimulated with static gratings. BIC, Average number (B) and
relative frequency (C) of DS, OS, visually responsive and non-DS/non-OS RGC voxels per Z-plane in 5 dpf
Tg(isl2b:Gal4;UAS:SyGCaMP3) larvae (n = 9 larvae) using either moving or static gratings. Individual
larvae are tested using both stimuli. Error bars are + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, paired two-
tailed Student’s t test. D, Cumulative histograms summarising the incidence of preferred angles for
identified OS voxels in 5 dpf larvae (n = 9 larvae) using either moving (left) or static gratings (right).
Overlaid curves are the fitted Gaussian distributions for each OS subtype, with the colour-coded bars
indicating the preferred orientation of gratings. Note that, in both stimulus groups, OS populations with
similar preferred angles are present, indicating that OSGCs are tuned to the stimulus orientation not its
axis of movement.
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Figure 6.17. Circuit model of orientation selectivity in the retina. A, Hypothesised principles
underlying the emergence of orientation selectivity in the retina. The high dendritic field elongation
(quantified by the eccentricity of fitted elliptic profiles) of defined tenm3* AC types is at the basis of their
high orientation tuning (left). Maximal activation of tuned AC types is obtained when the orientation of
elongated visual stimuli coincides with the orientation of their dendritic fields. As a result, these tuned
tenm3" AC types generate orientation selectivity in RGCs (quantified by the OSI, right) by providing
orthogonal orientation-tuned GABAergic inhibitory input. The colour code describes the different levels of
dendritic field elongation (left) and orientation selectivity (right). B, Examples of retinal OS circuit activation
patterns for horizontal orientation-tuned OSGC preferred (magenta) and orthogonal (purple) stimuli.
Excitatory input is indicated by ‘+’ (full circles), whereas inhibitory input is indicated by ‘-’ (empty circles).
Putative synapses between OS tenm3® ACs and BC terminals are also represented. Tuning profiles of
example photoreceptor (PR), bipolar cells (BCs), OS tenm3* amacrine cell (AC) and orientation-selective
ganglion cell (OSGC) are also reported.

In a schematic example of this model (Fig. 6.17A,B), when the retina is
stimulated with the OSGC-preferred stimulus orientation, the orthogonally tuned tenm3*
AC is weakly activated, therefore allowing the OSGC to fire action potentials. When the

orthogonal stimulus orientation is presented, instead, the orthogonally tuned

tenm3® AC is strongly activated and, consequently, OSGC firing is inhibited.
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Figure 6.18. Simulation of OSGC tuning. Simulation of the tuning profile of orientation-selective ganglion
cells (OSGCs; Onosae: black dotted line) using experimentally observed average response profiles of
orthogonally tuned OS tenm3* amacrine cells (ACs; a, blue line; n = 20 larvae), and bipolar cell (BC)
terminals (B, green line; n = 20 larvae). Three different orientation-tuning levels of excitatory BC input were
used: untuned (left), weakly tuned to preferred orientation (middle) and highly tuned to preferred orientation
(right). The experimentally observed average response profile of OSGCs (n = 23 larvae) is shown in red.
The algorithm used for the simulation is reported at the top with the related legend. Note that, since the OS
tenm3" AC input (a) is inhibitory, a negative synaptic weight factor (w) is used in the algorithm. The
orientation space ranges from ‘m’ to ‘n’, which are negative (-90°) and positive (90°) angles orthogonal to
the preferred orientation (0°), respectively. Exp, experimental; mod, model; pref, preferred.

To further evaluate this model, the basic principles described above were implemented
into a simple simulation of OSGC output (Fig. 6.18). To simulate the OSGC tuning
profile (black dotted line), the experimentally observed average response profiles of OS
tenm3* ACs (blue line) and BC presynaptic terminals (green line) were used. The OS
inhibitory input provided by tenm3* ACs was assumed to have a subtractive effect on
OSGC output, and three different orientation-tuning levels of excitatory BC input were
tested. Interestingly, the average OSGC response profile observed experimentally (red
line) was best reproduced when linearly integrating highly OS (OSI > 0.5, DSI < 0.5, R?
> 0.8) orthogonal orientation-tuned inhibitory input from tenm3* ACs and weakly OS
(OSI > 0, DSI < 0.5, R® > 0) preferred orientation-tuned excitatory input from BCs (Fig.
6.18 middle), indicating that OSGCs may receive BC input characterised by a
substantial degree of heterogeneity in orientation tuning. This simulation also implies
that OSGCs potentially integrate tuned input from both ACs and BCs to obtain the
orientation selectivity observed in vivo. The results described above show that the
tuned GABAergic inhibitory output of tenm3* ACs is necessary to generate normal RGC

orientation selectivity. However, further experiments are needed to precisely determine
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the relative contribution played by inhibitory AC versus excitatory BC tuned inputs in
generating OSGC output. The strong similarities found between the OS circuit
characterised here in the zebrafish retina and previous descriptions of orientation
selectivity in mammalian retinae (Bloomfield, 1994; Venkataramani and Taylor, 2010;
Nath and Schwartz, 2016; Venkataramani and Taylor, 2016) suggest that this model

can be generalised to other vertebrate species.

6.3.2 Functional Significance of Orientation Selectivity

The widespread presence of orientation-selective cells in visual systems of many
animals highlights the prominent functional role of orientation selectivity in vision.
Studies on the statistical properties of natural scenes indicate that natural images can
be described by local, oriented filters similar to the receptive fields of OS cells found in
visual systems (Olshausen and Field, 1996). One striking example in humans is the
key role played by horizontal visual information in the identification of faces (Dakin and
Watt, 2009). However, a central question is, where does orientation selectivity emerge
in visual circuits? Interestingly, both in vertebrates and invertebrates the detection of
elongated visual stimuli takes place early in visual processing (Levick, 1967; Fisher et
al.,, 2015). Even in mammalian species, including mice and monkeys, where for long
time it was thought that orientation selectivity is an emergent property first generated in
primary visual cortex (Hubel and Wiesel, 1962; Niell, 2013), OS cells have been found
in non-cortical areas such as the lateral geniculate nucleus (Marshel et al., 2012;
Cheong et al., 2013; Piscopo et al., 2013) and superior colliculus (Wang et al., 2010),
as well as in the retina (Passaglia et al., 2002; Zhao et al., 2013; Baden et al., 2016;
Nath and Schwartz, 2016). In this study, orientation selectivity was found in presynaptic
terminals of BCs and ACs (Fig. 6.2, 6.3, 6.13 and 6.14), which are neurons only one
and two synapses away from photoreceptors, respectively. Additionally, OS responses
in these cells were observed as early as 4 dpf, when zebrafish larvae start performing
visually guided behaviours, such as the optokinetic reflex. Even though, to date, there
is no zebrafish behaviour that has been shown to specifically rely on OSGC output, the
selective functional impairments caused by tenm3 knockout and tenm3® AC ablation
could be used to investigate whether retinal orientation selectivity is required for
performing visual behaviours. Importantly, data presented in this study show that the
cells and mechanisms underlying RGC orientation selectivity are different from those
generating direction selectivity, in line with the notion that parallel retinal circuits

process these two distinct visual features. This idea is further supported by the fact that
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zebrafish OSGC and DSGC axonal projections terminate in different, non-overlapping

neuropil laminae of the optic tectum (Nikolaou et al., 2012; Lowe et al., 2013).

To conclude, the findings reported here constitute a significant advancement in the
understanding of how orientation selectivity emerges in the vertebrate retina, bringing
together molecular markers, cell morphologies, pharmacology and function. Moreover,
the in vivo system and relative genetic tools established in this study will allow to
investigate the precise functional role played by retinal orientation selectivity in higher

visual areas of the brain, as well as its role in performing visually guided behaviours.
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Chapter 7

Conclusions and Perspectives

7.1 Summary

In this study, the function and assembly of retinal circuits expressing the cell-adhesion
protein Teneurin-3 have been investigated in the larval zebrafish. The main findings of
the study are the following: (1) tenm3 is expressed in the developing visual system
during a period of intense synapse formation. Specifically, it is expressed in amacrine,
ganglion and tectal cells. (2) Tenm3 is required for the precise stratification of RGC
dendrites and axons, as well as tenm3* AC neurites. (3) Tenm3 is also necessary for
the development of RGC orientation selectivity, but it is dispensable for direction
selectivity. (4) A class of orientation-tuned tenm3* ACs with elongated dendritic arbours
generates orientation selectivity in RGCs, likely by providing orthogonal orientation-
tuned GABAergic inhibition. (5) Orientation selectivity is present in visual responses of

a subset of BC presynaptic terminals.

7.2 Putative Role for Teneurin-3 in Synaptic Specificity

The assembly of neural circuits during development is orchestrated by a multitude of
molecular cues controlling different wiring processes. Past studies identified several
molecules involved in the assembly of retinal circuits (see 1.3.1). Generally, these
molecules are expressed in defined subsets of retinal cells and have specific
developmental roles, such as neurite attraction, repulsion, self-avoidance, adhesion, as
well as cell-type-specific synaptic partner matching. Together, these processes
contribute to the formation of functionally defined retinal circuits computing essential
visual properties (see 1.2). Likely, each circuit is assembled (o a certain degree) in
parallel through the coordinated action of molecular cues expressed in a combinatorial
fashion. Therefore, each of the above processes is often controlled by multiple cues
with relative contributions that vary depending on cell types and circuits.

In this context, the work presented here shows that Tenm3 plays a role in the
wiring of defined retinal circuits. Specifically, it appears that Tenm3 controls the
matching between pre- and postsynaptic partners in the inner retina, possibly through
selective recognition and adhesion. The structural and functional defects observed in

morphologically and physiologically defined subsets of RGCs and ACs — i.e., OSGCs
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and tenm3* ACs — seem to indicate a circuit-specific matching role similar to the one
played by Sidekick-2 in the mouse retina (Krishnaswamy et al., 2015), and homologous
to the role Drosophila ten-m and ten-a have in instructing synaptic specificity (Hong et
al., 2012; Mosca et al., 2012). However, more advanced experimental techniques than
the ones used here will be needed to fully dissect the connectivity between the
populations of cells identified in this study, as well as to assess whether Tenm3 is
required pre- and/or postsynaptically. In particular, electron microscope reconstructions
of connectivity patterns (Briggman et al., 2011), genetically targeted trans-synaptic viral
tracing (Yonehara et al., 2013), and cell-class-specific tenm3 conditional knockout lines
would greatly help to understand the complete circuit diagram formed by tenm3* cells
and further explore the role Tenm3 plays in the assembly of the orientation-selective
retinal circuit described here. Additionally, more detailed molecular and ultrastructural
data will be essential to fully explain the trans interaction mechanisms underlying
Tenm3 function, as well as the signalling pathways they regulate. Currently
unanswered questions on the Tenm3 mechanism of action include: is Tenm3
expressed exclusively at synapses or it has a diffuse cellular distribution? Does Tenm3
interact with surface molecules other than Tenm3? If so, do these interactions occur in
cis or trans, and what process do they regulate? What structural domains drive these
interactions and what is their 3D configuration? Is Tenm3 required exclusively at the
pre- or postsynaptic side? What are the intracellular interaction partners of Tenm3?
Future studies addressing these questions will undoubtedly provide a more solid basis
on how Tenm3 (and potentially teneurins in general) contributes to neural circuit wiring.
The main take-home message about teneurins from this study is that, at least in the
zebrafish retina, Tenm3 instructs cell-type specific connectivity and function, likely
acting as a synaptic/neurite matchmaker.

Interestingly, in situ hybridization analyses revealing the expression patterns of
other teneurin members in the larval zebrafish show that they are present in the visual
system during development (Katherine Trevers and Robert Hindges, unpublished
data). In particular, tenm4 shows an expression pattern similar to fenm3 (i.e.,
expression in amacrine, ganglion and tectal cells), therefore suggesting that it could
play a similar role in visual circuit wiring. Loss-of-function experiments combined with
assessment of the retinal functional output using multiple visual stimulation paradigms
will be instrumental to explore the potential requirement of tenm4 in the assembly of
defined visual circuits. In addition, teneurins are not only expressed in the visual

system, but are also expressed in other brain areas. For example, in mouse, tenm3 is
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highly expressed in the CA1 region of the hippocampus, where it shows a gradient of
expression that matches tenm3 expression in the subiculum and entorhinal cortex
(Hindges lab, unpublished data; and Allen Brain Atlas), two brain regions that are
highly connected with CA1 (van Strien et al., 2009). This system thus represents a

defined brain circuit where tenm3 wiring role can be tested in a mammalian organism.

7.3 Tenm3* Amacrine Cells as Key Cellular Elements in the Computation

of RGC Orientation Selectivity

The response properties of RGCs result from the concerted activation of retinal
microcircuit motifs with defined visual processing roles (see 1.2). Among the five
classes of retinal neurons forming these microcircuits (see 1.1), amacrine cells
constitute key inhibitory elements that greatly expand the computational power of the
retina (see 1.1.2). For example, they are crucial for the emergence of direction
selectivity, object motion sensitivity and approach sensitivity in RGCs (see 1.2.1 and
1.2.3). The data presented here further confirm their central role in performing retinal
computations. In particular, the identification of orientation-tuned AC types possessing
elongated dendritic arbours among tenm3* ACs, together with the finding that their
ablation severely disrupts RGC orientation selectivity place these AC types at the
centre of the retinal orientation-selective circuit. The data presented here indicate that
orientation selectivity first arises in these AC types before being generated in OSGCs.
Since these orientation-tuned AC types are inhibitory, the preferred orientation of any
given OSGC would be orthogonal (i.e., 90° angular distance) to the dominant
orientation resulting from weighting multiple tuned AC inputs. Even though tenm3
knockout, GABA block, and ablation of tenm3* ACs all resulted in a severe functional
impairment of most OSGC subtypes, the small subpopulation of OSGCs tuned to
vertical bars moving along the horizontal axis appeared to be relatively unaffected by
these experimental manipulations (see 5.2.5, 6.2.2 and 6.2.3). Importantly, this
indicates that there are other mechanisms, in addition to those described here, capable
of generating RGC orientation selectivity, and it highlights the heterogeneity present
among OSGC subtypes (see also 1.2.2).

Observations made in this study suggest that orientation-tuned tenm3® AC
types not only contribute to OSGC tuning, but also potentially generate the OS
responses recorded in some BC presynaptic terminals. This idea was supported by the
inverse correlation found between the frequency distributions of the four OS tenm3* AC

subpopulations and those of OS BC presynaptic terminals (see 6.2.6). To test this
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possibility in more detail, optogenetic ablation of tenm3* ACs using KillerRed followed
by functional assessment of BC terminal orientation tuning in the Tg(-1.8ctbp2:
SyGCaMP6) transgenic line could be performed. Additionally, more advanced
experimental techniques (e.g., electron microscopy or viral tracing) would greatly help
to thoroughly test this hypothesis and fully reconstruct the connectivity pattern of the
various orientation-selective circuit elements. Being molecularly defined, orientation-
tuned tenm3" ACs could well serve as genetic access points to dissect the micro-
circuitry underlying retinal orientation selectivity. For example, by genetically targeting
the delivery of peroxidase derivatives that catalyse the production of an electron-dense
tracer to individually labelled type Il and Ill tenm3* ACs, the cellular elements pre- and
postsynaptic to these cell types could be identified and reconstructed using serial
block-face scanning electron microscopy (Joesch et al., 2016).

Another interesting aspect to discuss is how the high dendritic field elongation
of orientation-tuned AC types arise during development. Among the various plausible
mechanisms, the following two (which are not mutually exclusive) could likely be
implemented during development: (1) the presence of multiple molecular gradients in
the retina (or perhaps a single radially arranged gradient — i.e., from central to
peripheral retina) guiding the directional growth of neurites along defined retinal axes;
(2) the selective extension of a single primary neurite with an initial directional bias that
would then influence and drive the growth of an elliptically shaped dendritic field. Since
tenm3 knockout did not dramatically affect the dendritic field elongation of type Il and Il
tenm3® ACs (see Fig. 5.16B), molecular cues other than Tenm3 regulate the
emergence of this morphological property. In addition, activity-mediated mechanisms,

such as retinal waves (see 1.3.2), could also contribute to the development of this

property.

7.4 A Common Orientation-selective Retinal Circuit in Vertebrates?

Are the mechanisms and circuit elements underlying retinal orientation selectivity
outlined in this study conserved across vertebrate species? Orientation-tuned amacrine
cell types with elongated dendritic arbours have been previously described in the rabbit
retina (see Fig. 1.9E,F) (Bloomfield, 1991, 1994; Murphy-Baum and Taylor, 2015).
Even though their contribution to RGC orientation selectivity is still unclear, and no
genetic marker has been found to selectively label these cells, they are intriguing
homologue candidates of the orientation-tuned tenm3”® AC types identified here in

zebrafish. Interestingly, AC types with morphological features analogous to those
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observed in zebrafish and rabbit orientation-tuned ACs (i.e., high dendritic field
elongation) are present in the mouse retina [see AC type 28, 31, 32, and 37 in
(Helmstaedter et al., 2013) supplemental information], but their functional properties
are still unknown. Moreover, orientation-tuned responses have been reported in groups
of mouse displaced amacrine cells [see AC group 33, 36 and 39 in (Baden et al., 2016)
supplemental information], but no morphological data on these cells are currently
available. Considering that some physiological and morphological similarities between
rabbit and mouse OSGCs (see 1.2.2) point toward common circuit mechanisms, it is
reasonable to hypothesise that homologous orientation-tuned ACs, likely with species-
specific differences (Ding et al.,, 2016; Euler and Baden, 2016), exist across
vertebrates. Given the powerful genetic technologies available in the mouse system,
combined with the possibility of performing paired electrophysiological recordings in ex
vivo preparations of the mouse retina, identifying orientation-tuned ACs in this animal
system would be a significant step forward in the dissection of the retinal orientation-

selective circuit in vertebrates.

7.5 The Crystal Mutant and its Potential Applications

As a final note, it is worth discussing the experimental advantages and disadvantages
of the crystal mutant, which has been developed in this study to optically access the
retina while avoiding the use of PTU. For the purposes of my PhD project, this novel
pigmentation mutant constituted a tremendous improvement for recording neural
activity in the retina through calcium imaging as compared to larvae treated with PTU.
At least as revealed by scoring larvae performing optomotor response assays, crystal
mutants do not appear to have visual behaviour impairments, as opposed to PTU-
treated larvae that instead exhibit severely disrupted visual behaviour and function.
However, the optomotor response assay performed here is a relatively qualitative test
of visual behaviour. Thus, more quantitative behavioural assessments, such as
automated optokinetic reflex assays measuring visual acuity (Mueller et al., 2011), will
be required before using crystal mutants for more complex behavioural paradigms, like
prey hunting (Bianco and Engert, 2015) or predator escape (Dunn et al., 2016a). It is
possible that the lack of pigmentation in the retinal pigment epithelium of crystal
mutants negatively affects visual acuity in certain luminance conditions (Ren et al.,
2002; Dooley et al., 2013), or could increase the susceptibility to light-induced retinal

degeneration at adult stages (Vihtelic and Hyde, 2000).
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Chapter 7

As demonstrated in this study, the experimental approaches that might benefit
from the use of crystal zebrafish range from subcellular recordings of calcium dynamics
in retinal neurons to large-scale, whole-brain imaging. For example, attempts to
perform long-term volumetric calcium imaging of neural activity across the entire larval
brain through two-photon microscopy (Wolf et al., 2015) could take advantage of the
improved transparency offered by crystal larvae to avoid the photodamage resulting
from high-power laser excitation light. Finally, the applications of crystal zebrafish are
not limited to neuroscience, but may well be extended to other fields of life sciences.
Indeed, since the characterisation of the crystal line was published in July 2016
(Antinucci and Hindges, 2016), there has already been high interest in this line. In
particular, 12 laboratories from 5 countries across the world, with research interests
ranging from skin pigmentation to organ regeneration, have requested the crystal line

to carry out innovative, previously unfeasible experiments.

To conclude, this study constitutes a significant advancement in bridging neuronal
morphology and genetic identity to circuit function. Specifically, the molecular link found
between the cell-cell recognition protein Tenm3 and retinal orientation selectivity
allowed to genetically access the circuit elements and mechanisms underlying this
fundamental visual computation. The cellular heterogeneity present in the vertebrate
retina makes this tissue ideal to investigate how morphological and molecular features
of defined cell types are associated with specific information processing roles in neural
circuits. Additionally, the larval zebrafish enables to study these biological processes at
subcellular, cellular and systems levels. Here, these advantages have been exploited
to reveal the presence of amacrine cell types with elongated dendritic fields that
generate orientation selectivity in retinal ganglion cells by being a source of GABAergic
inhibition. The data presented here also outline the potential circuit architecture
underlying orientation selectivity as well as the molecular requirements for its correct
assembly over development, and therefore represent a starting point to further

investigate this intriguing neural circuit.
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SUMMARY

A striking feature of the CNS is the precise wiring
of its neuronal connections. During vertebrate visual
system development, different subtypes of retinal
ganglion cells (RGCs) form specific connections
with their corresponding synaptic partners. How-
ever, the underlying molecular mechanisms remain
to be fully elucidated. Here, we report that the
cell-adhesive transmembrane protein Teneurin-3
(Tenm3) is required by zebrafish RGCs for acquisition
of their correct morphological and functional con-
nectivity in vivo. Teneurin-3 is expressed by RGCs
and their presynaptic amacrine and postsynaptic
tectal cell targets. Knockdown of Teneurin-3 leads
to RGC dendrite stratification defects within the inner
plexiform layer, as well as mistargeting of dendritic
processes into outer portions of the retina. Moreover,
a subset of RGC axons exhibits tectal laminar arbor-
ization errors. Finally, functional analysis of RGCs
targeting the tectum reveals a selective deficit
in the development of orientation selectivity after
Teneurin-3 knockdown. These results suggest that
Teneurin-3 plays an instructive role in the functional
wiring of the vertebrate visual system.

INTRODUCTION

In the vertebrate retina, retinal ganglion cells (RGCs) develop
stereotypic dendritic arborization patterns and make specific
synaptic connections with amacrine and bipolar cells in the inner
plexiform layer (IPL) (Masland, 2012). The formation of such pre-
cise connections is critical for the processing of visual informa-
tion and the generation of feature selectivity in RGCs (Gollisch
and Meister, 2010; Wassle, 2004). A key structural characteristic
of visual circuits is the organization of connections into precise
laminae (Roska and Werblin, 2001; Sanes and Zipursky, 2010).
Recent studies have shown that the assembly of neuropil strata
in the IPL is regulated by both adhesive (Yamagata and Sanes,
2008) and repulsive transmembrane proteins (Matsuoka et al.,

582 Cell Reports 5, 582-592, November 14, 2013 ©2013 The Authors

2011). Similarly, such attractive and repulsive cues are also
crucial in establishing specific connectivity between RGC axons
and their targets in the brain (Osterhout et al., 2011; Xiao et al.,
2011). Our understanding of the molecular mechanisms that
specify connections within the retina and between the retina
and retinorecipient nuclei in the brain, however, is still far from
complete.

Teneurins (Ten-m/Odz) are a phylogenetically conserved fam-
ily of type Il transmembrane proteins (Tucker et al., 2012; Tucker
and Chiquet-Ehrismann, 2006). Their large extracellular domain
contains eight epidermal growth factor (EGF)-like repeats, multi-
ple tyrosine and aspartate (YD) repeats and five NHL (NCL-1,
HT2A, and Lin-41) repeats, which mediate homophilic recogni-
tion and adhesion (Beckmann et al., 2013). In vertebrates, these
proteins are encoded by four genes, teneurin 1-4 (also called
odz1-4), expressed in distinct and often interconnected regions
of the nervous system (Tucker and Chiquet-Ehrismann, 2006). In
Drosophila, the role of teneurins in synaptic partner matching
and target choice has been elegantly shown in the olfactory sys-
tem (Hong et al., 2012) and at the neuromuscular junction
(Mosca et al., 2012). In mice, teneurins regulate the generation
of binocular visual circuits by controlling the development of ipsi-
laterally projecting RGCs (Dharmaratne et al., 2012; Leamey
et al., 2007; Young et al., 2013). However, a role for teneurins
in mediating synapse-specific functional wiring in the vertebrate
visual system has yet to be demonstrated.

Here, we investigate the role of teneurin-3 (hereafter referred
to as tenm3) in shaping the morphological and functional con-
nectivity of RGCs in vivo using zebrafish. We report that tenm3
is expressed in RGCs, amacrine cells, and the main retinoreci-
pient target in the brain, the optic tectum. We show that tenm3
knockdown induces stratification and targeting errors of both
dendrites and axons in a subset of RGCs. In support of this,
we provide evidence showing that orientation-selective, but
not direction-selective, responses are impaired in tenm3 mor-
phants, suggesting that tenm3 is involved in wiring subsets of
functionally defined visual circuits.

RESULTS

Our study focused on time points between 2 days postfertiliza-
tion (dpf) and 5 dpf, a period during which RGCs undergo a rapid

.
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Figure 1. Teneurin-3 Is Expressed in Interconnected Regions of the Zebrafish Visual System
(A-C) Retinal cryosections of whole-mount in situ hybridizations showing tenm3 mRNA expression at 2, 3, and 5 dpf.
(D and H) Control in situ hybridizations using sense tenm3 riboprobe.
(E-G) Tectal cryosections of whole-mount in situ hybridizations showing tenm3 mRNA expression at 2, 3, and 5 dpf. Allimages are in transverse plane. Scale bar,
40 um. N, neuropil; M, medial; V, ventral.
(1) Schematic showing the expression pattern of tenm3 in the retina. Tenm3-positive cells are represented as blue circles. Neuropil layers are indicated in gray.
Anatomical reference is reported on the right. IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
(J) Schematic showing the expression pattern of tenm3 in the optic tectum.
(K) Schematic detailing the targeting site of splice-blocking tenm3 morpholino (MO), which is shown in red. Exons are represented in cyan. Solid lines indicate
introns. The dashed line indicates exon 3 deletion caused by tenm3 MO injections. Primers used for RT-PCR (L) are reported as blue arrows.
(legend continued on next page)
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phase of morphological and functional development (Lowe et al.,
2013; Meyer and Smith, 2006; Mumm et al., 2006).

Teneurin-3 Is Expressed in Interconnected Regions of
the D I Visual Sy

To reveal the expression pattern of tenm3 in the developing
zebrafish visual system, we carried out in situ hybridization ana-
lyses using a specific digoxigenin-labeled antisense riboprobe
against tenm3. In the retina, tenm3 is expressed in the ganglion
cell layer (GCL) and the inner third of the inner nuclear layer (INL),
where amacrine cells are located (Figures 1A-1C). Since in
zebrafish only a very small number of displaced amacrine cells
reside in the GCL (Connaughton et al., 1999), the majority of
signal detected in this layer can be attributed to RGCs. At
2 dpf, tenm3 is expressed more strongly in the ventral part of
the retina (Figure 1A). At 3 and 5 dpf, tenm3 acquires a sparse
expression pattern, suggesting that at these stages of develop-
ment only a subset of cells are tenm3-positive (Figures 1B and
1C). Tenm3 is also expressed in the main target of RGC axons,
the optic tectum (Figures 1E-1G). At 2 dpf, tenm3 is highly
expressed in the medial portion of the stratum periventriculare
(SPV), where cell bodies of most tectal cells are located (Fig-
ure 1E). Between 3 and 5 dpf, this medial-to-lateral gradient
gradually decreases (Figures 1F and 1G) and, at 5 dpf, tenm3
shows a salt-and-pepper expression pattern (Figure 1G). In sum-
mary, tenm3 is expressed by RGCs, amacrine cells, and tectal
neurons (Figures 11 and 1J), consistent with a possible role of
tenm3 in instructing connectivity along the visual pathway.

Teneurin-3 Regulates RGC Dendritic Stratification

in the IPL

To investigate the function of tenm3 within the developing visual
system, we used antisense morpholino oligonucleotides (MOs)
to knock down tenm3 expression levels. We designed a splice-
blocking MO (Draper et al., 2001) targeting the boundary be-
tween intron 2 and exon 3 (hereafter referred to as tenm3 MO;
Figure 1K). Injection of tenm3 MO into one-cell-stage zebrafish
embryos produces the deletion of exon 3 (Figure 1L), which en-
codes part of the intracellular domain. This leads to a frameshift
in exon 4 (transmembrane domain) and a subsequent early stop
codon in exon 5, resulting in deletion of the transmembrane and
extracellular domains (Figure 1M). To confirm results obtained
with this tenm3 MO, a second splice-blocking MO targeting a
nonoverlapping region of tenm3 mRNA (i.e., the boundary
between exon 4 and intron 4) was also used (tenm3 MO 2; see
Figure S1). Tenm3 morphants are viable and do not show any
obvious morphological defect. However, 4 dpf tenm3 MO-in-
jected larvae fail to show a normal visually mediated background
adaptation (VBA) and therefore appear darker compared to wild-
type (WT) and control MO-injected larvae (Figures 1N-1P). Since
the VBA is a neuroendocrine response dependent on the func-

tion of RGCs (Kay et al., 2001), we deduced that the knockdown
of tenm3 somehow impairs the normal development of the visual
system.

In order to examine IPL organization in vivo, we used the
To(lsl2b:Gal4;UAS:Kaede) transgenic zebrafish line (see Experi-
mental Procedures), where the fluorescent protein Kaede is ex-
pressed in the majority of RGCs. At 5 dpf, when RGC dendrites
exhibit clear stratification, four Kaede-positive strata are visible
in the IPL of WT and control MO-injected larvae (Figures 2A and
2B). Fluorescence intensity measurements across the IPL of
multiple larvae show that these strata are positioned at 5%,
33%, 66%, and 95% depth of the IPL (with 0% corresponding
to GCL/IPL border and 100% to IPL/INL border), and thus
were named S5, S33, S66, and S95, respectively (Figure 2E;
WT n = 7 larvae, control MO n = 7). The presence of four den-
dritic strata in the IPL of 5 dpf zebrafish larvae is consistent
with previous work using the Tg(Brn3c:MGFP) transgenic line,
where approximately 50% of RGCs are labeled (Mumm et al.,
2006). In 5 dpf tenm3 morphants, by contrast, strata within the
IPL are poorly defined (Figures 2C and 2D). The average fluores-
cence intensity profile reveals that only three Kaede-positive
strata are present in the IPL of tenm3 morphants (Figure 2E;
n = 10 larvae). Specifically, only one irregularly laminated stra-
tum is visible in the medial portion of the IPL, instead of the
two middle strata (S33 and S66) found in WT and control MO
retinae. Furthermore, the outermost stratum (S95) is not tightly
stratified and appears thicker compared to control groups. No
significant difference in IPL width was observed among the
three groups (WT 15.2 + 0.2 um; control MO 15.0 + 0.1 um;
tenm3 MO 15.1 + 0.2 um; F5 24 = 0.08, p = 0.92, n = 24 larvae).
In addition to these stratification abnormalities in the IPL, we de-
tected ectopic RGC processes in the INL of tenm3 morphants
(Figures 2C’ and 2D, cyan arrowheads; n = 19 out of 20 larvae),
a phenomenon never observed in WT and control MO larvae,
where all RGC dendrites are confined within the IPL (Figures
2A’ and 2B'; n = 10 larvae per group). Strikingly, in some cases,
these processes reach the outer plexiform layer (OPL; Fig-
ure 2C', yellow arrow). Ectopic RGC processes extending into
the INL were also seen in tenm3 morphant retinae at 3 dpf,
when RGCs start to develop stratified dendritic arbors within
the IPL (data not shown).

To resolve the changes in RGC dendritic morphology in
greater detail, we mosaically labeled individual RGCs by coin-
jecting Ath5:Gal4, UAS:GFP and UAS:tdTomato DNA constructs
into one-cell-stage embryos. The combinatorial expression of
different fluorescent reporters in RGCs enabled us to distinguish
between occasionally overlapping dendritic arbors of different
cells. Using this approach, we were able to determine that the
neurites mistargeting into outer layers of the retina observed in
tenm3 morphants originate from RGC dendrites (Figure 3A,
cyan arrowheads) and that this phenotype is restricted to a

(L) RT-PCR analysis of tenm3 mRNA structure in control MO- and tenm3 MO-injected embryos. Two shorter splice variants are distinguished in tenm3 morphants.
cDNA sequence comparison revealed that the shortest splice variant lacks exon 3.

(M) Schematic detailing the effect of exon 3 deletion caused by the splice-blocking tenm3 MO, resulting in the deletion of Tenm3 transmembrane and extracellular
domains. The full-length protein is represented on the left. The N terminus is located intracellularly, whereas the C terminus is in the extracellular space.

(N-P) At 4 dpf, tenm3 morphant larvae fail to visually adapt their skin pigmentation to the level of background illumination.

See also Figure S1.

584 Cell Reports 5, 582-592, November 14, 2013 ©2013 The Authors

185



Appendix

Cell

PRESS

Open

ACCESS

IsI2b:Gal4;
UAS:Kaede

Control MO OPL e,
tenm3 MO INL
85 S33 S66 S95 PL
1.0 - o
o> |
) g 0.5 1
o E ONL tenm3 M
- OPL ey,
INL
IPL
0 ’ . . acL

0 20 40 60 80 100

Relative IPL
Position (%)

Figure 2. Teneurin-3 Is Required for Correct Stratification of RGC Dendrites

(A-D) Kaede-expressing RGCs in the retina of 5 dpf WT, control MO-injected, and tenm3 MO-injected larvae.

(A’'-D') Insets in (A)~(D) showing the dendritic stratification pattern of Kaede-positive RGCs. Allimages represent maximum intensity projections of ~20 pm confocal

z stacks. Scale bars, 40 pm (A-D) and 20 pm in (A’-D’). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer.
(legend continued on next page)
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Figure 3. Higher Proportion of RGCs with
Diffuse Dendritic Arbors in teneurin-3 Mor-
phants

(A) Lateral view of mosaically labeled RGCs in the
retina of a 5 dpf tenm3 MO-injected larva. Scale
bar, 20 pm. GCL, ganglion cell layer; INL, inner
nuclear layer; IPL, inner plexiform layer.

(B) Bar graph showing the proportions of 5 dpf
RGCs possessing monostratified (cyan, C), bis-
tratified (green, D), multistratified (yellow, E), and
diffuse (magenta, F) dendritic arbors relative to the
total number mosaically labeled RGCs within each
animal group (WT n = 89 cells in 34 larvae; control
MO n =92 cells in 39 larvae; tenm3 MO n = 98 cells
in 49 larvae).

(C-F) Representative RGCs with monostratified

Con

Monostratified Bistratified Itistratified

C

(C), bistratified (D), multistratified (E), and diffuse
(F) dendritic arbors. All images represent
maximum intensity projections of ~30 pum
confocal z stacks that have been pseudocolored
and rotated to best show dendritic arborizations.
Scale bars, 20 pm.

(G) Summary table showing the morphological
classification and frequency of the 11 RGC types
within each group (number of cells found per each
type are reported in brackets). In tenm3 mor-

trol MO tenm3 MO

G | n m [\ Vv VI phants, four diffuse RGCs (4.1% of cells) showed
dendritic arborization patterns that could not be
IPL classified in any of the 11 types and, hence, were
,,,,,,,,,,,,,,,,,, T%?ef\:, ,z?r, — )‘é%ii — not included in the table.
GCL T
MONOSTRATIFIED
WT 7.9% (7) 3.4% (3) 6.7% (6) | 11.2% (10) | 10.1% (9) | 15.7% (14)
versus 80 stratified cells in 39 larvae;
Control MO | 6.5% (6) 3.3% (3) 8.7% (8) | 11.9% (11) | 10.9% (10) | 14.1% (13) 2 = 6596, df = 2, p = 0.037). Looking at
tenm3 MO 8.2% (8) 0% (0) 8.2% (8) 5.1% (5) 71% (7) 12.2% (12) the relative proportions between mono-
stratified, bistratified, multistratified, and
Vil viii IX X X1 diffuse RGCs, it appears that the increase
- 7IPi **************************** in number of RGCs with diffuse dendritic
e 7L7 B 7‘%@ 7777777 @ _ ;@7 :@ﬁgf arbors is exclusively at the expense
GCL of monostratified RGCs (Figure 3B; WT
T T T [ i 0, i ifi
R L
wT 5.6% (5) 7.9% (7) 6.7% (6) | 21.3% (19) | 3.4%(3) trol MO 55.5% monostratified, 22.8%
Control MO | 4.3% (4) 8.7% (8) 8.7% (8) | 19.6% (18) | 3.3% (3) bistratified, 8.7% multistratified, 13%
diffuse; tenm3 MO 40.8% monostratified,
tenm3MO | 10.2% (10) | 11.2% (11) | 8.2% (8) | 22.4% (22) | 3.1% (3) 25.5% bistratified. 8.2% multistratified

subset of cells (n = 5 cells out of 98 in 49 larvae). Moreover,
mosaic labeling allowed us to visualize the precise IPL dendritic
stratification patterns of single RGCs (Figures 3C-3F). Interest-
ingly, 5 dpf tenm3 morphants show a significantly higher propor-
tion of RGCs possessing diffuse dendritic arbors (tenm3 MO 25
diffuse versus 73 stratified cells in 49 larvae; WT 12 diffuse
versus 77 stratified cells in 34 larvae; control MO 12 diffuse

25.5% diffuse). Further identification and

classification of the 11 RGC types previ-
ously reported in the adult zebrafish retina (Mangrum et al.,
2002) revealed that the monostratified RGC types are not indis-
criminately affected by tenm3 knockdown. In fact, some RGC
monostratified types decrease in frequency in tenm3 morphants
whereas others show frequencies comparable to those found in
control animals (Figure 3G). Overall, these data show that tenm3
knockdown causes structural irregularities in the developing

(E) Fluorescence profiles of IPL stratification in 5 dpf WT (blue), control MO-inject:

ed (gray), and tenm3 MO-injected (red) larvae. Thin traces represent intensity

profiles of IPLs of single larvae. Thick traces indicate average profiles (WT, n = 7 larvae; control MO, n = 7; tenm3 MO, n = 10). Zero percent corresponds to the
boundary between GCL and IPL, whereas 100% corresponds to the boundary between IPL and INL.
(F) Schematic summarizing the defects observed in tenm3 morphant retinae. RGCs are indicated in blue. Neuropil layers are in gray. ONL, outer nuclear layer.

See also Figure S4.
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retina (Figure 2F) and that changes in RGC dendritic stratification
appear to be limited to specific RGC types.

Laminar Targeting Errors in a Subset of RGC Axons Upon
Teneurin-3 Knockdown

We next examined RGC axonal arborization in the tectal neuro-
pil. Similar to the IPL in the retina, this structure is characterized
by a stereotypic lamination pattern (Xiao et al., 2011). Using the
Tg(Isl2b:Gal4;UAS:Kaede) zebrafish line, we visualized the four
main retinorecipient laminae of the tectum that, from the most
superficial to the deepest, are named stratum opticum (SO), stra-
tum fibrosum et griseum superficiale (SFGS), stratum griseum
centrale (SGC), and lamina at the interface between the stratum
album centrale and the stratum periventriculare (SAC/SPV; Fig-
ure 4A) (Nevin et al., 2010). In 3 dpf WT and control MO larvae,
all RGC axons are restricted to these four laminae and no axons
are found outside the neuropil region (Figures 4A and 4B; n = 15
larvae per group). In tenm3 morphants, by contrast, we observed
neurites projecting aberrantly into the SPV (Figures 4C and 4D,
cyan arrowheads; n = 18 out of 23 larvae). 3D reconstruction
and neurite tracing revealed that these processes arise princi-
pally from the deepest lamina (SAC/SPV) and, in some cases,
are up to 30-40 um long and possess several branches (Fig-
ure 4D', cyan arrowheads). In addition, tectal laminae of tenm3
morphants are less precisely delimited and axons aberrantly
cross lamina borders (Figure 4C, yellow arrow).

To examine in more detail how the lamination defects seen at
the population level arise, we labeled individual RGCs through
mosaic expression of either GFP or tdTomato driven by the
ath5 promoter. As a rule, individual RGC axons arborize in a
planar fashion within a single tectal lamina or sublamina (the
SO and SFGS are further subdivided into 2 and 6 sublaminae,
respectively) (Robles et al., 2013). This behavior was confirmed
in 4 dpf control groups, where 100% of labeled axons (WT n =
102 axons in 50 larvae; control MO n = 94 axons in 45 larvae)
showed planar arborization patterns (Figures 4E, 4F, 4l, and
4J; arbor thickness WT 5.1 + 0.1 um; control MO 5.3 + 0.1 um;
n =20 axons per group). In contrast, we found RGCs with abnor-
mally laminated axonal arbors in tenm3 morphants (Figures 4G
and 4H). Intriguingly, these axons represent only a fraction of
the total number of labeled RGCs (Figure 41; 12.7%, n = 20 axons
out of 157 in 80 larvae). They are characterized by possessing
axonal processes projecting toward adjacent laminae (Figure 4H,
cyan arrowhead) and significantly broader cross-sectional pro-
files (arbor thickness tenm3 MO 16.9 + 1.4 um; F, 57 = 57.97,

p <0.0001, n = 20 axons) than those observed in control animals
(Figures 4G and 4J). The total arbor length of aberrant axons is
comparable to that of control groups (Figure 4K; tenm3 MO
165.1 + 17.4 ym; WT 173.8 + 7.7 um; control MO 180.5 +
9.7 pm; F» 57 = 0.33, p = 0.72, n = 20 axons per group) but their
number of branch points is significantly lower (Figure 4L; tenm3
MO 5.9 + 0.4; WT 11.5 + 0.3; control MO 12.4 + 0.5; Fo57 =
48.86, p < 0.0001, n = 60), suggesting that tenm3 knockdown
impairs their capacity to either form or stabilize new branches,
without affecting overall arbor length. Taken together, these re-
sults indicate that tenm3 is required for the correct laminar tar-
geting and arborization of a subset of RGC axons (Figure 4M).

Teneurin-3 Is Required for Functional Development of
Orientation-Selective RGCs

To investigate the functional consequences of tenm3 knock-
down, we analyzed direction-selective (DS) and orientation-
selective (OS) responses of RGC axon terminals innervating
the tectal neuropil. Light or dark drifting bars moving in 12 direc-
tions were presented to one eye of 5 dpf Tg(/s/2b:Gal4;UAS:
SyGCaMP3) transgenic larvae while functionally imaging the
contralateral tectum (Figure 5A) (Nikolaou et al., 2012). Since
SyGCaMP3 is based on the fusion between the synaptic vesicle
protein synaptophysin and the genetically encoded calcium indi-
cator GCaMP3, this transgenic line enables the targeting of the
probe specifically to RGC presynaptic terminals and hence the
functional analysis of RGCs within the tectal target. RGCs of all
three animal groups respond to drifting bars (Movies S1, S2,
and S38) and exhibit complex patterns of stimulus responses (Fig-
ure S2). In order to characterize and map visual response prop-
erties (i.e., direction and orientation selectivity) present in the
retinal input to the tectum, we used a voxel-wise analysis strat-
egy that is independent of cellular and neuropil morphology
(Nikolaou et al., 2012). Only visually responsive voxels were sub-
jected to further characterization. Direction- and orientation-se-
lective indices (DSI and OSI) based on fitted von Mises profiles
were calculated together with an estimate for their goodness of
fit, R? (Lowe et al., 2013) (see Supplemental Experimental Proce-
dures). For a voxel to be regarded as DS or OS, mutually exclu-
sive criteria were employed: DS if R?> 0.8, DSI > 0.5, and OSI <
0.5;and OSifR?> 0.8, 0SI> 0.5, and DSI < 0.5 (Figure 5B). Func-
tional maps in which DS and OS voxels are color-coded,
obtained from individual larvae, were spatially coregistered to
generate parametric composite maps (Figures 5C-5E; WT n =
8 larvae; control MO n = 11; tenm3 MO n = 20). Analyzing the

Figure 4. Axon Laminar Targeting Errors in a Subset of RGCs in teneurin-3 Morphants

(A-D) The four main retinorecipient laminae of the tectum are visible in the Tg(/s/2b:Gal4;UAS:Kaede) zebrafish line at 3 dpf. SO, stratum opticum; SFGS, stratum
fibrosum et griseum superficiale; SGC, stratum griseum centrale; SAC, stratum album centrale; SPV, stratum periventriculare.

(A'-D’) Insets in (A)~(D) showing RGC axon lamination in deep laminae of the tectal neuropil.

(E-H) Lateral view of mosaically labeled RGC axons at 4 dpf. Dashed lines indicate the skin overlaying the tectum. All images represent maximum intensity
projections of ~50 um confocal z stacks that have been rotated around the longitudinal axis to best show axonal lamination. Scale bars, 20 um (A-H) and 10 umin

(A'-D’). A, anterior; D, dorsal.

(I) Quantification of axon laminar targeting behaviors in mosaically labeled RGCs (WT n = 102 axons in 50 larvae; control MO n = 94 axons in 45 larvae; tenm3 MO

n = 157 axons in 80 larvae).

(J-L) Bar graphs showing the measurements for arbor thickness (J), total arbor length (K), and branching point number (L) of single RGC axons (n = 20 axons per

group). All graphs show mean values + SEM.

p < 0.001; ns, not significant by one-way ANOVA followed by Tukey’s HSD test.

(M) Schematic summarizing the defects observed in the optic tecta of tenm3 morphants. RGC axons are indicated in blue. Neuropil layers are in gray. N, neuropil.

See also Figure S4.
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Figure 5. Impaired Development of Orientation-Selective RGCs Following teneurin-3 Knockdown

(A) Schematic describing the experimental setup. Larvae were immobilized in agarose and placed with one eye facing a screen, where drifting bars moving in 12
directions were projected. Visually evoked SyGCaMP3 responses were recorded in the contralateral tectal neuropil.

(B) Polar plots of representative direction-selective (DS, magenta) and orientation-selective (OS, green) voxels showing relative integral responses to moving
bars. Criteria employed to characterize the two classes of voxels are reported at the bottom.

(C-E) Composite parametric maps across multiple 5 dpf Tg(Is/2b:Gal4;UAS:SyGCaMP3) larvae representing the spatial distribution of DS (magenta) and OS
(green) voxels within each group (WT n = 8 larvae; control MO n = 11; tenm3 MO n = 20). Within individual parametric maps, voxel brightness is proportional to the
summed incidence of each functional response across all larvae imaged. The standard space template image derived for each group (grayscale) provides an
anatomical reference. Dashed lines indicate the skin overlaying the tectum. Scale bar, 20 um. A, anterior; L, lateral.

(legend continued on next page)
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DS RGC input to the tectum, we observed that in all three exper-
imental groups DS responses are present (Figures 5C'-5E').
Moreover, the normal laminar organization of DS voxels within
the superficial region of SFGS (Nikolaou et al., 2012) is preserved
in tenm3 morphants (Figures 5C’'-5E’). Further analysis of DS
RGC subtypes revealed that all three DS RGC populations—
tuned to anterior (~260°), dorsoposterior (~40°), and ventropos-
terior (~150°) motion—found in control groups (Nikolaou et al.,
2012) are also present in tenm3 morphants (Figure S3). Overall,
no difference between tenm3 morphants and control groups
was observed in the DS RGC input to the tectum.

In contrast, we found that the OS RGC input to the tectum is
severely impaired upon tenm3 knockdown. Specifically, the
overall number of OS voxels is decreased in tenm3 morphants
(Figures 5C”-5E"). In addition, the OS RGC voxels that are typi-
cally found in deeper sublaminae of SFGS with little or no overlap
with DS RGCs in control animals (Figures 5C and 5D) (Nikolaou
et al., 2012) show a substantial degree of overlap with DS voxels
in tenm3 morphants (Figure 5E). To further confirm the OS RGC
impairment, we analyzed the relative proportions of functional
response classes within each experimental group. In tenm3 mor-
phants, we found a significant decrease in the ratio between OS
voxels and the total population of visually responsive voxels
(Figure 5F; OS/tot tenm3 MO 0.022 + 0.004, n = 20 larvae; WT
0.111 + 0.012, n = 8; control MO 0.112 + 0.016, n = 11; Fp 36 =
24.61, p < 0.0001), so the OS input becomes the smallest popu-
lation of RGCs responding to drifting bars in this group (Fig-
ure 5G). The relative proportions of DS and non-DS/non-OS
(classified as “others”) voxel populations, however, were similar
among the three animal groups (Figures 5F and 5G; DS/tot WT
0.105 + 0.015, control MO 0.101 + 0.018, tenm3 MO 0.121 +
0.016, F» 36 = 0.42, p = 0.66; others/tot WT 0.783 + 0.016, control
MO 0.817 + 0.019, tenm3 MO 0.856 + 0.016, F, 35 = 3.06, p =
0.059, n = 39 larvae), suggesting no impairment by tenm3 knock-
down. These functional results indicate that visual responses of
OS RGCs are affected by tenm3 knockdown whereas DS RGCs
develop normally, therefore reinforcing the possible role of
tenm3 in the assembly of specific visual circuits. All structural
and functional phenotypes observed using tenm3 MO were
confirmed in larvae injected with a second splice-blocking MO
against tenm3 (tenm3 MO 2; Figure S4), supporting the speci-
ficity of gene knockdown.

DISCUSSION

Recent studies in Drosophila showed that teneurins are involved
in establishing specific synaptic circuits (Hong et al., 2012;
Mosca et al., 2012). However, a similar role in vertebrate neural
circuit wiring has not yet been demonstrated. Here, we report
that Teneurin-3 is required for the correct structural and func-

tional development of RGCs in zebrafish. RGCs and their pre-
and postsynaptic cellular targets (i.e., amacrine cells and tectal
neurons, respectively) express tenm3 during the period of
intense synapse formation (2-5 dpf), suggesting an instructive
role in synaptic matching through homophilic interactions
between neuronal partners along the visual pathway. Tenm3
knockdown produces laminar targeting errors of RGC dendrites
and axons, indicating that Tenm3 acts in both the IPL of the
retina and the tectal neuropil. Intriguingly, these errors appear
to be restricted to a subset of RGCs, hinting that Tenm3 acts
in specific RGC subtypes and that Tenm3-negative cells are un-
affected. Consistent with this hypothesis, when we examined the
functional development of visual response properties conveyed
by RGCs, we observed that the OS retinal input to the tectum is
strongly impaired whereas direction selectivity is not affected in
tenm3 morphant larvae. This does not exclude, however, that
additional RGC functional subtypes may be affected in tenm3
morphants. Previous studies in mice showed that Teneurin-3
regulates the development of topography in the retinogeniculate
(Leamey et al., 2007) and retinocollicular pathways (Dharmar-
atne et al.,, 2012), specifically for the ipsilaterally projecting
RGC population. However, the fact that teneurin-3 is not exclu-
sively expressed in ipsilaterally projecting RGCs (Leamey et al.,
2007) and is also found in the visual system of species where
RGCs project contralaterally only, like chick (Kenzelmann-Broz
etal., 2010) and zebrafish (Mieda et al., 1999; this study), clearly
suggests additional functions in vertebrate visual system
development.

Taken together, our findings support a role for Tenm3 in the
establishment of functional cell subtype-specific wiring in verte-
brates. What developmental mechanisms does Tenm3 regulate?
It is generally accepted that molecules mediating homophilic
cell-cell adhesion instruct the recognition between pre- and
postsynaptic elements by triggering specific synapse forma-
tion/stabilization (Sanes and Yamagata, 2009; Williams et al.,
2010). In addition, teneurin-mediated homophilic recognition
and subsequent formation of cell-adhesion partners leads to
inhibition of neurite outgrowth (Beckmann et al., 2013). Thus,
the simplest hypothesis is that tenm3 (by being expressed in
RGCs, amacrine cells, and tectal neurons) controls the lamina-
tion of RGC neurites through stabilization of branches contacting
neurites of tenm3-expressing cells. Homophilic adhesion has
been extensively studied in the IPL of the chick retina, where
different immunoglobulin superfamily adhesion molecules are
expressed by specific subsets of cells and control the precise
sublaminar matching of their neurites (Yamagata and Sanes,
2008, 2012). Interestingly, this matching mechanism appears
to be conserved in higher visual targets. For example, evidence
in mouse showed that Cadherin-6 mediates the axon-target
recognition between a specific subset of RGCs and their target

(C'-E') Parametric maps for DS voxels only.
(C"-E”) Parametric maps for OS voxels only.

(F) Bar graphs showing the ratios between defined voxel classes and total visually responsive voxels (Tot) within each group (WT n = 8 larvae; control MO n = 11;

tenm3 MO n = 20). Non-DS and non-OS voxels are classified as “others.” All graphs show mean values + SEM.

ANOVA followed by Tukey’s HSD test.

p < 0.001; ns, not significant by one-way

(G) Bar graph showing the proportions of DS and OS voxel classes relative to visually responsive voxels within each group.

See also Figures S2-S4 and Movies S1, S2, and S3.
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nuclei in the brain (Osterhout et al., 2011). An alternative
mechanism that might regulate RGC neurite arborization is the
neurite costratification between morphologically and functionally
related cells expressing the same combination of adhesive
proteins. This kind of interaction certainly occurs during IPL
development. In studies where single or multiple retinal cell clas-
ses were selectively eliminated, the remaining cellular compo-
nents could form a stratified IPL, therefore suggesting that no sin-
gle pre- or postsynaptic retinal cell class is strictly essential for IPL
formation (Kay et al., 2004; Randlett et al., 2013). Further experi-
ments are needed to determine the exact mechanisms of action
of Tenm3 and in which cell subtypes it is expressed. Meanwhile,
our results presented here point toward an important role for ten-
eurins in the development of vertebrate neural circuit specificity.

EXPERIMENTAL PROCEDURES

Transgenic Lines and Constructs

Transgenic lines Tg(/si2b:Gal4) and Tg(UAS:SyGCaMP3) have been described
previously (Ben Fredj et al., 2010; Nikolaou et al., 2012). Transgenic line
Tg(UAS:Kaede) was a gift of Prof. Chi Bin-Chien. The UAS:GFP and UAS:
tdTomato DNA constructs were described previously (Ben Fredj et al
2010), and the Ath5:Gal4 plasmid was a gift of Prof. Steve Wilson (UCL, UK).
All animal procedures were approved by the local Animal Welfare and Ethics
Review Body (King’s College London) and were carried out in accordance
with the Animals (Scientific Procedures) Act 1986, under license from the
United Kingdom Home Office.

Functional Imaging

Confocal imaging was performed using an LSM 710 confocal microscope
equipped with a spectral detection scan head and a 20x/1.0 NA water-immer-
sion objective (Carl Zeiss). Functional time series of visually evoked SyGCaMP3
responses were acquired at a rate of 4.1 Hz and 0.415 x 0.415 um resolution
(256 x 256 pixels) and 1 AU pinhole aperture. Visual stimulation and voxel-
wise analysis of functional data were performed as described previously
(Nikolaou et al., 2012) (see Supplemental Experimental Procedures).

Statistical Analyses

The statistical significance of the differences between mean values and in the
proportion of diffuse RGCs among groups was determined by one-way
ANOVA followed by Tukey’s HSD test and chi-square test, respectively, using
SigmaPlot (Systat Software). The criterion for statistical significance was set at
p < 0.05 and results are represented as mean + SEM.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2013.09.045.
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SUMMARY

The orientation of visual stimuli is a salient feature of
visual scenes. In vertebrates, the first neural pro-
cessing steps generating orientation selectivity take
place in the retina. Here, we dissect an orientation-
selective circuit in the larval zebrafish retina and
describe its underlying synaptic, cellular, and molec-
ular mechanisms. We genetically identify a class of
amacrine cells (ACs) with elongated dendritic arbors
that show orientation tuning. Both selective optoge-
netic ablation of ACs marked by the cell-adhesion
molecule Teneurin-3 (Tenm3) and pharmacological
interference with their function demonstrate that
these cells are critical components for orientation
selectivity in retinal ganglion cells (RGCs) by being
a source of tuned GABAergic inhibition. Moreover,
our morphological analyses reveal that Tenm3* ACs
and orientation-selective RGCs co-stratify their den-
drites in the inner plexiform layer, and that Tenm3*
ACs require Tenm3 to acquire their correct dendritic
stratification. Finally, we show that orientation tuning
is present also among bipolar cell presynaptic termi-
nals. Our results define a neural circuit underlying
orientation selectivity in the vertebrate retina and
characterize cellular and molecular requirements
for its assembly.

INTRODUCTION

The detection of oriented visual stimuli is a key neural computa-
tion performed by visual systems of many animals. Neurons per-
forming this task are known as orientation selective (OS) since
they respond preferentially to elongated stimuli oriented along
a specific axis in the visual field but respond weakly to stimuli ori-
ented orthogonally to their preferred axis. Orientation selectivity
was first discovered in cat primary visual cortex by Hubel and
Wiesel over 50 years ago [1]. Since then, numerous studies
described OS neurons in visual systems of vertebrates and in-
vertebrates, including primates [2], rodents [3], fish [4], and in-
sects [5]. Work in several vertebrate species identified OS cells
in regions upstream of primary visual cortex, like the lateral
geniculate nucleus [6-8] and the retina [9-12], suggesting that
the first steps in the processing of oriented stimuli take place
early along the vertebrate visual pathway. In the retina, orienta-

1802 Current Biology 26, 1802-1815, July 25, 2016 © 2016 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

tion selectivity is present among retinal ganglion cells (RGCs)
[10, 18], the sole retinal output neurons, and amacrine cells
(ACs) [13, 14], a class of inhibitory neurons that modulate and
shape RGC responses. However, it is presently unclear how
orientation selectivity emerges in these cells and whether they
form a distinct retinal circuit, partially due to the lack of specific
molecular markers allowing targeted labeling and manipulations.

The vertebrate retina consists of more than 70 neuron
types [15]. Its primary function is to detect light stimuli, convert
them into electrochemical signals, and, subsequently, send the
processed information to higher visual nuclei through parallel
feature-specific neural pathways. Most of the information pro-
cessing takes place in a layered neuropil structure called the
inner plexiform layer (IPL) [16]. Essential neural substrates under-
lying the computations performed in the IPL are the specific and
stereotypic synaptic connections between three classes of neu-
rons, namely, bipolar cells (BCs), ACs, and RGCs (Figure 1A).
Recent developmental studies have shown that cell-adhesion
molecules selectively expressed in specific retinal cell types
mediate the matching between defined pre- and postsynaptic
partners to establish this complex wiring pattern [18-20]. While
several cell types and molecules crucial for establishing direction
selectivity in the retina have been identified [20, 21], the equiva-
lents for orientation selectivity are largely unknown to date.

Teneurins are a family of transmembrane cell-adhesion pro-
teins that play a synaptic matching role in the Drosophila olfac-
tory system [22] and neuromuscular junction [23]. In vertebrates,
teneurins are highly expressed in several interconnected regions
of the brain, including the visual system [24, 25]. In vitro and
in vivo data suggest that trans-synaptic interactions are possible
both homophilically through their five NHL domains [22, 26], and
heterophilically with the cell-adhesion G-protein-coupled recep-
tors latrophilins [27, 28]. We previously showed that teneurin-3
(tenm3) is expressed in zebrafish ACs and RGCs during a period
of intense synaptic formation (Figure 1B) and that, when tenm3
is knocked down, RGC dendrites fail to correctly stratify in the
IPL [17]. We also reported a functional link between tenm3 and
RGC orientation selectivity.

Here, using tenm3 as a marker, we identify crucial cellular
players and mechanisms generating orientation selectivity in
the larval zebrafish retina. First, we reveal that tenm3-expressing
(tenm3*) ACs co-stratify their neurites with orientation-selective
RGC (OSGC) dendrites and that, upon tenm3 knockout, they
fail to correctly stratify their neurites in the IPL. Second, we
show evidence suggesting that tenm3* ACs generate OSGC tun-
ing by providing y-aminobutyric acid (GABA) feedforward inhib-
itory input. Third, we identify and characterize orientation-tuned
tenm3* AC types with elongated dendritic arbors. Fourth, we find
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Figure 1. Tenm3 Is Required for RGC Orientation Selectivity

(A) Basic neural circuit structure of the vertebrate retina. Cell classes are represented in colors, whereas layers are shown in black. Excitatory synapses are

indicated by “+” (filled circles), inhibitory synapses are labeled with “~* (empty circles). PR, photoreceptor; HC, horizontal cell; BC, bipolar cell; AC, amacrine cell;

RGC, retinal ganglion cell; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer plexiform layer; IPL, inner plexiform layer.
(legend continued on next page)
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that a fraction of BC presynaptic terminals show orientation tun-
ing. Finally, we present a circuit model describing how OSGCs
acquire their orientation selectivity by integrating tuned tenm3*
ACs and BC inputs.

RESULTS

Generation of a Tenm3*° Tool to Study Retinal
Orientation Selectivity

Previous work using transient gene knockdown methods sug-
gested that Tenm3 is involved in the development of orientation
selectivity in zebrafish RGCs [17]. To confirm this role and, sub-
sequently, use Tenm3 as a marker to identify cells generating
RGC orientation selectivity, we generated a zebrafish tenm3
knockout mutant (tenmSKo) using Transcription Activator-Like
Effector Nuclease (TALEN)-based genome editing (see Supple-
mental Experimental Procedures). In tenm3° mutants, a
14-bp deletion in the exon encoding the transmembrane domain
of Tenm3 leads to a reading frameshift and, subsequently, to a
premature stop codon causing the loss of the entire extracellular
domain (Figures 1C and S1A-S1F). We then examined the retinal
functional output of tenm3<© mutants as previously described
[4, 17]. Briefly, drifting bars moving in 12 different directions
were presented to awake immobilized zebrafish larvae through
a projection screen (Figure 1D). Using the RGC-specific trans-
genic line Tg(isl2b:Gal4;,UAS:SyGCaMP3), population visual re-
sponses were simultaneously recorded through calcium imaging
of RGC axon terminals in the contralateral optic tectum (Movie
S1). Voxel-wise analysis was then used to isolate visually
responsive voxels and identify direction-selective (DS) and OS
responses (Figures 1D and S1G) [29]. We found that 4 days
post-fertilization (dpf) tenm3<C mutants have a large decrease
in both the number of OS voxels (Figure 1E) and the proportion
of OSGC output relative to the whole population of responsive
voxels (Figure 1F). As a consequence, the relative proportion of
“non-tuned” (non-DS and non-OS) RGC output was increased
in tenm3*°© mutants (Figure 1F). This impairment in the OSGC
population is consistent with the lower degree of orientation
selectivity, quantified by the orientation selectivity index (OSI),
across visually responsive voxels in tenm3° mutants (Fig-
ure 1H). By contrast, the direction-selective RGC (DSGC) popu-
lation of responses did not show any impairment in tenm3<©

mutants (Figures 1E-1G), suggesting that Tenm3 is not involved
in the assembly of DS circuits. Equivalent results were obtained
in 7-dpf tenm3<© mutants (Figures S1H-S1K), indicating that
the development of RGC orientation selectivity is not simply
delayed. A modest but significant decrease in the number of
visually responsive voxels was observed in tenm3<° mutants
at 4 dpf (Figure 1E), but not at 7 dpf (Figure STH).

We next explored to what extent the subtypes of DSGCs and
OSGCs previously described in zebrafish [29] were affected by
Tenm3 loss of function. Different subpopulations of DSGC and
OSGC responses were identified by fitting Gaussian distribu-
tions to the grouped population data of preferred angles
[4, 29]. As expected, population sizes and relative proportions
of the three subtypes of DSGCs were not altered in tenm3+<©
mutants (Figures 11 and S1L), reinforcing the view that RGC di-
rection selectivity develops through Tenm3-independent mech-
anisms. Interestingly, the decrease in OS responses in tenm3*©
mutants was not equally represented among the four OSGC sub-
types, with the small OSGC subpopulation tuned to vertical bars
moving along the horizontal axis being the least affected
(magenta, Figures 1J and S1M). Overall, these results confirm
and further elucidate the crucial role played by Tenm3 in gener-
ating RGC orientation selectivity during development [17].
Additionally, they provide a genetic access point to reveal the in-
dividual circuit components and mechanisms underlying retinal
orientation selectivity.

Neurite Stratification Pattern of Tenm3* ACs and OSGCs

Since tenm3 is expressed not only in RGCs, but also in ACs [17],
we asked whether the functional phenotype observed in
tenm3<°© OSGCs results from structural defects in the presynap-
tic AC population. We thus generated a zebrafish bacterial artifi-
cial chromosome (BAC) transgenic line, Tg(tenm3:Gal4), where
Gal4FF is under transcriptional control of regulatory elements
upstream and downstream of the tenm3 start codon (Figure 2A)
(see Supplemental Experimental Procedures). In this BAC line,
Gal4 is expressed in brain regions where tenm3 is endogenously
expressed, including the retina and optic tectum (Figure S2) [17].
In the retina, the Tg(tenm3:Gal4;UAS:tagRFP-CAAX) line labels a
subset of ACs (hereafter referred to as tenm3* ACs) but fails to
drive expression in RGCs (Figures 2B and S2A-S2C; Movie
S2), possibly due to a lack of RGC-specific regulatory elements

(B) Schematic showing tenm3 mRNA expression in the retina of zebrafish larvae. Blue circles indicate tenm3* ACs and RGCs. Adapted from Antinucci

etal. [17].

(C) TALEN-mediated tenm3 gene knockout (top) and consequent structural changes in the Tenm3 protein (bottom).

(D) Functional calcium imaging of RGC axon terminals expressing SyGCaMP3 (green) in 4-dpf Tg(is/2b:Gal4;UAS:SyGCaMP3) larvae. Distance of right eye from
projection screen is 3 cm. Recordings are performed from two to four Z-planes (approximately 20 um total volume thickness) in the contralateral optic tectum.
Dashed box shows the angles of moving bars relative to zebrafish larva orientation. Mean AF/F, images of calcium recordings in control and tenm3<© larvae
followed by mapping of DS and OS voxels are displayed. Np, neuropil; SPV, stratum periventriculare; DSI, direction selectivity index; OSI, orientation selectivity
index. Scale bar, 40 um.

(E and F) Average number (E) and relative frequency (F) of DS, OS, visually responsive, and non-DS/non-OS voxels per Z-plane in control (n = 23 larvae) and
tenm3*© (n = 22 larvae) 4-dpf larvae. Criteria used to identify DS and OS voxels are reported at the top. Error bars, +SEM. **p < 0.01, ***p < 0.001, unpaired two-
tailed Student’s t test.

(G and H) Cumulative distributions of DS values (R? > 0) across voxels with OSI < 0.5 (G) and OS| values (R? > 0) across voxels with DSI < 0.5 (H) in control and
tenm3+© larvae. ***p < 0.001, two-sample Kolmogorov-Smirnov test.

(I'and J) Cumulative histograms summarizing the incidence of preferred angles for identified DS (I) and OS voxels (J) in control (n = 23; top) and tenm3<© (n = 22;
bottom) 4-dpf larvae. Overlaid curves are the fitted Gaussian distributions for each DS or OS subtype. Polar plots illustrate the mean (+1 SD) normalized response
profiles for each DS or OS subtype.

See also Figure S1, Table S1, and Movie S1.
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A tenm3:Gal4 BAC (CH211-58M24, 204 kb)

invon 1 \[ G ntron 11
tenm3:Gal4;UAS:tagRFP-CAAX

Control

Figure 2. IPL Stratification Pattern of
Tenm3* ACs and OSGCs

(A) Schematic of the bacterial artificial chromo-
some (BAC) DNA construct used to transgenically
express Gal4FF in tenm3* cells. URE, upstream
regulatory elements.

(B and C) Inner plexiform layer (IPL) stratification
pattern of tenm3* AC neurites in control (B) and
tenm3<C (C) Tg(tenm3:Gal4;UAS:tagRFP-CAAX)
larvae from 2 to 5 dpf. INL, inner nuclear layer;
GCL, ganglion cell layer. Scale bars, 20 um.

(D) IPL fluorescence intensity profiles of tenm3*
AC neurites in control (blue; n = 13 larvae) and
tenm3© larvae (red; n = 13 larvae) from 2 to 5 dpf.
Thin traces represent individual IPL profiles,
whereas thick traces indicate average IPL profiles.
0% corresponds to the INL/IPL boundary,
whereas 100% corresponds to the IPL/GCL
boundary. Fluorescence peaks indicating IPL
strata in control larvae are labeled with the letter
“S” followed by their relative IPL position.

(E and F) Visual responses to moving bars (F) re-
corded through calcium imaging of an individual
orientation-selective RGC (OSGC) axon terminal
o expressing GCaMPéf (E, green arrowhead) in the
optic tectum of a 5-dpf UAS:GCaMP6f-injected
Tg(isl2b:Gal4) larva. Polar plots show the integral
responses to moving dark and light bars (F; dark
and light green, respectively). Black and gray
o traces represent the AF/Fy calcium responses to
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in the BAC construct used for transgenesis. We therefore used
this line to selectively visualize the morphological development
of tenm3* ACs from 2 to 5 dpf. During this period, tenm3 is highly
expressed in the retina [17], and, at 3 dpf, RGCs start to show
orientation selectivity [29]. Interestingly, tenm3* ACs stratify their
neurites in three precise IPL strata located at 5%, 61%, and 94%
depth (0% corresponds to the inner nuclear layer (INL)/IPL
border, 100% to the IPL/GCL border), which were named S5,
S61, and S94, respectively (Figures 2B and 2D). This tri-laminar
IPL stratification pattern is visible at 3 dpf and gradually refines
over the following 2 developmental days. In tenm3© mutants,
by contrast, tenm3* AC neurites do not stratify correctly in the
IPL (Figure 2C). This is particularly striking at 3 dpf when they
fail to target the two innermost IPL strata and instead stratify
diffusely across the IPL (Figure 2D).

2 04 06 08 10

L “Reh‘:]:e In"‘:nsﬂgﬁ b neuropil; L, lateral; A, anterior; PO, preferred
orientation. Scale bar, 40 pm.
(G and H) Immunostaining for GCaMP6f (green)
showing the dendritic morphology (G) of the
functionally identified OSGC in (E) and the corre-
sponding normalized IPL fluorescence intensity
profile (H). Cell bodies are labeled with the nuclear
stain TO-PRO-3 (magenta). Scale bar, 20 pm.
(I) IPL fluorescence intensity profiles of OSGCs
(green; n = 5 cells) and tenm3* AC neurites (blue;
n = 13 larvae) at 5 dpf. 12.8% of functionally
imaged RGCs were OS (five out of 39 cells in 39
larvae). Thin traces represent individual IPL pro-
files, whereas thick traces indicate average IPL
profiles. Fluorescence peaks indicating IPL strata
formed by OSGC dendrites are labeled with the
letter “S” followed by their relative IPL position.
See also Figures S2 and S3 and Movie S2.

tenm3* Amacrine Cells

}

Relative Intensity

An indication of potential synaptic connections between
tenm3* ACs and OSGCs would be their dendritic co-stratifica-
tion in the IPL. Currently, no transgenic line exists to selectively
label OSGCs and directly detect dendritic co-stratification with
tenm3* ACs. Therefore, we sparsely expressed GCaMP6f [30]
in individual RGCs and, after functionally identifying OSGCs,
we performed post hoc immunostaining to analyze their IPL
stratification pattern (Figures 2E-2G). Then, we averaged fluo-
rescence intensity profiles of dendritic stratification from multiple
OSGCs (Figures 2H and S3) and overlaid the resulting mean pro-
file (green, Figure 21) to the IPL stratification profile of tenm3* ACs
(blue). We found that, as a population, OSGCs stratify their den-
drites in three strata located at 9%, 61%, and 90% IPL depth and
indeed show a high degree of overlap with tenm3* AC neurites
(Figure 2l). These results, together with the functional impairment
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whereas GCaMP5G is expressed pan-
neuronally (Figure 3A) [32]. At 2 dpf, we
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in RGC orientation selectivity (Figure 1) and previously reported
defects in RGC dendritic IPL stratification following Tenm3 loss
of function [17] strongly suggest that tenm3* ACs and OSGCs
are part of the same circuit and that Tenm3 is involved in the
morphological and functional development of these two neural
populations.

Tenm3* ACs Generate OSGC Tuning through GABAergic
Inhibition

To investigate whether tenm3* ACs play a role in the emergence
of RGC orientation selectivity, we took advantage of the
Tg(tenm3:Gal4) line to selectively ablate these cells and assess
the functional consequences in RGCs. In the Tg(tenm3:Gal4;
UAS:KillerRed;elavI3:GCaMP5G) line, the genetically encoded
photosensitizer KillerRed [31] is expressed in tenm3* ACs,
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optogenetically ablated tenm3* ACs by
illuminating the retina with intense green
light (540-552 nm) for 40 min (Figure S4;
see Supplemental Experimental Procedures). Subsequently, at
4 dpf, we recorded RGC visual responses to moving bars as
described above (Movie S3). To isolate RGC axonal calcium re-
sponses from tectal cell dendritic responses, we locally applied
the glutamate receptor antagonists APV and NBQX (100 and
20 puM, respectively) in the tectum [33]. Unlike KillerRed-positive
larvae, control larvae subjected to the same procedures did not
exhibit retinal cell death (Figure S4). Animals subjected to tenm3*
AC ablation showed a dramatic impairment in RGC orientation
selectivity but no detrimental change in DSGC responses (Fig-
ures 3B-3E). The magnitude of the decrease in number of OS
voxels, relative proportion of OSGC output and overall degree
of RGC orientation selectivity was analogous to what we
observed in tenm3<© mutants. Moreover, the OSGC subpopula-
tion tuned to vertical stimuli was the least affected by tenm3* AC
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ablation (magenta, Figure 3G), matching our Tenm3 KO results.
Compared to data acquired using the Tg(isl2b:Gal4;UAS:
SyGCaMP3) line (Figures 11 and 1J), we observed differences
in the relative proportions of DSGC and OSGC subtypes as
well as in their preferred directions or orientations both in control
and tenm3* AC ablated groups (Figures 3F and 3G), likely result-
ing from the use of a different transgenic line or the pharmaco-
logical treatment used to isolate RGC responses.

The results obtained by ablating tenm3* ACs strongly support
the idea that the output of tenm3* ACs is crucial in generating
RGC orientation selectivity. We therefore aimed to reveal the
role played by tenm3* AC neurotransmission in performing this
neural computation. Immunohistochemical analyses showed
that most tenm3* ACs are GABAergic and express the cal-
cium-binding protein Parvalbumin (Figures 4A, 4B, and 4F).
Tenm3* ACs also comprise dopaminergic ACs, which constitute
a very small fraction of the whole AC population in zebrafish (Fig-
ure 4C) [34]. Negligible or no co-localization was observed
between tenm3* ACs and cholinergic or glycinergic ACs,
respectively (Figures 4D-4F). Cholinergic ACs correspond to
starburst ACs (SACs), which are key cellular players in gener-
ating RGC direction selectivity [35], consistent with the observa-
tion that neither Tenm3 KO nor tenm3* AC ablation affected
DSGC tuning. We next tested the role of GABA-mediated inhibi-
tion in producing OSGC tuning by blocking GABA, receptors
through picrotoxin (100 uM). RGC visual responses were re-
corded from the same Tg(is/l2b:Gal4;UAS:SyGCaMP3) larvae
before and after drug application. Notably, OSGCs were
severely affected by GABA inhibition block, with a decrease in
both OS responses and overall degree of RGC orientation selec-
tivity comparable to the effects seen in tenm3X° mutants and
after tenm3* AC ablation (Figures 4G, 4H, and 4J). Similarly to
the knockout and ablation experiments, the small OSGC sub-
population tuned to vertical bars was the least affected by the
pharmacological block (magenta, Figure 4L). As expected,
RGC direction selectivity was also negatively impacted (Figures
4G-4l and 4K), since directionally tuned GABAergic inhibitory
input from SACs plays an essential role in most DSGCs [35].
Compared to the impairments in RGC direction and orientation
selectivity caused by blocking GABA4 receptors, the effects pro-
duced by blocking glycine receptors using strychnine (70 uM)
were minimal (Figures S5A-S5F). Taken together, these results
demonstrate that OSGCs require GABAergic inhibitory input,
likely from tenm3* ACs, to acquire their orientation tuning.

Single-Cell Morphologies of Tenm3* AC Types

To explore a possible link between the morphology of tenm3*
ACs and the function they play in the OS circuit, we sparsely
labeled tenm3* ACs by injecting UAS:eGFP-CAAX DNA con-
structs into 1-4 cell-stage Tg(tenm3:Gal4) embryos. We identi-
fied seven types of tenm3* ACs characterized by distinct
morphological properties (Figures 5A-5F). These types differ in
terms of their observed frequency, IPL dendritic stratification,
dendritic field area (Figures 51 and 5J), and, interestingly, den-
dritic field elongation, quantified by calculating the eccentricity
of their dendritic fields (Figures 5G and 5H). The most frequent
tenm3* AC type (type |, 43% of tenm3* ACs) is a narrow-field
AC with a dendritic arbor mono-stratified in S5 (Figure 5A).
Type Il and Il tenm3* ACs (19% and 16% of tenm3* ACs,

respectively) are medium-field ACs characterized by highly elon-
gated dendritic fields (Figures 5B, 5C, and 5H). Their dendritic
arbors stratify differently in the IPL with type Il tenm3* ACs hav-
ing mono-stratified neurites in S5, and type Ill tenm3* ACs
showing a bi-stratified dendritic arbor in S5 and S61. Type IV-
ON and IV-OFF tenm3* ACs (each 8% of tenm3* ACs) are
mono-stratified medium-field ACs characterized by circular den-
dritic fields of similar area but different IPL stratification pattern,
with the ON type stratifying in the innermost stratum (S94) and
the OFF type in the outermost stratum (S5; Figures 5D and 5E).
Finally, type V and VI tenm3* ACs are the least frequent
tenm3* AC types (each 3% of tenm3* ACs) and possess wide-
field dendritic arbors. Type V has extensive, radially arranged
neurites covering most of the retina (Figure 5F). Type VI corre-
sponds to the dopaminergic interplexiform AC previously
described in goldfish (Figure 4C) [36]. Importantly, k-means clus-
tering based on IPL stratification, dendritic field area, and den-
dritic field elongation support the notion that the different
tenm3* ACs identified here are indeed defined AC types (Figures
5L and 5M; type V and VI ACs were not included in the
clustering). Moreover, several lines of evidence suggest that
type |-V tenm3* ACs are arranged in mosaics tiling the retina
with a coverage factor close to 1: (1) their frequency scales
quadratically as a function of their dendritic field area (Figure 5K);
(2) their observed frequency does not differ significantly from the
frequency estimated assuming a retinal coverage factor of 1 (Fig-
ure 5N). Interestingly, the high dendritic field elongation of type II
and Il tenm3* ACs (Figures 5B, 5C, and 5H) is a feature
previously described also in rabbit orientation-sensitive ACs
[13, 14]. This led us to hypothesize that type Il and Il tenm3*
ACs could produce OS responses when stimulating the retina
with elongated stimuli oriented along particular axes in the visual
field and, consequently, constitute cellular elements underlying
the emergence of retinal orientation selectivity.

Tenm3* ACs Show Orientation Tuning

To analyze tuning in the tenm3* AC population, we performed
in vivo two-photon calcium imaging in the retinae of Tg(tenm3:
Gal4;UAS:SyGCaMP3) larvae (Figure 6A; see Supplemental
Experimental Procedures). We found that tenm3* ACs show
stimulus-locked responses to moving square-wave gratings
(Movie S4). Notably, analyses using different metrics of orienta-
tion selectivity (i.e., OSI and circular variance) and progressively
higher tuning stringency levels revealed a large fraction of
tenm3* ACs tuned to elongated stimuli (Figures S6A-S6D). The
distribution of preferred stimulus orientations across tenm3*
ACs indicated the presence of four subpopulations of OS re-
sponses tuned to gratings oriented along the cardinal (13°, 90°)
and diagonal axes (40°, 145°; Figure 6B), similar to what we
observed in OSGCs (Figure 1J). Compared to RGCs, however,
tenm3* ACs exhibited a higher degree of orientation selectivity
(Figures 6C-6E). If activation of tenm3* ACs along a particular
axis in the visual field leads to inhibition of OSGC responses
along that axis, one would expect that the relationship between
their population distributions is inversely correlated. We there-
fore analyzed the frequency distribution of the four OS subpop-
ulations in tenm3* ACs and RGCs (Figures 61 and 6J). We found
that they are indeed anti-correlated (Figure 6K), suggesting that
the OS inhibitory input provided by tenm3* ACs to OSGCs is
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Figure 4. Role of Tenm3* AC GABAergic Inhibition in RGC Orientation Selectivity

(A-E) Immunostaining showing the expression of y-aminobutyric acid (GABA; A), parvalbumin (B), tyrosine hydroxylase (TH; C), choline acetyltransferase (ChAT; D),
and glycine (E) (all in magenta) in 3-dpf Tg(tenm3:Gal4;UAS:GCaMP5) larvae, where tenm3* ACs are labeled with GCaMP5 (green). Yellow arrowheads indicate
neurites of TH* interplexiform ACs (C). INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer plexiform layer; IPL, inner plexiform layer. Scale bars, 20 um.
(F) Percentage of GCaMP5™* cells co-localizing with antigen™ cells (mean + SD). GABA, n = 13 retinae; Parvalbumin, n = 10 retinae; TH, n = 9 retinae; ChAT, n= 10
retinae; glycine, n = 5 retinae.

(G and H) Average number (G) and relative frequency (H) of DS, OS, visually responsive, and non-DS/non-OS voxels per Z-plane in 4-dpf Tg(is/2b:
Gal4;UAS:SyGCaMP3) larvae (n = 15 larvae) before (control) and after (picrotoxin) the application of picrotoxin (100 uM). Error bars, +SEM. **p <0.01, ***p < 0.001,
paired two-tailed Student’s t test.

(Iand J) Cumulative distributions of DSI values (R? > 0) across voxels with OSI < 0.5 (I) and OS| values (R? > 0) across voxels with DSI < 0.5 (J) before (control) and
after (picrotoxin) the application of picrotoxin (100 pM). ***p < 0.001, two-sample Kolmogorov-Smirnov test.

(K and L) Cumulative histograms summarizing the incidence of preferred angles for identified DS (K) and OS voxels (L) in 4-dpf larvae (n = 15 larvae) before
(control) and after (picrotoxin) the application of picrotoxin (100 pM). Overlaid curves are the fitted Gaussian distributions for each DS or OS subtype. Polar plots
illustrate the mean (+1 SD) normalized response profiles for each DS or OS subtype.

See also Figure S5 and Table S1.
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Figure 5. Morphological Diversity of Individ-
ual Tenm3* AC Types

(A-F) Morphologies of single tenm3* ACs ex-
pressing eGFP-CAAX in 4-dpf UAS:eGFP-CAAX-
injected Tg(tenm3:Gald) larvae. The side views
(left), top views (middle), and top view 3D re-
constructions (right) are shown. IPL strata location
of tenm3* AC neurites is indicated by the letter “S”
followed by the relative IPL position. The 3D re-
constructed neurites of the bi-stratified type Il
tenm3* AC are color-coded according to the
stratum they are located. Note that the type V
tenm3* AC shown in (F) is from a 7-dpf larva. Scale
bars, 10 um in (A)-(E) and 40 pm in (F).

(G) Diagram illustrating the quantification of den-
dritic field elongation by calculating the eccen-
tricity of dendritic arbor profiles following ellipse
fitting. “a” is the length of the semi-major axis, and
“b” is the length of the semi-minor axis.

(H-J) Dendritic field elongation (i.e., eccentricity;
H), dendritic field area (), and relative frequency (J)
ofidentified tenm3* AC types (n = 125 cells from 65
larvae). The number of observed cells for each
tenm3* AC type is reported in brackets (J). Box-
plots indicate interquartile ranges (boxes), me-
dians (lines in boxes), and ranges (min-max,
whiskers). p values are the results of one-way
ANOVA.

(K) Relationship between dendritic field area of
type I-IV tenm3* ACs and their observed fre-
quency (in number of cells). The continuous curve
shows the nonlinear regression of the data with a
second order polynomial function indicating a
quadratic relationship between the two variables.
Thick and thin dashed curves report the 95%
confidence and prediction bands of the nonlinear
fit, respectively. Goodness of fit value (R?) is re-
ported at the bottom-right corner.

(L and M) k-means clustering of type I-IV tenm3*
ACs based on their IPL stratification, dendritic field
area, and dendritic field elongation. Individual cell
data points are color coded according to which
tenm3* AC type they have been classified (L).
Analysis of mean silhouette values for increasing
number of clusters indicates that five clusters best
describe the dataset (M). Importantly, the five cell
clusters obtained by k-means are consistent with
the classification of the most frequent tenm3* ACs
into five different types. Error bars, +SEM.

(N) Observed (blue) and estimated (red; assuming
a retinal coverage factor of 1) relative frequencies
of type I-IV tenm3* ACs. Resullts of the two-tailed
chi-square test are reported.

See also Table S1.

tenm3* ACs, followed by analyses of their
tuning and dendritic field morphology
(Figure S7A). Strikingly, the only tenm3*
ACs that showed stimulus-locked visual

responses characterized by high orientation tuning were type Il

or lll ACs (Figure 6F). Their degree of orientation selectivity was

correlated with the elongation of their dendritic fields (Figure 6G),
and the angular difference between their preferred stimulus
orientation and dendritic field orientation was close to zero
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(Figure 6H), indicating that type Il and Ill tenm3* ACs respond
maximally when the stimulus orientation coincides with the
orientation of their dendritic fields. Additionally, the distribution
of dendritic field orientations across sparsely eGFP-labeled
type Il and Ill tenm3* ACs revealed that they fully cover the
orientation space (Figures S7B and S7C). Since blocking
GABAA, receptors leads to impaired RGC orientation selectivity
(Figures 4G-4L), we investigated whether these two AC types
are GABAergic by performing anti-GABA immunostaining of
sparsely eGFP-labeled tenm3* ACs. We observed that both
type Il and Il tenm3* ACs do indeed express the neuro-
transmitter GABA (Figures S7D and S7E), consistent with the
results in Figure 4. Together, these data show that type Il
and Il tenm3* ACs constitute a source of orientation-tuned
GABAergic inhibition in the retina.

Orientation-Selective Responses in Bipolar Cell
Presynaptic Terminals

Since ACs have been shown to modulate BC output at the level
of individual presynaptic terminals [37], tuned inhibitory input
from type Il and Ill tenm3* ACs could potentially generate orien-
tation tuning in BC presynaptic terminals. We started investi-
gating this idea by performing calcium imaging in the retinae of
Tg(—1.8ctbp2:SyGCaMP6) larvae, where BC ribbon synapses
are selectively labeled with SyGCaMP6 (Figure 6L; Movie S5)
[38]. Interestingly, we observed that a fraction of BC responses
(~5% of visually responsive voxels) is indeed highly orientation
selective (OSI > 0.5, DSI < 0.5, R? > 0.8; Figures 6N-6P and
S6E-S6H). Similarly to OSGCs and tenm3* ACs, the preferred
stimulus orientations of OS responses fall into four subpopula-

tions tuned to gratings oriented along the cardinal (18°, 99°)
and diagonal axes (44°, 149°; Figure 6M). The degree of orienta-
tion selectivity across the whole population of BC terminals ap-
peared to be more similar to RGCs than tenm3* ACs (Figures
6C-6E). Furthermore, the frequency distribution of the four OS
BC subpopulations is highly correlated with that of OSGCs but
inversely correlated with tenm3* ACs (Figures 61-6K). This there-
fore suggests that orientation selectivity in BC terminals could be
generated by orthogonal orientation-tuned inhibitory input from
tenm3* ACs, similarly to OSGCs.

DISCUSSION

The vertebrate retina extracts information from visual scenes
and sends it to higher brain areas through feature-specific neural
pathways. Crucial neural substrates underlying this information
processing in the retina are the stereotypic synaptic connections
between defined neural cell types. How specific elements of the
retinal circuit perform computations is, however, largely un-
known. The data presented here define cellular and molecular
building blocks of a circuit in the larval zebrafish retina capable
of detecting the orientation of elongated visual stimuli. In partic-
ular, we take advantage of the functional link between RGC
orientation selectivity and the cell-adhesion molecule Tenm3 to
genetically identify a class of ACs with elongated dendritic
arbors that show orientation tuning. We reveal that these
tenm3* ACs and their GABAergic inhibitory output are crucial
for the tuning of orientation-selective RGCs. Moreover, we
show that Tenm3 is a key molecular player in both the morpho-
logical and functional development of the circuit, and that

Figure 6. Orientation Selectivity in Tenm3* ACs and BC Terminals

(A) Two-photon functional calcium imaging of tenm3* AC synaptic terminals expressing SyGCaMP3 (green) in 4-dpf Tg(tenm3:Gal4;UAS:SyGCaMP3) larvae.
Distance of the eye from LCD screen is 2 cm. Recordings are performed from two to four Z-planes (approximately 20 pm total volume thickness). INL, inner
nuclear layer; GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bar, 20 pm.

(B) Cumulative histogram summarizing the incidence of preferred angles for identified tenm3* AC OS voxels in 4-dpf larvae (n = 20 larvae). Overlaid curves are the
fitted Gaussian distributions for each OS subtype. Polar plots illustrate the mean (+1 SD) normalized response profiles for each OS subtype.

(C-E) Degree of orientation selectivity (quantified by the OSI) across voxels with DSI < 0.5 and R? > 0 in tenm3* ACs (blue, n = 20 larvae), BCs (green, n = 20 larvae),
and RGCs (red, n = 23 larvae; data from Figure 1H). Boxplots in (C) indicate interquartile ranges (boxes), medians (lines in boxes), and 10-90 percentiles
(whiskers). The black dotted lines in (D) and (E) indicate the OSI threshold used to identify OS responses (OSI > 0.5).

(F) Bar histogram summarizing the frequency of OS cells among tenm3* ACs in 4-dpf Tg(tenm3:Gal4) |larvae injected with UAS:GCaMP6f DNA constructs (n = 29
cells from 27 larvae). The number of observed OS cells for each tenm3* AC type is reported at the bottom. nf, not found.

(G) Scatterplot representing the relationship between OS| and dendritic field eccentricity of OS type Il and Ill tenm3* ACs (Il, n = 5 cells; lll, n = 3 cell). Spearman’s
correlation coefficient (r) with the corresponding p value is reported. Dotted line represents the linear regression fit to the data.

(H) Scatterplot representing the relationship between preferred stimulus orientation and dendritic field orientation of OS type Il and IIl tenm3* ACs (Il, n = 5 cells;
Ill, n = 3 cell). Spearman’s correlation coefficient (r) with the corresponding p value is reported. Dotted reference line indicates x = y. Top graph shows the angular
difference between preferred stimulus orientation and dendritic field orientation (mean + SD).

(I) Normalized frequency distributions of preferred stimulus orientations in OS tenm3* ACs (blue, n = 20 larvae), BCs (green, n = 20 larvae), and RGCs (red, n = 23
larvae; data from Figure 1J). The Gaussian distributions of the four different OS subpopulations are reported in separate graphs.

(J) Relative proportions of the four different OS subpopulations (Pop 1-4) in tenm3* ACs (blue), BCs (green), and RGCs (red). Values are obtained by calculating
the relative proportion (%) of the area under the normalized Gaussian curves in (1).

(K) Correlation matrix showing Spearman’s correlation coefficients (r) between the frequency distribution of the four OS subpopulations in tenm3* ACs, BCs,
and RGCs.

(L) Two-photon functional calcium imaging of BC ribbon synapses expressing SyGCaMP6 (green) in 4-dpf Tg(—1.8¢ctbp2:SyGCaMP6) larvae. Distance of the eye
from LCD screen is 2 cm. Recordings are performed from two to four Z-planes (approximately 20 pm total volume thickness). Scale bar, 20 pm.

(M) Cumulative histogram summarizing the incidence of preferred angles for identified BC OS voxels in 4-dpf larvae (n = 20 larvae). Overlaid curves are the fitted
Gaussian distributions for each OS subtype. Polar plots illustrate the mean (+1 SD) normalized response profiles for each OS subtype.

(N-P) Examples of visual responses to moving gratings from two BC terminals. Images showing the mean fluorescence across tuning experiments with identified
regions of interest (ROIs) are reported in (N). (O) shows calcium responses of the two ROIs in (N) with black traces representing the average responses across
three trials (gray traces) for each stimulus epoch. Polar plots in (P) illustrate the mean response profile (+SD, dotted lines) of each ROI with corresponding OSI, DS,
and R? values. Note that ROI #1 shows orientation selectivity. Scale bar, 5 pm.

See also Figures S6 and S7, Table S1, and Movies S4 and S5.
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orientation selectivity is also present among bipolar cell presyn-
aptic terminals. Our study represents, to our knowledge, the
most extensive characterization of the retinal orientation-selec-
tive circuit in a single tractable system. By collecting functional
and structural data from amacrine, bipolar, and ganglion cells
at cellular and population levels, we provide a mechanistic
explanation of how defined neural cell types in the retina
generate a fundamental property of visual perception—i.e.,
orientation selectivity. Additionally, our results elucidate the
functional role of two novel AC types, therefore shedding some
light on the most diverse and least understood retinal cell
class [39].

A Circuit Model of Orientation Selectivity in the Retina

To integrate our data into a general framework describing the
computation of orientation selectivity in RGCs, we outlined a
model of the retinal OS circuit. The model is based on the
following principles: (1) the highly elongated dendritic fields of
type Il and Ill tenm3* ACs identified in this study (Figure 5) under-
lie their orientation tuning (Figures 6 and 7A). Specifically, these
defined AC types respond maximally when the orientation of
elongated visual stimuli coincides with the orientation of their
dendritic fields. Interestingly, ACs characterized by elongated
dendritic fields and orientation selectivity have been found also
in the rabbit retina, although their genetic identity is still unknown
[13, 14]. (2) Type Il and Ill tenm3* ACs provide orthogonal orien-
tation-tuned inhibitory input to OSGCs and, potentially, BC pre-
synaptic terminals (Figures 61-6K). This feedforward inhibition is
mediated by GABA and generates orientation selectivity in
OSGCs (Figures 3, 4, and 7A). Interestingly, pharmacological
block of synaptic inhibition onto zebrafish BC terminals indicates
that orientation selectivity in BC ribbon synapses is generated
through AC inhibitory input (J. Johnston and L. Lagnado, per-
sonal communication), therefore supporting the idea that the
OS inhibitory output of type Il and Ill tenm3* ACs could be at
the basis of orientation selectivity in both BCs and OSGCs.
Studies in the rabbit and mouse retina showed that OSGCs
receive preferred orientation-tuned excitatory input and orthog-
onal orientation-tuned inhibitory input and, in rabbit, presynaptic
GABAergic inhibition plays a pivotal role in the emergence of
these OS inputs [9, 40]. Recent findings in Drosophila showed
an analogous requirement of GABA signaling for orientation

490 60 -30 O 30 60 90 -80 -60 -30 O 30 60 90 -90 -60 -30 O 30 60 90
m nom n m n

Angular Distance (i) from Preferred Orientation in Degrees

Figure 7. Circuit Model of Orientation Selectivity in the Retina

(A) Hypothesized principles underlying the emergence of orientation selectivity
in the retina. The high dendritic field elongation (quantified by the eccentricity
of fitted elliptic profiles) of defined tenm3* AC types is at the basis of their high
orientation tuning (left). Maximal activation of tuned AC types is obtained when
the orientation of elongated visual stimuli coincides with the orientation of their
dendritic fields. As a result, these tuned tenm3* AC types generate orientation
selectivity in RGCs (quantified by the OSI, right) by providing orthogonal
orientation-tuned GABAergic inhibitory input. The color code describes the
different levels of dendritic field elongation (left) and orientation selectivity
(right).

(B) Examples of retinal OS circuit activation patterns for horizontal orientation-
tuned OSGC preferred (magenta) and orthogonal (purple) stimuli. Excitatory
input is indicated by “+” (full circles), whereas inhibitory input is indicated

1812 Current Biology 26, 1802-1815, July 25, 2016

by “~” (empty circles). Putative synapses between OS tenm3* ACs and BC
terminals are also represented. Tuning profiles of example photoreceptor (PR),
bipolar cells (BCs), OS tenm3* amacrine cell (AC), and orientation-selective
ganglion cell (OSGC) are also reported.

(C) Simulation of the OSGC tuning profile (Oposac, black dotted line) using
experimentally observed average response profiles of orthogonally tuned OS
tenm3* ACs (a, blue line; n = 20 larvae) and BC terminals (B, green line; n = 20
larvae). Three different orientation-tuning levels of excitatory BC input were
used: untuned (left), weakly tuned to preferred orientation (middle) and highly
tuned to preferred orientation (right). The experimentally observed average
response profile of OSGCs (n = 23 larvae) is shown in red. The algorithm used
for the simulation is reported at the top with the related legend. Note that, since
the OS tenm3* AC input (o) is inhibitory, a negative synaptic weight factor (w) is
used in the algorithm. The orientation space ranges from “m” to “n”, which are
negative (—90°) and positive (90°) angles orthogonal to the preferred orienta-
tion (0°), respectively. Exp, experimental; mod, model; pref, preferred.

See also Figure S5.
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selectivity [5], revealing strikingly similar mechanisms between
vertebrates and invertebrates. (3) Stimulus orientation, not the
axis of stimulus movement, is the visual feature OSGCs are
selective to. This is supported by our observation that static grat-
ings, even though less effective in eliciting RGC responses, pro-
duce results analogous to those obtained using moving gratings
(Figures S5G-S5J). Again, such property has been observed in
rabbit and mouse OSGCs as well [10, 40]. Additional mecha-
nisms to those described here may contribute to the emergence
of RGC orientation selectivity.

In a schematic example of our model (Figure 7B), when the
retina is stimulated with the OSGC-preferred stimulus orienta-
tion, the orthogonally tuned tenm3* AC is weakly activated,
therefore allowing the OSGC to fire action potentials. When the
orthogonal stimulus orientation is presented, instead, the
orthogonally tuned tenm3* AC is strongly activated, and, conse-
quently, OSGC firing is inhibited. To further evaluate our model,
we implemented the basic principles described above into a sim-
ple simulation of OSGC output (Figure 7C). To simulate the
OSGC tuning profile (black dotted line), we used our experimen-
tally observed average response profiles of OS tenm3* ACs (blue
line) and BC presynaptic terminals (green line). We assumed the
0OS inhibitory input provided by tenm3* ACs has a subtractive ef-
fect on OSGC output and tested three different orientation-tun-
ing levels of excitatory BC input. Interestingly, we found that
the average OSGC response profile observed experimentally
(red line) was best reproduced when linearly integrating highly
0S (0SI > 0.5, DSI < 0.5, R? > 0.8) orthogonal orientation-tuned
inhibitory input from tenm3* ACs and weakly OS (OSI > 0,
DSl < 0.5, R? > 0) preferred orientation-tuned excitatory input
from BCs (Figure 7C), indicating that OSGCs may receive BC
input characterized by a substantial degree of heterogeneity in
orientation tuning. This simulation also implies that OSGCs
potentially integrate tuned input from both ACs and BCs to
obtain the orientation selectivity observed in vivo. Our results
show that the tuned GABAergic inhibitory output of tenm3*
ACs is necessary to generate normal RGC orientation selectivity.
However, further experiments are needed to precisely determine
the relative contribution played by inhibitory AC versus excit-
atory BC tuned inputs in OSGCs. The strong similarities found
between the OS circuit we characterize in the zebrafish retina
and previous descriptions of orientation selectivity in mammalian
retinae [9, 13, 40] suggest that our model can be generalized to
other vertebrate species.

Functional Significance of Orientation Selectivity

The widespread presence of orientation-selective cells in visual
systems of many animals highlights the prominent functional
role of orientation selectivity in visual perception. Studies on
the statistical properties of natural scenes indicate that natural
images can be described by local, oriented filters similar to the
receptive fields of OS cells found in visual systems [41]. One
striking example in humans is the key role played by horizontal
visual information in the identification of faces [42]. However, a
central question is, where does orientation selectivity emerge
in visual circuits? Interestingly, both in vertebrates and inverte-
brates the detection of elongated visual stimuli takes place early
in visual processing [5, 10]. Even in mammalian species,
including mice and monkeys, where for long time it was thought

that orientation selectivity is an emergent property generated in
primary visual cortex [1, 43], OS cells have been found in non-
cortical areas such as the lateral geniculate nucleus [6-8] and su-
perior colliculus [44], as well as in the retina [11, 12, 40, 45].

In our study, we found orientation selectivity in presynaptic ter-
minals of BCs and ACs (Figures 6 and S6), which are neurons
only one and two synapses away from photoreceptors, respec-
tively. Additionally, we observed OS responses in these cells as
early as 4 dpf, when zebrafish larvae start performing visually
guided behaviors, such as the optokinetic reflex. Importantly,
our data show that the cells and mechanisms underlying RGC
orientation selectivity are different from those generating direc-
tion selectivity, in line with the notion that parallel retinal circuits
process these two distinct visual features. This idea is further
supported by the fact that zebrafish OSGC and DSGC axonal
projections terminate in different, non-overlapping neuropil
laminae of the optic tectum [4, 29].

Role of Teneurins in Neural Circuit Wiring

Teneurins are phylogenetically conserved type Il transmem-
brane proteins with large extracellular domains that are highly
expressed in neural tissues [24, 25]. In vertebrates, the teneurin
family comprises four members, Tenm1-4, whereas in inverte-
brates fewer members have been identified (one in C. elegans,
two in Drosophila). In both vertebrate and invertebrate species,
teneurins interact in trans through both homo- and heterophilic
mechanisms [22, 23, 26, 27]. Notably, these trans-interactions
are crucial in mediating cell-cell recognition and adhesion.
Elegant studies in Drosophila demonstrated that teneurins play
an instructive role in the synaptic matching between specific
pre- and postsynaptic cells [22, 23]. In addition, teneurins regu-
late other fine-scale neural wiring processes in vivo, such as
cell-type-specific dendrite morphogenesis [17, 46], synapse
organization [23, 47], and axon projection topography and lami-
nation [17, 48]. The precise roles played by homo- versus heter-
ophilic trans-interactions during these wiring events are still
unclear. However, it appears that homophilic interactions are
crucial for the initial recognition and matching between specific
subsets of neurons [22, 26], whereas heterophilic interactions
are involved in subsequent steps of synapse adhesion and orga-
nization [27, 28, 47]. Since teneurins can control these distinct
processes even between the same sets of neurons [22, 47], so-
phisticated genetic manipulations will be required to disentangle
the contribution of homo- versus heterophilic trans-interactions
in neurons where a given teneurin and its heterophilic binding
partners are simultaneously expressed.

Our data suggest that Tenm3 specifies the correct develop-
ment of functionally and morphologically defined subsets of
ACs and RGCs forming a circuit underlying retinal orientation
selectivity. Even though our results are suggestive of direct syn-
aptic matching between tenm3* ACs and OSGCs, the technical
limitations of our study do not allow to unequivocally demon-
strate the physical synaptic connections between these two
neural populations, and, therefore, future experiments will be
required to further elucidate this point. Given that Tenm3 is ex-
pressed in both ACs and RGCs (Figures S1C-S1F, S2B, and
S2C) [17] and that Tenm3 loss of function leads to defects in
tenm3* AC neurite IPL stratification (Figures 2B-2D) as well as
specific morphological and functional impairments in RGCs
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(Figures 1 and S1) [17], one possible explanation of Tenm3
mechanism of action could be through trans-synaptic homo-
philic interactions. However, loss of selective trans-interactions
with other cell-adhesion molecules known to bind heterophili-
cally with teneurins, such as latrophilins [27, 28], may as well
explain the phenotypes we observed in tenm3*© mutants. Inter-
estingly, some latrophilins are expressed in the zebrafish eye at
larval and adult stages, although it is not clear whether they
exhibit a cell-type-specific expression pattern [49, 50]. Thus,
the retinal orientation-selective circuit characterized in this study
represents a tractable in vivo vertebrate system to test the spe-
cific roles played by teneurin homo- and heterophilic trans-inter-
actions during neural circuit wiring.

In conclusion, our findings constitute a significant advance-
ment in the understanding of how orientation selectivity emerges
in the vertebrate retina, bringing together molecular markers,
cell morphologies, pharmacology, and function. Moreover, the
in vivo system and relative genetic tools established in this
study will allow investigations of the precise functional role
played by retinal orientation selectivity in higher visual areas of
the brain as well as its role in performing visually guided
behaviors.

EXPERIMENTAL PROCEDURES

Statistical test results are reported in the figures and figure legends. Statistical
analyses and tests were carried out using Prism 6 (GraphPad), SigmaPlot
11 (Systat Software), or MATLAB R2014b (MathWorks). A comprehensive
description of the statistical analyses and tests performed in this study can
be found in Table S1. Before performing statistical tests, descriptive statistics
(e.g., normality tests to see whether values come from a Gaussian distribution
or F-test to compare variances) were used to choose the appropriate statisti-
cal test (reported in Table S1). The criterion for statistical significance was set
at p < 0.05. In order to quantitatively measure and assess the effects of treat-
ments or genetic manipulations between animal groups, the effect size
(Cohen’s d) and its 95% confidence interval were also calculated (see Table
S1). See Supplemental Experimental Procedures for detailed methods and
zebrafish lines used in this study. All animal procedures were approved by
the local Animal Welfare and Ethics Review Body (King’s College London)
and were carried out in accordance with the Animals (Scientific Procedures)
Act 1986 under license from the United Kingdom Home Office.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, Supplemental Experimental
Procedures, one table, and five movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2016.05.035.
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The larval zebrafish (Danio rerio) is an excellent vertebrate model for in vivo imaging of biological
: phenomena at subcellular, cellular and systems levels. However, the optical accessibility of highly
Accepted:17June 2016 : pigmented tissues, like the eyes, is limited even in this animal model. Typical strategies to improve
Published: 06 July 2016 : the transparency of zebrafish larvae require the use of either highly toxic chemical compounds (e.g.

: 1-phenyl-2-thiourea, PTU) or pigmentation mutant strains (e.g. casper mutant). To date none of these
strategies produce normally behaving larvae that are transparent in both the body and the eyes.
Here we present crystal, an optically clear zebrafish mutant obtained by combining different viable
mutations affecting skin pigmentation. Compared to the previously described combinatorial mutant
casper, the crystal mutant lacks pigmentation also in the retinal pigment epithelium, therefore enabling
optical access to the eyes. Unlike PTU-treated animals, crystal larvae are able to perform visually
guided behaviours, such as the optomotor response, as efficiently as wild type larvae. To validate the
in vivo application of crystal larvae, we performed whole-brain light-sheet imaging and two-photon
calcium imaging of neural activity in the retina. In conclusion, this novel combinatorial pigmentation
mutant represents an ideal vertebrate tool for completely unobstructed structural and functional in vivo
investigations of biological processes, particularly when imaging tissues inside or between the eyes.

Received: 11 March 2016 :

In order to understand complex biological phenomena, structural and functional information has to be extracted
from intact animal systems at different spatial scales. Optical transparency of animals is a highly desirable feature
to study these biological processes in vivo. Pigment molecules, such as melanin, haemoglobin and myoglobin, are
the main sources of visible light absorption in biological tissues'2. Lipids and collagen, on the other hand, consti-
tute the primary molecules responsible for light scattering. Recently, several tissue clearing techniques have been
developed to reduce light scattering in fixed biological tissues by selectively removing lipids in a non-destructive
way®>. However, the only molecules that can be removed from living systems without dramatically impairing their
viability are pigment molecules localised in defined tissues, such as melanin present in the skin. Here, we used a
combinatorial genetic approach to generate a viable, fully transparent zebrafish mutant, which we name crystal,
lacking the vast majority of skin pigmentation. Compared to the previously described combinatorial pigmenta-
tion mutant casper that has pigmented eyes?, the crystal mutant constitutes a significant improvement for in vivo
imaging of tissues inside or between the eyes.

In zebrafish, multiple populations of cells produce pigments that ultimately restrict the optical accessibility of
tissues®®. The three main kinds of pigment cells (or chromatophores) are the melanophores (black appearance),
iridophores (silvery or blue) and xanthophores (yellow) (Fig. 1a). In addition to these three populations, which in
zebrafish larvae derive from neural crest cells, there is another population of pigment cells forming the retinal pig-
ment epithelium (RPE), which originates from optic lobe neuroepithelial cells (Fig. 1a)”. Common strategies to
reduce zebrafish skin pigmentation can be grouped in two categories: 1) use of chemical compounds interfering
with the synthesis of melanin, the most popular one being 1-phenyl-2-thiourea (PTU)? 2) use of pigmentation
mutants in which genes controlling either pigment formation, chromatophore formation or interactions between
chromatophores have been inactivated*®’. The first strategy, despite being straightforward (i.e., embryos can be
simply raised in medium containing 200 uM PTU), is associated with toxic side effects that impair morphogene-
sis, behaviour and survival. For example, PTU has been shown to interfere not only with tyrosinase (the enzyme
that catalyses the production of melanin)!'®!!, but also with other enzymes, such as thyroid peroxidase'? and
dopamine beta-hydroxylase'®. Therefore, the poor selectivity of this drug results in severe consequences includ-
ing reduced thyroid hormone synthesis'*, decreased eye size'2, abnormal cranial neural crest and extraocular
muscle development'®, impaired retinal light adaptation'®, as well as anxiety'” and reduced mobility, hatching and

MRC Centre for Developmental Neurobiology, King’s College London, Guy’s Campus, London SE1 1UL, UK.
Correspondence and requests for materials should be addressed to P.A. (email: paride.antinucci@kcl.ac.uk) or R.H.
(email: robert.hindges@kcl.ac.uk)
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Figure 1. Generation of crystal, a fully transparent combinatorial p tation (a) Left: schematic
diagram of the main populations of pigment cells in wild type (WT) zebrafish. Centre: cell lineages generating
the different populations of pigment cells. Right: mutations affecting genes controlling either pigment cell
formation (nacre"”*2 and roy*’) or melanin production (alb”**) used to generate the crystal mutant. RPE,
retinal pigment epithelium. (b-d) Pigmentation phenotypes of wild type, single mutant, casper and crystal
zebrafish at adult (>3 month old, (b)), embryonic (3 dpf, (c)) and larval (7 dpf, (d)) stages. Red dashed boxes
indicate crystal mutants. Insets on the right display eye pigmentation phenotypes. 3 dpf and 7 dpf zebrafish
treated with 200 uM PTU are shown at the bottom of (c,d). Note that the optical transparency of crystal fish is
higher than that of wild type, single mutant, casper and PTU-treated fish.
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survival® (see also Results and Discussion). In contrast, the second strategy is considerably less disruptive since it
takes advantage of viable mutations affecting the function of genes expressed in specific subsets of cells where they
are involved in defined processes of pigment production®. Since the formation of each pigment type is controlled
independently of the others, the combination of different mutations is required to produce fully transparent
zebrafish. This strategy has been previously implemented to generate the double mutant casper, which lacks all
melanophores and iridophores®. Here, we further develop this strategy to generate a fully optically clear com-
binatorial mutant (crystal) that not only lacks all melanophores and iridophores, but also has a non-pigmented
RPE. This particular feature makes crystal larvae especially suited for imaging tissues inside or between the eyes
while avoiding the use of chemical pigmentation blockers. Importantly, crystal mutants show no behavioural or
viability deficits as compared to wild type animals. We also validate the in vivo application of this novel mutant
by performing whole-brain light-sheet imaging and two-photon functional recordings of neural activity in the
retinae of crystal larvae.

Results and Discussion

Generation of crystal: a fully transparent zebrafish for in vivoimaging.  To generate optically clear
zebrafish lacking the vast majority of skin pigmentation without using chemical compounds inhibiting pigment
formation, we undertook a combinatorial genetic approach. Three previously described viable mutations affecting
different populations of chromatophores (Fig. 1a) were selected and combined through crossbreeding (Fig. 1b): 1)
the nacre””*? mutant lacks all melanophores due to a mutation in the mitfa gene’. Since the nacre mutation does
not affect the population of cells forming the RPE, this structure is still pigmented in this single mutant. 2) The
albino (alb**%) mutant is characterised by a general deficiency in the production of melanin due to a mutation in
the slc45a2 gene'®. 3) The roy orbison (roy*”*®) mutant shows a complete lack of iridophores*. The gene responsible
for this mutant phenotype is currently unknown. The resulting combinatorial triple mutant (nacre*"2alb"*%;
r0y*”*% red boxes in Fig. 1b—d), which we name crystal, lacks the vast majority of dark and reflective pigments
normally present at the cutaneous level and, as a consequence, appears optically clear. The internal organs are
clearly visible in adult (>3 months old) crystal mutants as opposed to wild type and single mutant fish (Fig. 1b).
Compared to the previously described double mutant casper (nacre"?*roy*”+)*, where internal organs are also
visible, the triple mutant crystal (nacre”**%alb¥*%;r0y*”+%) lacks melanin in the RPE (Fig. 1b). Consequently,
the eyes of crystal fish are considerably less pigmented than wild type, single mutant and casper fish, therefore
resulting easily accessible to optical investigation (see right insets in Fig. 1b—d). The pigmentation phenotype of
crystal fish is already evident at embryonic (e.g., 3 dpf, Fig. 1¢) and larval (e.g., 7 dpf, Fig. 1d) stages. Importantly,
the optical clarity of crystal larvae is even superior to that of larvae treated with 200 M PTU (Fig. 1c,d), since
PTU inhibits melanin production but does not interfere with iridophore function®. Moreover, unlike PTU-treated
animals, adult crystal mutants are viable and produce normal numbers of offspring. Heterozygous fish (nacre*?*;
alb"+;r0y"**) do not exhibit any visible phenotype (data not shown). Overall, the crystal mutant constitutes a sig-
nificant improvement in the optical accessibility of both larval and adult zebrafish, even superior to the previously
described combinatorial mutant casper?, which is characterised by black-pigmented eyes.

Crystal zebrafish larvae exhibit normal visual behaviour.  An ideal system for in vivo imaging has
to be characterised not only by optical clarity but also by normal functional and behavioural viability. The use
of PTU to quickly obtain transparent zebrafish larvae is widespread across the research community. However,
numerous studies reported severe morphological and behavioural side effects caused by the toxicity of PTU treat-
ment (see Introduction). We thus wanted to compare the behavioural viability of crystal larvae to wild type lar-
vae and to larvae raised in medium containing 200 M PTU. As a representative visually guided behaviour we
tested the ability of 5 dpf larvae to perform the optomotor response. During optomotor response assays, freely
swimming zebrafish larvae respond to whole-field moving stimuli (e.g., dark and light bars) by swimming in the
same direction of stimulus motion (Fig. 2a)'®. They do so to compensate for the optic flow-induced perception of
apparent involuntary displacement, and therefore regain the desired course of locomotion. Individual larvae were
tested five times in total and scored according to the number of trials they responded to (i.e., fish turns and swims
in the direction of the moving stimulus). Notably, crystal larvae exhibited a response rate equivalent to wild type
larvae as opposed to PTU-treated larvae, which instead showed a dramatic behavioural impairment (Fig. 2b).

Given the observed behavioural consequences of PTU treatment, we further investigated whether PTU has
any effect on zebrafish visual system function. We did so by recording visually induced neural responses in the
optic tectum, which in zebrafish is the main retinorecipient brain area. The zebrafish optic tectum receives inputs
from all functional types of retinal ganglion cells, the sole output neurons of the retina, including ganglion cells
tuned to stimulus direction of motion (direction-selective cells) or stimulus orientation (orientation-selective
cells)®. Using a transgenic fish line where the genetically encoded calcium indicator GCaMP5G is expressed
pan-neuronally?', we analysed visual responses to moving dark and light bars in both the tectal neuropil and
periventricular neurons through in vivo calcium imaging, as previously described (Fig. 2c and Supplementary
Video 1)*»%, Compared to untreated Tg(elavi3:GCaMP5G) larvae, 4 dpf PTU-treated larvae (treatment from
1 dpf to 3 dpf) showed a large decrease in visual responses with direction- and orientation-selective neural
responses being absent or severely impaired, respectively (Fig. 2c). From these data, we conclude that PTU can
cause deleterious consequences on both zebrafish behaviour and neural function, and should be therefore avoided
whenever these two biological processes are under investigation. Since PTU is a highly non-selective drug (see
Introduction) and is generally applied at the whole-animal level, it is difficult to attribute any of the detrimental
effects we observed to a specific biochemical pathway.

Whole-brain light-sheet imaging of crystal larvae. We next aimed to validate the in vivo applica-
tion of crystal larvae by performing whole-brain light-sheet imaging?*. Light-sheet microscopy has recently
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Figure 2. PTU impairs zebrafish behaviour and visual system function. (a) Schematic diagram illustrating
the optomotor response behavioural assay. Individual 5 dpf larvae were positioned in a petri dish containing
Danieau solution. An LCD screen controlled by a computer was used to display black and white square-wave
gratings moving in 4 directions (red arrows) at the bottom of the petri dish. Each larva was tested 5 times in
total (each trial lasted 6 seconds) and scored according to the trials it responded to (i.e., fish turns and swims

in the direction of the moving gratings). (b) Quantification of the optomotor response assays for 5 dpf wild
type (WT, black), crystal (blue) and PTU-treated (red) larvae (n =25 larvae in each group). The frequency
distribution (left), cumulative frequency distribution (centre) and mean + SEM (right) of number of responsive
trials per larva are reported. Note that PTU-treated larvae show a significant decrease in the number of

trials they respond to. ns, non-significant; ***p < 0.001; one-way ANOVA with post-hoc Tukey’s HSD test.

(c) Functional calcium imaging of tectal cells and retinal ganglion cell axons expressing GCaMP5G (green) in 4
dpf Tg(elavi3:GCaMP5G) larvae. Distance of right eye from projection screen is 3 cm. Recordings are performed
from 3 Z-planes (approximately 20 jum total volume thickness) in the contralateral optic tectum at 4 Hz image
acquisition rate. Dashed box shows the angles of moving bars relative to zebrafish larva orientation. Mean AF/F,
images of calcium recordings in untreated (control) and PTU-treated larvae followed by mapping of direction-
selective (DS) and orientation-selective (OS) voxels are displayed. Np, neuropil; SPV, stratum periventriculare;
DS, direction selectivity index; OSI, orientation selectivity index. Scale bar is 40 pm. (d) Average number (top)
and relative frequency (bottom) of DS, OS, visually responsive and non-DS/non-OS voxels per Z-plane in
control and PTU-treated 4 dpflarvae (n =12 larvae in each group). Criteria used to identify DS and OS voxels
are reported at the top. Note the dramatic reduction in visually responsive, DS and OS voxels following 200 pM
PTU treatment. Error bars are + SEM. *#*p < 0.001, unpaired two-tailed Student’s t test.

experienced a series of significant technological advancements and is generally used to study nervous system
activity and development with cellular resolution at the whole-animal level?"**%". In typical zebrafish light-sheet
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Figure 3. Improved optical accessibility of zebrafish larvae in whole-brain light-sheet imaging using
crystal. (a) Volumetric imaging of the larval zebrafish brain with light-sheet microscopy in 4 dpf nacre (top),
casper (middle) and crystal (bottom) Tg(elavi3:GCaMP6f) larvae (n =4-5 larvae in each group). Six different
volume sections per larva out of 450 (total xyz volume of 798 x 623 x 283 um?) are displayed. L, left; A, anterior.
Scale bar is 200 pm. (b) Single volume sections of the brain (100 um Z plane depth) in nacre (left), casper
(middle) and crystal (right) larvae. Note the dark region between the eyes of nacre and casper larvae due to the
excitation light being absorbed or reflected by pigments present on the surface of the eyes. L, left; A, anterior.
Scale bar is 100 um. (c) Insets showing the labelling of amacrine and ganglion cells in the left retina of the crystal
larva (right) compared to nacre (left) and casper (middle) larvae, where no GCaMP6f fluorescence is detected
in the eyes. T, temporal; N, nasal. Scale bar is 50 um. (d) 3D reconstructions of the brain (lateral view) of nacre
(left), casper (middle) and crystal (right) Tg(elavi3:GCaMP6f) larvae shown in (a). Note the improved optical
accessibility (~18% of brain volume) allowed by crystal. P, posterior; V, ventral. Scale bar is 100 um. (e) Average
imaged brain volume in nacre, casper and crystal 4 dpf Tg(elavl3: GCaMP6f) larvae. Error bars are - SEM. ns,

preparations, the excitation light is provided laterally and fluorophore emission light is collected through an
objective positioned orthogonally to the illumination plane. However, due to the strong pigmentation of the eyes,
imaging of areas inside or between these structures is normally problematic. We therefore compared the opti-
cal accessibility of the nervous system between crystal, nacre and casper larvae at 4 dpf using the pan-neuronal
Tg(elavi3:GCaMP6f) line*® (Fig. 3a and Supplementary Video 2). In our setup, the sheet of laser light (488 nm)
is generated by two objectives positioned on the lateral sides of the larva. In crystal larvae, the excitation light
can easily reach deep (i.e., ventral) regions of the brain (Fig. 3b) as well as the retinae (Fig. 3c) without being
absorbed or reflected by pigments normally present on the surface of the eyes, like in nacre or casper larvae (note
the dark regions in the left and middle panels of Fig. 3b,c). Therefore, crystal allows a fully unobstructed optical
access of the larval zebrafish brain in its entirety (i.e., including the eyes), as opposed to nacre and casper mutants
where a substantial portion of the nervous system (~18%) is not accessible through standard light-sheet imaging
(Fig. 3a,d,e; mean volume + SEM, crystal 3.04 £ 0.12 x 107 um?, n =4; casper 2.51 £0.07 x 107 um?, n = 4; nacre
2.47 £0.10 x 107 um?, n=>5; p=0.0040, F,0=10.09, one-way ANOVA with post-hoc Tukey’s HSD test). Even
though the optical accessibility of crystal larvae through light-sheet imaging is significantly higher than nacre and
casper mutants, it is noteworthy that the spatial definition of brain regions between the eyes appears lower than
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Figure 4. Calcium imaging of visually evoked neural activity in the retina using crystal. (a) Two-photon
functional calcium imaging of amacrine cells and ganglion cell dendrites expressing GCaMP6f (green) in 4 dpf
crystal Tg(elavl3:GCaMP6f) larvae (n =8 larvae). Distance of the eye from LCD screen is 2 cm. Recordings are
performed from 2-4 Z-planes (approximately 20 um total volume thickness) at 4 Hz image acquisition rate.
Dashed box shows the angles of moving gratings relative to zebrafish larva orientation. INL, inner nuclear
layer; GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bar is 20 um. (b,c) Mean AF/F, image of a
representative calcium recording (b) followed by voxel-wise analysis of direction and orientation selectivity
of visual responses (c). DSI, direction selectivity index; OSI, orientation selectivity index. (d) AF/F, calcium
traces during a representative tuning experiment from the 6 selected regions of interest (ROIs) shown in (b).
Polar plots showing the tuning profiles (i.e., integral AF/F, responses to different stimuli) of individual ROIs
are reported on the right. Stimulus epochs are shown in grey. Dark arrows indicate the different directions of
gratings motion. The blank-screen null condition is indicated by a ‘—’ sign.

other regions of the brain, likely due to scattering of excitation light by the lenses. Despite this fact, the light-sheet
signal detected from these regions in crystal mutants is still many-fold higher than in the other animal groups
(Fig. 3a,b).

Two-photon calcium imaging in the intact retina using crystal. To further assess the in vivo appli-
cation of crystal larvae we performed two-photon functional imaging of neural activity in the retina (Fig. 4a),
a brain region that is not optically accessible in wild type, single pigmentation mutant or casper larvae (Fig. 1)
unless embryos are raised in medium containing PTU?. The retina is a sensory neural circuit formed by mul-
tiple classes of excitatory cells (photoreceptors, bipolar and ganglion cells) and inhibitory cells (horizontal and
amacrine cells)®!. Its primary function is to detect and process light stimuli and, subsequently, send the processed
visual information to higher brain areas through different types of functionally specialised ganglion cells®. To
record visual responses in the larval retina through calcium imaging, 4 dpf Tg(elavi3:GCaMPG6f) crystal larvae
were immobilised in 2% low melting point agarose with one eye facing an LCD screen where square-wave grat-
ings moving in 12 different directions were displayed (n = 8 larvae). Visually evoked calcium transients were
recorded from amacrine and ganglion cells at 4 Hz using near-infrared (930 nm) two-photon laser excitation
(Supplementary Video 3). Voxel-wise analysis was then used to identify visually responsive voxels (Fig. 4b) and
quantify direction and orientation selectivity of visual responses at subcellular resolution (0.248 x 0.248 pm voxel
XY size, Fig. 4c) as previously described?>*. AF/F, calcium traces from 6 selected regions of interest (ROIs,
Fig. 4b) are displayed as examples (Fig. 4d). Interestingly, not only we could record stimulus-locked responses, but
also we observed the presence of direction-selective (direction selectivity index (DSI) > 0.5, ROI# 4 and 5) and
orientation-selective (orientation selectivity index (OSI) > 0.5, ROI# 1-3) responses (Fig. 4c,d), indicating that
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the retina is functional in crystal larvae. A previous study has reported that adult zebrafish mutants with hypop-
igmented eyes show deficits in performing visual escape assays under defined luminance conditions*. Thus, even
though our visual behaviour assays demonstrated that crystal larvae perform the optomotor response as well as
wild type larvae (Fig. 2a,b), we cannot exclude that crystal mutants might show abnormal retinal responses under
certain luminance conditions. However, given the deleterious effects caused by PTU treatment (Fig. 2c,d; see
Introduction), the crystal mutant represents, to the best of our knowledge, the most viable strategy to perform
in vivo functional imaging in the intact retina of larval zebrafish.

Conclusions

In this study, we generated a viable, optically transparent combinatorial pigmentation mutant zebrafish, named
crystal, which constitutes an ideal tool for completely unobstructed in vivo imaging of biological phenomena.
More specifically, compared to casper mutants*, crystal fish are superior in terms of optical transparency when
imaging inside or between the eyes. We validated the viability and in vivo application of crystal larvae through
the optomotor response assay, whole-brain light-sheet imaging and two-photon functional imaging of neural
activity in the intact retina. Importantly, crystal larvae show a higher viability than larvae treated with the chem-
ical pigmentation blocker PTU. We envisage that crystal will be an invaluable tool for other in vivo applications,
such as one-photon?! or two-photon?” volumetric calcium imaging of neural activity across the entire brain in
semi-restrained behaving® or paralysed fictively swimming® zebrafish larvae, as well as to study the wiring,
function and plasticity of neural circuits in normally highly pigmented, optically inaccessible structures like the
eyeS30,37,38‘

Methods

Animals. Zebrafish were maintained at 28.5°C on a 14 hr ON/10 hr OFF light cycle in Danieau solution
[58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO,, 0.6 mM Ca(NO3), 5.0mM HEPES, pH 7.6]. The combinatorial crys-
tal mutant (alb**;nacre*?**roy"*%) was generated by sequentially crossbreeding three different single mutant
strains, namely nacre"?"? (ref. 9), roy™*° (ref. 4) and alb*”* (ref. 18) mutants. Importantly, both larvae and adult
crystal zebrafish are viable and do not display visible morphological, functional or behavioural abnormalities
other than the pigmentation phenotype. The casper mutant was obtained by crossing nacre?*? and roy*”**
mutants, as previously described®. The AB line was used to obtain wild type zebrafish. Transgenic lines used in
this study include Tg(elavi3:GCaMP5G)* and Tg(elavi3:GCaMP6f)*. Confocal functional imaging experiments
were performed in the nacre mutant. Light-sheet imaging experiments were performed in nacre, casper and crys-
tal mutants. Two-photon functional imaging experiments were performed in crystal larvae. To treat zebrafish
larvae with PTU we followed standard procedures?®, specifically larvae were raised in 200 M PTU (Sigma) in
Danieau solution from 24 hours post fertilisation (hpf). Tg(elavi3:GCaMP5G) larvae used for confocal functional
imaging of visually evoked neural activity in the optic tectum were treated with 200 M PTU from 24 hpf to 3
dpf and imaged at 4 dpf. This work was approved by the local Animal Welfare and Ethical Review Body (King’s
College London), and was carried out in accordance with the Animals (Scientific Procedures) Act 1986, under
license from the United Kingdom Home Office (PPL70/8057).

Imaging. Whole-animal in vivo microscopy. Whole-animal images of adult zebrafish were taken with a
Nikon D7000 digital SLR camera equipped with a Sigma 150 mm macro lens. Adult zebrafish were anesthetized
with 0.2% tricaine (MS222, Sigma) in fish facility water and placed in a 90 mm petri dish containing fish facility
water. Imaging of larvae was performed using a ZEISS Axioskop microscope connected to EXi Blue CCD cameras
(Retiga) and Volocity acquisition software (PerkinElmer). Larval zebrafish were anesthetized with 0.02% tricaine
in Danieau solution and immobilized in 1% low melting point agarose (Sigma) on glass slides.

Confocal calcium imaging. Imaging was performed using a ZEISS LSM 710 confocal microscope equipped with
a spectral detection scan head and a 20X/1.0 NA water-immersion objective (Carl Zeiss). Functional time-series
of visually evoked calcium responses in retinal ganglion cells (RGCs) were acquired at a rate of 4.1 Hz and
0.415 x 0.415 jum resolution (256 x 256 pixels), and 1 AU pinhole aperture. Excitation light was provided by a
488 nm multi-line laser. Non-anaesthetised Tg(elavi3:GCaMP5G) larvae were immobilized in 2% low melting
point agarose (Sigma) prepared in Danieau solution and mounted dorsal side up on a raised glass platform that
was placed in a custom-made Danieau-filled chamber. The agarose was sufficient to restrain the larvae so that
anaesthesia was not required. Imaging was performed in the afternoon (1-8 pm).

Light-sheet imaging. 'Whole-brain light-sheet imaging was performed using a ZEISS Lightsheet Z.1 microscope
equipped with two 10X/0.2 NA illumination objectives and one 20X/1.0 NA water-immersion detection objective
(Carl Zeiss). 488 nm laser excitation light was used to elicit GCaMP6f fluorescence and a 505-545 BP filter was
used for emitted light detection. The pivot scanner (Carl Zeiss) was used to deliver homogeneous illumination
and, therefore, avoid shadows along the illumination axis. The thickness of the light sheet was 5.39 jum at the
centre and 10.8 pm at the edges of the field of view. Exposure time was 29.97 ms. The size of volumetric images
was 623 X 798 x 283 pm? (1500 x 1920 x 490 pixels) with a resolution of 0.415 x 0.415 x 0.631 pm. 4 dpf nacre,
casper and crystal Tg(elavl3:GCaMP6f) larvae were first paralysed for 10-15 minutes in o--bungarotoxin (1 mg/ml;
Biotium) prepared in Danieau solution. Subsequently, larvae were immobilized in 2% low melting point aga-
rose (Sigma) and placed inside a glass capillary (20 pl volume, 701904; Brand). We subsequently extruded the
section of the agarose cylinder containing the head of the larva from the capillary, and oriented the larvae so
that the dorsal side of the head was facing the detection objective and the eyes were facing the two illumina-
tion objectives. Whole-brain light-sheet imaging of casper mutant larvae was performed using a custom-made
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light-sheet microscope built by Dr Martin Meyer (King’s College London) and equipped with a 20X/1.0 NA
water-immersion XLUMPlanFLN detection objective (Olympus).

Two-photon calcium imaging. Two-photon functional imaging in the retina was performed using a Nikon A1R
MP microscope equipped with a 4-channel GaAsP NDD and an Apochromat 25X/1.1 NA water-immersion
objective (Nikon). Excitation was provided by a Chameleon Ultra IT Mode-locked titanium-sapphire laser
(Coherent) tuned to 930 nm. Time-series of visually evoked calcium responses were acquired at a rate of 4Hz
and 0.248 x 0.248 um resolution (512 x 256 pixels). Following activation of the laser scanning, we waited 60 sec-
onds before starting the visual stimulation to ensure the retina adapted to the background light level caused
by the multi-photon laser. 4 dpf crystal Tg(elavi3:GCaMP6f) larvae were first paralysed for 10-15 minutes in
a-bungarotoxin (1 mg/ml; Biotium) prepared in Danieau solution. Subsequently, larvae were immobilized in
2% low melting point agarose (Sigma) and mounted on a raised custom-made glass platform with the dorsal
side up (45° angle tilt) and one eye facing an LCD screen (see Visual stimulation) that was placed underneath a
custom-made Danieau-filled chamber. Imaging was performed in the afternoon (1-8 pm).

Visual stimulation.  Moving bars in confocal preparation. Moving bars stimuli were generated as previously
described?*®. A diffusion filter (3026, Rosco) was bonded to one side of the chamber to serve as a projection
screen. The agarose in front of the eye facing the projection screen was removed, allowing an unobstructed view
of the projected image on the side of the chamber. Larvae were positioned 3 cm away from the screen and the pro-
jected image filled a visual field of ~97° x 63°. Visual stimuli consisted of light (56 cd/m?) or dark bars (8 cd/m?)
(175% and 25% of mean luminance, respectively) on a mean grey background (32 cd/m?). As no qualitative differ-
ences between light and dark bars were noted, data obtained using the two stimuli were combined. Each bar was
10° in width moving at a speed of 20°/s and separated from the preceding bar by 30°, enabling more than one bar
on the screen at any one time. The long axes of the bars were orthogonal to the direction of motion. Each of the
12 directions of motion was presented once (3 seconds) in a pseudo-random order unique to each slice in every
animal imaged. Each inter-epoch interval was 10 seconds to enable GCaMP5G signals to return to baseline. A
blank-screen null condition of 2 seconds was also interleaved. Visual experiments were generated and controlled
using custom-written Labview and MATLAB code (MathWorks), implemented on a ViSaGe stimulus presenter
(Cambridge Research Systems) and delivered via a DLP Pico Projector (Optoma).

Moving gratings in two-photon preparation. Moving gratings stimuli in the two-photon preparation were gener-
ated and controlled using PsychoPy*, and delivered through an LCD screen (SKD5VA-3, GoodWell Technology)
positioned underneath a custom-made Perspex chamber. A long-pass red glass filter (FGL610, Thorlabs) was
positioned between the LCD screen and the chamber to allow for simultaneous imaging and visual stimula-
tion. Larvae were positioned 2 cm away from the screen and the image on the LCD screen filled a visual field
of ~140° x 100° (mean background luminance 30.4 cd/m?). Visual stimuli consisted of square-wave gratings
(100% contrast, spatial frequency 1.66 cycles/cm, temporal frequency 1 cycles/s). Each grating bar was 8.5° in
width and the long axes of the bars were orthogonal to the direction of motion. Each of the 12 directions of
motion was presented once (6 seconds) with and inter-epoch interval of 10 seconds to enable GCaMP6f signals
to return to baseline. A blank-screen null condition of 6 seconds was also interleaved. TTL triggers (0-5-0 Volts)
to record epoch time events where generated through a LabJack USB DAQ device (U3-LV, LabJack Corporation).
Following activation of the laser scanning, we waited 60 seconds before starting the visual stimulation to ensure
the retina adapted to the background light level caused by the multi-photon laser.

Optomotor response assay. Individual 5 dpf larvae were positioned in a 35 mm petri dish containing
Danieau solution. The LCD screen of an iPhone 5 (Apple) controlled by a MacBook Pro (Apple) through Duet
Display (Kairos Technologies) was used to display black and white square-wave gratings (85% contrast, spatial
frequency 0.33 cycles/mm, temporal frequency 3.5 cycles/s) moving in 4 directions (90° angular distance) at the
bottom of the petri dish. Visual stimuli were generated in Keynote (Apple). Each larva was tested 5 times in total
(each trial lasted 6 s followed by 10 of static gratings) and scored according to the trials it responded to (i.e., fish
turns and swims in the direction of the moving gratings). The behaviour of larvae was visually monitored using
an M165 FC stereomicroscope (Leica).

Analysis. Functional Analyses. In vivo calcium imaging data were analysed as previously described®**. In
summary, functional time-series were processed before analysis as follows: time-series images from each experi-
ment were corrected for motion with a rigid-body algorithm (SPM12; http://www.fil.ion.ucl.ac.uk/spm/), median
filtered with a kernel size of 1 voxel to remove dark and shot noise, and spatially smoothed with a 2D Gaussian
kernel = 2 voxels to improve signal-to-noise. A baseline (B) that corrects for low-frequency drifts was deter-
mined using a cubic-spline algorithm extrapolating between knots averaged from 5s of the inter-epoch inter-
val data. Both relative signal intensity changes (AF = F-B; where F = raw fluorescence) and normalised signal
intensity changes [%AF/F,= (F-B)/B] were calculated at each voxel. AF was used for population functional data
(voxel-wise analysis), whereas %AF/F, was used for manually defined regions of interest (ROIs). For each voxel
or ROI the integral response over the epoch-interval was calculated to provide a single response metric of each
presented direction of stimulus motion. The integral within each epoch window is a summary metric more resist-
ant to saturation effects of the calcium probe than maximum signal change. A threshold for each voxel within an
acquisition image sequence was determined from the variance of AF changes during the inter-epoch intervals
and null condition, threshold =5 x SDs. All voxels that were supra-threshold within at least two visual presenta-
tion epochs were regarded as visually responsive and subjected to further characterization.
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To analyse the direction and orientation selectivity of visually responsive voxels direction- and orientation-
selective indices (DSI and OSI)*, based on fitted von-Mises or Gaussian profiles*!, were calculated together
with an estimate for their goodness of fit, R%. The DSI was defined as (R~ Rpun)/ (Rprer+ Ry, where Ry, the
response to the preferred direction, was the integral response over the preferred direction epoch-interval. R,
was similarly calculated as the integral response evoked by the direction opposite to the preferred direction.
The OSI was defined as (Ryrer—Rorin)/ (Rprer + Roran)> Where Ry, the response to the preferred orientation, was
the integral response over the preferred orientation epoch-interval. R, was similarly calculated as the inte-
gral response evoked by the orthogonal orientation. To minimize cross talk and over-fitting associated with DSI
and OSI metrics, a stringent approach was undertaken. For a voxel to be regarded as direction-selective (DS)
or orientation-selective (OS), mutually exclusive criteria were used: DS if DSI > 0.5 and OSI < 0.5; and OS if
OSI>0.5and DSI < 0.5. In both cases, the goodness of fit (R,) for DSI and OSI, respectively, had to be >0.8; thus,
the fitted curves explained at least 80% of the integral responses. A single von-Mises distribution was used to fit
responses of DS voxels and estimate their preferred direction of motion angle from the centre of the fitted curve.
The sum of two von-Mises (180° angular distance apart) was used to fit responses of OS voxels and estimate their
preferred orientation of motion angles from the centres of the fitted curves. Circular variance was also calculated
for comparison as an alternative metric of orientation selectivity (Circular variance < 0.4)*..

Morphological Analyses.  To determine the brain volume imaged in 4 dpf nacre, casper and crystal Tg(elavi3: GCaMP6f)
larvae, we calculated the number of GCaMP6f* voxels in each volumetric image by applying the adjust>thresh-
old function followed by the analyse>histogram>list command in Image]*%. Subsequently, the obtained values
were multiplied by the volume of a single voxel (0.415 x 0.415 X 0.631 pum® =1.086 x 10~ um®).

Statistical Analyses. ~ Statistical test results are reported in Figures and Figure legends. Statistical analyses and
tests were carried out using Prism 6 (GraphPad) or MATLAB R2014b (MathWorks). Before performing statistical
tests, descriptive statistics (e.g., normality tests to see whether values come from a Gaussian distribution or F-test
to compare variances) were used to choose the appropriate statistical test (reported in Figure legends together
with test results). The criterion for statistical significance was set at p < 0.05.
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Orientation Selectivity in the Retina: ON Cell Types and

Mechanisms

Paride Antinucci,

Fatima Abbas, and ©®Paul R. Hunter

Centre for Developmental Neurobiology, King’s College London, Guy’s Campus, London SEI 1UL, United Kingdom
Review of Nath and Schwartz and of Venkataramani and Taylor

Orientation selectivity was first described in
cat primary visual cortex by Hubel and Wi-
esel (1962) as the selectivity of neuronal fir-
ing for elongated visual stimuli oriented
along a specific axis. Shortly afterward,
Levick (1967) identified orientation-selec-
tive ganglion cells (OSGCs) in the rabbit ret-
ina, suggesting that orientation-specific
information is already evident in the output
neurons of the retina. Since then, orienta-
tion-selective cells have been described in
many vertebrate and invertebrate visual sys-
tems, including primates (Hubel and Wi-
esel, 1968), rodents (Niell and Stryker,
2008), fish (Nikolaou et al., 2012), and
insects (Fisher et al., 2015). Notably, orien-
tation selectivity has also been characteri-
zed even earlier in visual processing, in
amacrine cells (Bloomfield, 1994; Murphy-
Baum and Taylor, 2015), a class of inhibi-
tory retinal neurons modulating ganglion
cell responses. In addition to their preferred
angular selectivity, orientation-selective
cells are classified by their luminance polar-
ity. For example, OFF-OSGCs have been
described in the rabbit retina due to their
response preference for dark (negative con-
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trast, or “OFF”) stimuli and suppression by
light (positive contrast, or “ON”) stimuli
(Venkataramani and Taylor, 2010).

Providing a mechanistic understanding
of the circuitry that generates neuronal fea-
ture selectivity is a core goal for visual neu-
roscientists. Such focus has provided an
exquisitely detailed picture of the circuitand
synaptic mechanisms generating direction
selectivity (selectivity to motion of a stimu-
lus in a particular direction) in the mouse
retina and fly optic lobe (for review, see
Borst and Helmstaedter, 2015). By compar-
ison, our understanding of the mechanisms
generating orientation selectivity in the ret-
ina is still rudimentary, largely due to the
lack of specific molecular markers. Addi-
tionally, there is a drive to characterize the
diversity of ganglion cell types, or feature
channels, based on their functional, mor-
phological, and genetic profiles (Baden et
al., 2016). To date, how many OSGC types
are present in the retina and how evoluti-
onarily conserved they are across species re-
mains unclear.

To start addressing these gaps in our
understanding, two publications in The
Journal of Neuroscience have undertaken
large-scale single-cell analyses to examine
the electrophysiological, morphological,
and pharmacological signatures of newly
identified ON-OSGCs in mouse (Nath and
Schwartz, 2016) and rabbit (Venkataramani
and Taylor, 2016) retinae. In particular, the
ON-OSGCs characterized by the authors
fall into the following two morphologically
and physiologically distinct categories: cells
tuned to horizontally oriented bars (found

in both mouse and rabbit retinae); and cells
tuned to vertically oriented bars (observed
in mouse only). A summary of these results
is presented in Figure 1.

One property that might underlie gan-
glion cell receptive field properties is den-
dritic morphology, including stratification
and spatial organization within the inner
plexiform layer (IPL). For example, the
alignment of dendrites along a preferred di-
rection has a role in generating direction se-
lectivity in some ganglion cells (Kim et al.,
2008). To describe the dendritic morphol-
ogy of ON-OSGCs and assess its potential
role in generating orientation tuning, Nath
and Schwartz (2016) and Venkataramani
and Taylor (2016) filled functionally identi-
fied ON-OSGCs with fluorescent dyes. In
the mouse, the dendrites of both vertical and
horizontal ON-OSGCs stratified in both the
ON and OFF IPL layers, while in the rabbit,
the dendrites of horizontal ON-OSGCs
stratified exclusively in the ON layer (Fig.
1A). The seemingly functionally irrelevant
wiring in the OFF layer of mouse ON-
OSGCs suggests an unexplored complexity
in the receptive field properties of these cells.
Strikingly, both research groups found that
horizontal ON-OSGC:s cells have elongated
dendritic arbors oriented according to their
stimulus orientation selectivity (i.e., hori-
zontally oriented). Although this morpho-
logical bias could contribute to the tuning of
horizontal ON-OSGCs, the extent to which
this feature is necessary to generate ori-
entation selectivity is unclear, because
no significant bias was detected for ver-
tically tuned cells.
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Presynaptic mechanisms could also pro-
duce orientation selectivity in ON-OSGCs.
Therefore, to reveal the synaptic inputs re-
ceived by these cells, Nath and Schwartz
(2016) and Venkataramani and Taylor
(2016) used whole-cell voltage-clamp re-
cordings to isolate excitatory and inhibitory
conductances. Notably, mouse and rabbit
horizontal ON-OSGCs appeared to receive
similar synaptic inputs. In particular, they
received excitatory inputs tuned to the pre-
ferred orientation (i.e., horizontal) and in-
hibitory inputs tuned to the orthogonal
orientation [i.e., vertical (90° angular dis-
tance); Fig. 1B]. Mouse vertical ON-OSGCs
also received excitatory inputs tuned to the
preferred orientation (i.e., vertical), but, un-
like horizontal ON-OSGCs, they received
variable inhibitory inputs. Although indi-
vidual vertical ON-OSGCs did receive
tuned inhibitory inputs, these inputs were
not orthogonal to the preferred orientation
in all cases (Nath and Schwartz, 2016, their
Fig. 7D, F). Consequently, when data were
pooled from the whole population of verti-
cal ON-OSGCs, it appeared that inhibitory
inputs have an untuned response profile
(Nath and Schwartz, 2016, their Fig. 6G).

To further determine the precise contri-
bution of inhibition to ON-OSGC orienta-
tion tuning, both groups pharmacologically
blocked inhibitory neurotransmission.
Venkataramani and Taylor (2016) demon-
strated that the spiking of rabbit horizontal
ON-OSGCs was rendered orientation selec-
tive through GABA-mediated mechanisms
(Venkataramani and Taylor, 2016, their Fig.
7 A, B). The main effect of blocking GABA
receptors was a dramatic loss of orientation
selectivity in the inhibitory inputs (Venkat-
aramani and Taylor, 2016, their Fig. 70),
indicating a crucial role played by inhibi-
tion from amacrine cells. In particular, the
authors proposed a circuit mechanism
whereby inhibitory inputs are suppressed
during preferred orientation stimulation,
possibly through disinhibition from a pre-
ferred orientation-selective GABAergic
amacrine cell that inhibits another amacrine
cell synapsing directly onto the horizontal
ON-OSGC (Venkataramani and Taylor,
2016, their Fig. 11). As mentioned above,
orientation-selective amacrine cell types
have previously been described in the rabbit
retina (Bloomfield, 1994; Murphy-Baum
and Taylor, 2015), but the extent to which
their outputs contribute to OSGC tuning
remains unclear.

Nath and Schwartz (2016) did not
show the effects of blocking inhibition on
the spiking of mouse ON-OSGCs. They
instead focused on the changes in excit-
atory and inhibitory conductances upon
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inhibition block. Individually blocking ei-
ther glycine or GABA,, receptors changed
the peak amplitude of excitatory and in-
hibitory inputs but, surprisingly, did not
produce any significant change in their
orientation tuning (Nath and Schwartz,
2016, their Fig. 8 F-H ). When blocked si-
multaneously, the tuning of excitatory in-
puts remained unaffected, but the tuning
of inhibitory inputs was abolished as a
consequence of the total loss of inhibitory
currents (Nath and Schwartz, 2016, their
Fig. 8A,C). Overall, these results in the
mouse suggest that there is a substantial
level of redundancy among glycinergic
and GABAergic mechanisms, and that
orientation selectivity in mouse ON-
OSGCs could be generated through both
tuned excitatory inputs independent of
inhibition and, at least in horizontal
ON-OSGCs, a combination of tuned in-
hibitory inputs from different classes of
amacrine cells. It is intriguing that the
tuning of vertical ON-OSGCs, which do
not possess elongated dendritic fields,
seems to result almost exclusively from
inhibition-independent tuned excitatory

inputs. Future experiments will be re-
quired to precisely determine how the
tuning of mouse ON-OSGC spiking is
modulated by amacrine cell inhibition,
and to what extent tuned excitatory inputs
alone can generate the orientation selec-
tivity of ON-OSGC spiking.

Together, these studies demonstrate the
presence of novel morphologically and
physiologically defined ON orientation-
selective ganglion cell types in both mouse
and rabbit retinae. The substantial degree of
homology between horizontal ON-OSGCs
in these two species suggests that conserved
features and mechanisms might underlie
retinal orientation selectivity across mam-
malian species. However, there are clear dif-
ferences, such as the key requirement of
GABAergic inhibition for rabbit ON-OSGC
tuning not observed in the mouse and the
dendritic stratification in the OFF IPL strata
of mouse ON-OSGCs that is not present in
the rabbit, that would suggest different
mechanisms between species.

The morphological bias of horizontal
ON-OSGCs not found in mouse vertical
ON-OSGCs raises the question, what is the
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advantage of generating this bias if it is not
essential for tuning? The following two
possible scenarios could explain this dic-
hotomy: (1) these two ON-OSGCs have
different, more complex receptive field
properties, not revealed by the stimulus set
used, that would allow classification into
distinct functional groups; and (2) they use
the same mechanisms to generate orienta-
tion selectivity and differ only in their pre-
ferred stimulus orientation. If scenario (2) is
correct, the difference in their dendritic
morphology is coincidental, not causative of
orientation selectivity. Experiments map-
ping presynaptic inputs using 3D electron
microscopy tracing (Briggman et al., 2011),
high-resolution immunohistochemistry
(Sigal et al., 2015), or neurotransmitter sen-
sors/uncaging (Yonehara et al., 2013; Vlasits
et al,, 2016) would provide evidence on
whether orientation selectivity is a conse-
quence of a bias in the distribution of inputs
on their dendritic arbors.

These studies also highlight the diver-
sity of OSGC subtypes and the fraction of
the overall retinal output they represent.
In a previous study, Venkataramani and
Taylor (2010) described two types of
rabbit cardinal axes-tuned OFF-OSGCs,
and in Venkataramani and Taylor (2016)
they conclude that, collectively, OSGCs
account for ~5% of all rabbit ganglion
cells. In a comprehensive functional clas-
sification of mouse ganglion cells, Baden
etal. (2016) identified ON, OFF, and ON-
OFF OSGCs comprising different cardi-
nally and obliquely tuned types, which
collectively represent ~15% of the retinal
output. Given the striking abundance of
OSGCs in these two mammalian species,
as well as reports of OSGCs in primates
(Passaglia etal., 2002), itis likely that these
cells directly contribute to orientation se-
lectivity in higher visual centers. In line
with this idea, several studies in rodents
and primates have identified orientation-
selective neurons in noncortical areas,
such as the dorsal lateral geniculate nu-
cleus (ALGN; Cheong et al., 2013; Piscopo
etal,, 2013) and superior colliculus (Wang
etal., 2010). Further supporting this pos-
sibility, recent studies have shown that
mouse dLGN axonal projections provide
orjentation-selective inputs to primary vi-
sual cortex (Sun et al., 2016) and that in-

activating primary visual cortex does not
change the orientation tuning of dLGN
neurons (Zhao et al., 2013). The identifi-
cation of genetic markers allowing the se-
lective labeling or ablation of OSGC types
as well as trans-synaptic tracing to their
brain targets (Cruz-Martin et al., 2014)
will provide crucial information regard-
ing the extent that OSGCs contribute to
orientation selectivity in higher visual
centers. Such genetic markers will also be
essential to dissect the presynaptic cellular
components and mechanisms underlying
the emergence of orientation selectivity in
OSGCs.
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