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| am a slow walker, but | never walk back.
Abraham Lincoln



Given how much is now known, it might be fair to ask,
are we finished with the retina, or are there more surprises on the horizon?
Helga Kolb, 2003
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Summary

Summary

The retina is a thin layer of neuronal tissue located at the back of the eyeball, forming part of
the central nervous system. It is responsible for detecting light and converting it into neural
signals, which are then processed and transmitted to specific central targets that support
various functions, including visual perception (Dhande et al., 2015).

Visual information processing in the retina begins at the first synaptic layer, known as the outer
plexiform layer (OPL). Here, signal processing is dominated by horizontal cells, a class of
inhibitory interneurons that modulate the synaptic contacts between photoreceptor terminals
and their postsynaptic neurons. Triad ribbon synapses are structurally and functionally unique;
they form synaptic complexes in which the horizontal cell processes and ON bipolar cell
dendrites invaginate into the axon terminals of photoreceptors (Rao-Mirotznik et al., 1995;
Sterling and Matthews, 2005). Horizontal cells receive glutamatergic input from photoreceptors
via ionotropic AMPA-type glutamate receptors (GluAs) (Hack et al., 2001; Haverkamp et al.,
2001a; Wassle, 2004), and provide both feedback inhibition to photoreceptors and feedforward
inhibition to bipolar cells. That way, horizontal cells affect the center/surround receptive field of
the downstream neurons, as well as contribute to the light adaptation of the retina (for review,
see Thoreson and Mangel, 2012). Interestingly, GluAs are not only expressed at the tips of
invaginating horizontal cells dendrites but also more proximally at the so-called desmosome-
like junctions which are formed between their dendrites ~ 1-2 ym beneath the cone pedicle
(Haverkamp et al., 2000). It has been shown in primate retinas that GluAs occur in close spatial
association with electrical synapses (gap junctions) between horizontal cells at these sites
(Puller et al., 2009). There, mutual interactions between electrical and chemical synapses may
exist (Pereda, 2014), similar to what has been shown at the level of mouse retinal amacrine
cells (Kothmann et al., 2012). Gap junctions are clusters of intercellular channels that facilitate
the exchange of ions and small metabolites between adjacent cells (So6hl et al., 2005). In the
mouse retina, horizontal cell dendrites are homologously coupled by gap junctions via
connexin57 (Cx57) in the proximal part of the OPL, providing an extensively coupled network
which enables them to collect light information over a large area of the retina (Hombach et al.,
2004; Shelley et al., 2006; Janssen-Bienhold et al., 2009). The extent of gap junctional coupling
is regulated by ambient light levels (Xin and Bloomfield, 1999). However, the precise
distribution of GIuA subunits in mouse horizontal cells is still unclear, and the potential
interaction between electrical and chemical synapses at the desmosome-like junction level
remains unknown.

Therefore, in the context of this thesis, immunofluorescence and confocal microscopy were
used to investigate the exact spatial distribution of AMPA-type glutamate receptor subunits,

whether they are expressed at the putative desmosome-like junctions beneath the cone

v



Summary

pedicles, and if they form functional synaptic complexes with electrical synapses at these sites.
AMPA-type glutamate receptors mediate most of the excitatory synaptic transmission in the
central nervous system. They possess a flexible quaternary organization formed by four core
subunits, GluA1-4, whose specific combinations influence their kinetic properties (Boulter et
al., 1990; Keindnen et al., 1990; Greger et al., 2017). The glutamatergic input of mouse
horizontal cells is mediated exclusively by AMPA-type receptors (Schubert et al., 2006; Stréh
et al., 2013), containing the subunits GluA2 and GluA4 (Hack et al., 2001; Stréh et al., 2018).
The staining patterns of GluAs in the OPL revealed distinct distributions. The GIuA2/3
immunoreactivity exhibited a punctate pattern in the distal OPL and at the invaginating tips of
horizontal cell dendrites, but a much finer and barely detectable pattern below the cone pedicle.
GIluA2 immunoreactivity was observed at the invaginating tips of horizontal cell dendrites and
along the distal OPL, at rods level. Interestingly, clusters of GIuA2 were detected beneath the
cone pedicle at the putative level of the desmosome-like junctions. In contrast, the GluA4
subunit displayed a fine punctate distribution in the OPL, without forming clusters beneath the
cone pedicle, suggesting its association, mostly at the tips of horizontal cell processes. Overall,
the results highlighted the presence of AMPA-type receptor subunits beneath the cone pedicle,
with GIuA2 being the primary candidate for cluster formation at the putative desmosome-like
junctions. Cx57-containing gap junctions were also detected in this area suggesting a
conserved pattern of the spatial organization of the two types of cell-cell junctions in
mammalian horizontal cells. Given the observed distribution patterns of GluA2 and Cx57
beneath the cone pedicle, the second project of this thesis aimed to determine whether a
mutual interaction between electrical and chemical synapses exists at the level of desmosome-
like junctions. The use of powerful tools, such as transgenic mice in which one line specifically
lacked Cx57-containing gap junctions and another line lacked GIuA2 and GluA4 subunits in
horizontal cells, revealed altered expression of dendritic gap junctions, resulting in a
pronounced reduction of Cx57 immunofluorescence in GluA2/4-deficient mice. This suggests
that, either directly or indirectly, the expression of Cx57-containing gap junctions is functionally
dependent by the operation of AMPA-type receptor-mediated glutamatergic input in horizontal
cell dendrites.

The expression pattern of the scaffolding protein zonula occludens-1 (ZO-1) was analyzed to
gain further insight into the synaptic architecture at horizontal cell desmosome-like junctions
and gap junctions. ZO-1 is known to interact with electrical synapses (Giepmans, 2004; Li et
al., 2004c; Flores et al., 2008), and is expressed at gap junctions beneath cone pedicles in
horizontal cells (Puller et al., 2009). In the mouse retina, it colocalizes with Cx57 at dendro-
dendritic gap junctions of horizontal cells and is closely associated with glutamate receptors in
the primate retina (Puller et al., 2009). Surprisingly, in the third project of this thesis, Cx57 and

Z0-1 were observed to colocalize beneath cone pedicles in the dorsal retina, while no such
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colocalization was found in the ventral retina, due to a marked reduction in Cx57 clustering on
horizontal cell dendrites beneath cone pedicles in the ventral region. This spatially distinct
association between gap junction and tight junction proteins below cone pedicles appeared to
correlate with the transition zone of short-wavelength sensitive S-opsin expression of cone
photoreceptors, which forms a dorso-ventral gradient across the mouse retina (Applebury et
al., 2000; Nadal-Nicolas et al., 2020), and corresponds to the visual horizon of the mouse.
These results suggest a distinct functional organization of electrical synapses between
horizontal cell dendrites across the retina which may be dictated by certain features of the
visual environment (Baden et al., 2013; Qiu et al., 2021).

Finally, the qualitative analysis of GluA subunits and the quantification of Cx57-positive plaques
and ZO-1-positive plaques beneath the cone pedicle, were accompanied by a large-scale
analysis of the horizontal cell density distribution across complete mouse retinas to elaborate
on existing data (Camerino et al., 2021), in collaboration with Lucia Lindenthal, Christoph Block
and Asli Pektas. The density of horizontal cells was notably low in the far dorsal retina,
exhibiting a steep increase toward the central-dorsal region, where it remains elevated through
to the ventral retina. These findings suggest that the asymmetrical organization of horizontal
cells and gap junctions along the dorso-ventral axis, as well as their change at the mouse S-
opsin transition zone, may represent a functional adaptation to the visual environment

occurring at the first synaptic layer of the mouse visual system.
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Zusammenfassung

Zusammenfassung

Die Netzhaut ist eine diinne Schicht aus neuronalem Gewebe, die sich auf der Rickseite des
Auges befindet und Teil des zentralen Nervensystems ist. Sie ist fur die Erkennung von Licht
und dessen Umwandlung in neuronale Signale zustandig, die dann verarbeitet und an
bestimmte zentrale Hirnregionen weitergeleitet werden, die verschiedene Funktionen,
einschliellich der visuellen Wahrnehmung, unterstitzen (Dhande et al., 2015).

Die visuelle Informationsverarbeitung in der Netzhaut beginnt in der ersten synaptischen
Schicht, der auReren plexiformen Schicht (OPL). Hier wird die Signalverarbeitung von
Horizontalzellen (HZ) dominiert, einer Klasse von hemmenden Interneuronen, die die
synaptischen Kontakte zwischen Photorezeptorendigungen und ihren postsynaptischen
Neuronen modulieren. Solch sogenannte ,triad ribbon synapses” sind strukturell und
funktionell einzigartig; sie formen synaptische Komplexe, bei denen die Fortsatze der HZ und
die Dendriten der ON-Bipolarzellen in die Axonendigungen der Photorezeptoren invaginieren
(Rao-Mirotznik et al., 1995; Sterling and Matthews, 2005). HZ erhalten Uber ionotrope
Glutamatrezeptoren vom AMPA-Typ (GluAs) glutamatergen Input von Photorezeptoren (Hack
et al.,, 2001; Haverkamp et al., 2001a; Wassle, 2004) und vermitteln sowohl eine
Ruckkopplungshemmung fir Photorezeptoren als auch eine Vorwartshemmung fir
Bipolarzellen. Auf diese Weise beeinflussen die HZ die rezeptiven Felder der
nachgeschalteten Neuronen, indem sie Uber laterale Hemmung an der Entstehung des
Zentrum-Umfeld-Antagonismus in der Netzhaut beteiligt sind. HZ tragen auflerdem zur
Lichtadaptation der Retina bei (fir eine Ubersicht siehe (Thoreson and Mangel, 2012).
Interessanterweise werden GluAs nicht nur an den Spitzen der invaginierenden Dendriten der
HZ exprimiert, sondern auch weiter proximal an den sogenannten Desmosomen-ahnlichen
Verbindungen (,desmosome-like junctions®, DLJ), die sich zwischen ihren Dendriten etwa 1-2
pm unterhalb der Zapfenterminalien (,pedicles®) bilden (Haverkamp et al., 2000). In der
Netzhaut von Primaten wurde gezeigt, dass GluAs in enger raumlicher Anordnung mit
elektrischen Synapsen (Gap junctions) zwischen HZ an diesen Stellen auftreten (Puller et al.,
2009). Mdglicherweise bestehen dort gegenseitige Wechselwirkungen zwischen elektrischen
und chemischen Synapsen (Pereda, 2014), ahnlich wie es fur die Amakrinzellen der
Mausenetzhaut gezeigt wurde (Kothmann et al., 2012). Gap junctions sind Ansammlungen
von interzellularen Kanalen, die den Austausch von lonen und kleinen Stoffwechselprodukten
zwischen benachbarten Zellen erleichtern (Sohl et al., 2005). In der Mausenetzhaut sind die
Dendriten der HZ durch Gap junctions Uber Connexin57 (Cx57) im proximalen Teil der OPL
homolog gekoppelt und bilden so ein weitreichend gekoppeltes Netzwerk, welches es ihnen
ermoglicht, Lichtinformationen Uber einen groRen Bereich der Netzhaut zu sammeln
(Hombach et al., 2004; Shelley et al., 2006; Janssen-Bienhold et al., 2009). Das Ausmal} der
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elektrischen Kopplung zwischen HZ wird durch die Lichtverhaltnisse in der Umgebung reguliert
(Xin and Bloomfield, 1999). Die genaue Verteilung der GluA-Untereinheiten in den HZ der
Maus ist jedoch noch immer unklar, sowie die putative Interaktion zwischen elektrischen und
chemischen Synapsen auf Ebene der DLJ. Deshalb wurden im Rahmen dieser Arbeit
Immunfluoreszenz und konfokale Mikroskopie eingesetzt, um die genaue rdumliche Verteilung
der Glutamatrezeptor-Untereinheiten vom AMPA-Typ zu untersuchen und festzustellen, ob sie
an vermuteten DLJ unterhalb der Zapfenterminalien exprimiert werden und ob sie an diesen
Stellen funktionelle synaptische Komplexe mit elektrischen Synapsen bilden.

Glutamatrezeptoren vom AMPA-Typ vermitteln den gréften Teil der erregenden synaptischen
Ubertragung im zentralen Nervensystem. Sie besitzen eine flexible quartare Struktur, die durch
die Kombination von vier Untereinheiten der AMPA-Subtypen GIluA1-4 entsteht. Deren
spezifische Kombinationen beeinflussen die kinetischen Eigenschaften der Rezeptoren
(Boulter et al., 1990; Keinanen et al., 1990; Greger et al., 2017). Der glutamaterge Eingang
auf HZ der Maus wird ausschliefdlich durch Rezeptoren vom AMPA-Typ vermittelt (Schubert et
al., 2006; Stroh et al., 2013), die die Untereinheiten GIuA2 und GluA4 enthalten (Hack et al.,
2001; Stroh et al., 2018). In der vorliegenden Arbeit zeigten die Farbemuster von GluAs in der
OPL unterschiedliche Verteilungen. Die GluA2/3-Immunreaktivitdt wies ein punktférmiges
Muster in der distalen OPL und an den invaginierenden Spitzen der Dendriten der HZ auf, aber
ein viel feineres und kaum nachweisbares Muster unterhalb der Zapfenterminalien. Die GluA2-
Immunreaktivitdt wurde an den invaginierenden Spitzen der Dendriten der HZ und entlang der
distalen OPL auf Stabchenebene beobachtet. Interessanterweise wurden Cluster von GIuA2
unterhalb der Zapfenterminalien auf der vermuteten Ebene der DLJ entdeckt. Im Gegensatz
dazu zeigte die Untereinheit GluA4 eine feine punktuelle Verteilung in der OPL, ohne Cluster
unterhalb der Zapfenterminalien zu bilden. Dies deutet darauf hin, dass GluA4 hauptsachlich
an den Spitzen der Fortsatze von HZ vorkommt. Insgesamt unterstreichen die Ergebnisse das
Vorhandensein von Rezeptoruntereinheiten des AMPA-Typs unterhalb der Zapfenterminalien,
wobei GluA2 der Hauptkandidat fir die Clusterbildung an den mutmafilichen DLJ ist. In diesem
Bereich wurden auch Cx57-haltige Gap junctions entdeckt, was auf ein konserviertes Muster
der raumlichen Organisation beider Arten von Zell-Zell-Verbindungen in Dendriten von HZ von
Saugetieren hindeutet. Angesichts der beobachteten Verteilungsmuster von GIuA2 und Cx57
unterhalb der Zapfenterminalien zielte das zweite Projekt dieser Arbeit darauf ab, festzustellen,
ob eine gegenseitige Wechselwirkung zwischen elektrischen und chemischen Synapsen auf
der Ebene der DLJ besteht. Durch den Einsatz verschiedener transgener Mauslinien, bei
denen zum einen das HZ spezifische Cx57 fehlte und zum anderen GluA2- und GluA4-
Untereinheiten selektiv in HZ ausgeschaltet wurden, konnte eine veranderte Expression
dendritischer Gap junctions festgestellt werden. Diese betraf die GluA2/4-defizienten Mause

in deren Retinen eine ausgepragte Verringerung der Cx57-Immunfluoreszenz in der
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proximalen OPL beobachtet werden konnte. Dies deutet darauf hin, dass die Prasenz von
Cx&7-haltigen Gap junctions in diesem subzellularen Kompartiment entweder direkt oder
indirekt von der Funktion des AMPA-Rezeptor-vermittelten glutamatergen Inputs in HZ-
Dendriten abhangig ist. Das Expressionsmuster des Gerustproteins Zonula Occludens-1 (ZO-
1) wurde analysiert, um weitere Einblicke in die detaillierte synaptische Architektur an DLJs
und Gap junctions an Dendriten von HZ zu gewinnen. Es ist bekannt, dass ZO-1 mit
elektrischen Synapsen interagiert (Giepmans, 2004; Li et al., 2004c; Flores et al., 2008) und
an Gap junctions unterhalb der Zapfenterminalien in HZ exprimiert wird (Puller et al., 2009). In
der Mausretina kolokalisiert es mit Cx57 an dendro-dendritischen Gap junctions von HZ und
in der Primatenretina ist es eng mit Glutamatrezeptoren assoziiert (Puller et al., 2009).
Interessanterweise wurde im dritten Projekt dieser Arbeit eine Kolokalisation von Cx57 und
Z0-1 unter den Zapfenterminalien in der dorsalen Retina beobachtet, wahrend in der ventralen
Retina keine derartige Kolokalisation gefunden wurde, was auf eine deutliche Verringerung
der Cx57-Prasenz auf Dendriten von HZ unter den Zapfenterminalien in der ventralen Region
zurtckzufihren ist. Dieses spezifische Verteilungsmuster von Gap junction (Cx57)- und Tight
junction (ZO-1)-Proteinen unterhalb der Zapfenterminalien korreliert mit der Ubergangszone
der S-Opsin-exprimierenden Zapfenphotorezeptoren, die einen dorso-ventralen Gradienten
Uber die Mausretina bilden (Applebury et al., 2000; Nadal-Nicolas et al., 2020) und zur Bildung
des visuellen Horizonts der Maus beitragen. Diese Ergebnisse deuten auf eine
unterschiedliche funktionelle Organisation der elektrischen Synapsen zwischen den Dendriten
von HZ in unterschiedlichen Arealen der Netzhaut hin, die mdglicherweise durch bestimmte
Merkmale der visuellen Umgebung bestimmt wird (Baden et al., 2013; Qiu et al., 2021).
Abschliel3end wurden die qualitative Analyse der GluA-Untereinheiten und die Quantifizierung
der Cx57 und ZO-1-positiven Strukturen unterhalb der Zapfenterminalien von einer
umfassenden Analyse der Verteilung von HZ in der gesamten Netzhaut der Maus begleitet,
u.a. auch um bestehende Daten zu erganzen (Camerino et al., 2021). In diesem Projekt
wurden die Daten in Zusammenarbeit mit Lucia Lindenthal, Christoph Block und Asli Pektas
erhoben und ausgewertet. Sie zeigen, dass die Dichte der HZ in der duferen dorsalen Retina
besonders niedrig ist, zur zentral-dorsalen Region hin signifikant zunimmt und bis in die
ventrale Retina hinein erhoht bleibt. Diese Ergebnisse deuten darauf hin, dass die
asymmetrische Verteilung von HZ und Gap junctions entlang der dorso-ventralen Achse sowie
ihre Veradnderung in der S-Opsin-Ubergangszone der Maus strukturell-funktionelle
Anpassungen an die Bedingungen der visuellen Umgebung reprasentieren, die bereits in der

ersten synaptischen Schicht des visuellen Systems der Maus erfolgen.
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Introduction

1. Introduction

Vision is one of the primary senses that humans rely on to navigate the world, make decisions,
and perform complex tasks. Memories and learning processes are strongly influenced by
vision.

The entire visual system is organized into a complex architecture of interconnected functional
units and specialized processing centers, orchestrated by an equally majestic neural circuitry
that characterizes and links these centers. Accordingly, the concept about how information
processing in the visual system is managed entails the existence of several parallel pathways
that carry different information, interact with one another at different levels and thereby create
a coherent visual image.

The visual perception process begins in the retina. The retina is the sensory organ responsible
for converting light into neuronal signals and sending visual information to the brain.

In the past, the mechanisms of visual perception were considered analogous to those of a
camera. However, the similarities to a camera are limited to the presence of the lens in the eye
that projects an inverted image onto the retina.

The retina is part of the central nervous system (CNS), with a proper cellular and synaptic
organization. Instead of functioning as a simple feature detector like a camera, the retina
collects, decomposes, and processes a wide range of aspects of the visual environment
including colors, contrast, motion and shapes, and ensures their perception under different
light conditions.

As part of CNS the retina incorporates highly complex synaptic contacts organized in a layered,
anatomically well-ordered arrangement. In this way, the retina is a valuable model, not only to
understand the mechanisms of sensory transduction, but also for studying the information
processing in more complex neuronal circuits.

Over the past few decades, the visual system and the retina have been extensively studied in
primates, such as macaques and humans, as well as in other animal models. Nevertheless,
several questions regarding complete functional pathways and their cellular organization are
still under debate. In this context this thesis focuses on the outer retina, particularly on the
cellular components and synaptic architecture.

In the introduction a brief overview of the entire retinal structure and retinal pathways will be
given (see Chapter 1.1), followed by a description of the present state of knowledge about the
structure and components involved in information processing in the outer retina (see Chapter
1.2 and 1.3).
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1.1 The mammalian retina

The retina represents the initial stage of visual processing. In vertebrates, the retina and optic
nerve, like the rest of the CNS, originate from the neural tube, specifically as an outgrowth of
the embryonic forebrain. Therefore, the retina is a part of the CNS (Stenkamp, 2015).

The retina is a light-sensitive organ located at the back of the eyeball, approximately 200 uym
thin, with two main functions. First, it transduces light into electrical signals. Second, it
decomposes and transfers visual information. The specially designed neuronal circuitry of the
retina breaks down the visual scene into fundamental component, relaying this information in
parallel to the brain for further processing (Kolb, 2003).

The mammalian retina is best characterized as a well-organized laminar structure, consisting
of three cellular layers divided by two synaptic or plexiform layers. The light entering the eyeball
must pass through the entire tissue before reaching the outer segments of the photoreceptors
where it is transduced into an electrical signal. Different neuronal cell classes occur in the

retina: photoreceptors, horizontal cells, bipolar cells, amacrine cells and ganglion cells (Fig. 1).

0s/IS

ONL

NFL

Figure 1: Schematic structure of the mammalian retina
Six classes of neurons are listed by numbers 1-6: rods (1), cones (2), horizontal cells (3), bipolar cells
(4), amacrine cells (5) and retinal ganglion cells (6). They are arranged in discrete layers indicated on
the left side: outer and inner segments of photoreceptors (OS/IS), outer nuclear layer (ONL), outer
plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL)
and nerve fiber layer (NFL), modified from (Wassle, 2004).
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The cell bodies of rod and cone photoreceptors (PRs) are localized in the outer nuclear layer
(ONL). In the second cell layer, called the inner nuclear layer (INL) lie the cell bodies of
horizontal cells (HCs), bipolar cells (BCs) and amacrine cells (ACs). Finally, the ganglion cell
layer (GCL) contains the cell bodies of ganglion cells (GCs). The spaces between these three
layers are the outer plexiform layer (OPL) and the inner plexiform layer (IPL). The OPL contains
the synaptic contacts between photoreceptor terminals, the processes of HCs and the
dendrites of BCs, while in the IPL the axon terminals of BCs are connected to the neurites of
ACs and GC dendrites. On the surface of the inner retina, the axons of the GCs form the nerve
fiber layer (NFL), where they bundle together to then form the optic nerve which transfers the
information to the visual centers of the brain (Wassle, 2004).

At the photoreceptor terminals, the light-evoked signals are transferred onto the downstream
target neurons. Horizontal cells provide lateral interaction in the OPL and modulate the transfer
of information between photoreceptors and bipolar cells (see Chapter 1.2.2). Cone and rod
bipolar cells receive visual signals and split them into two major sets of visual pathways: ON
and OFF. These parallel circuits are then duplicated tangentially, across the extent of the retina,
to build the visual field (Wassle and Boycott, 1991). The information is transferred through
these pathways to specific sublayers in the IPL. Amacrine cells are the inhibitory lateral
elements in the IPL and integrate signals between bipolar cells and ganglion cells (Masland,
2012a). Unlike horizontal cells, they are a very diverse family of at least 45 different cell types
(Masland, 2012b). Amacrine cells can be organized into groups based on their size (narrow-,
medium-, and wide-field) axonal and dendritic architecture (e.g., mono- or bistratified),
neurotransmitter content (glycine, GABA, and acetylcholine) and neuromodulator (dopamine
and serotonin) (Kolb, 1997; Masland, 2012a). The dendrites of ganglion cells gather signals
from amacrine cells and bipolar cells, and their axons transmit the signal to different areas of
the brain. Approximately 30 types of ganglion cells can be classified based on at least four
distinct criteria in the mammalian retina. The axons of these cells, which form the optic nerve,
represent the sole route by which information can be transmitted from the retina to the brain
(for review, see Sanes and Masland, 2015).

Like the rest of the CNS, the mammalian retina comprises neurons and glia. Miller cells are
the most abundant glial elements, followed by astrocytes and microglia. Muller glia maintains
retinal homeostasis and provides structural support to photoreceptors. Their cell bodies are
placed in the INL, and they extend processes which take part in forming the outer limiting
membrane (OLM) above the ONL, and the inner limiting membrane (ILM) below the NFL (for

review, see Vecino et al., 2016).
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1.2 The cellular components of the outer retina

The retina, with its intricately wired neurons and discrete layers, serves as the initial site for
feature extraction of the visual information, while image decoding occurs in more complex
centers within the visual system. The transmission of signals from photoreceptors to bipolar
cells to ganglion cells defines the so-called vertical pathways of information processing. These
pathways are modulated in the outer retina by horizontal cells and in the inner retina by
amacrine cells (for review, see Diamond, 2017). Thus, the complexity of these circuits is
increased by the morphologically and functionally complex synapses, within the outer plexiform
layer (OPL), and the various subtypes of cells in the inner retina. Moving forward, this section
of the introduction will focus on the architecture of the cellular components in the outer

plexiform layer.

1.2.1 Photoreceptors

Information processing in the retina starts with the sampling of the light by photoreceptors. In
the vertebrate retina there are two types of photoreceptors. Rods and cones are organized in
a similar structure which consists of three distinct compartments (Fig. 2). The outer segment
(OS), located at a distal end, is specialized in signal transduction. The central component is
the inner segment (IS), which contains the nucleus of the cell and most of the cellular
components responsible for biochemical processes. The third compartment located at the
proximal end is the synaptic terminal, which establishes connections with horizontal cells and
bipolar cells. In the mammalian retina, the distal end of photoreceptors lies directly in front of
the pigment epithelial layer, which provides a regular stream of nutrients and supports the
physiological recycling of the membrane of the outer segments, during the phototransduction
(for review, see Fu and Yau, 2007). While the biochemical mechanisms of phototransduction
are not discussed in this text, it is important to note some key functional aspects of
photoreceptors to better understand the following topics.

Although the two types of photoreceptors share structural similarities, they exhibit different
functional properties which are reflected in their respective neuronal systems. Rods are highly
sensitive to light and are responsible for dim light vision (scotopic vision), while cones are
responsible for daylight and color vision (photopic vision), but are less sensitive to light (Baylor
et al., 1979; Fu and Yau, 2007; Ingram et al., 2016). Additionally, rods have a low temporal
resolution due to their slow response and long integration time. Because this type of
photoreceptor expresses only one type of pigment, the “rod system” is defined as achromatic.
Cones, on the other hand, have high temporal resolution, with rapid responses and short
integration times. Most mammals have two types of cones which express two different

pigments: green-sensitive and blue-sensitive opsins (for review, see Jacobs, 1993, 2009;
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Puller and Haverkamp, 2011a). Mice are dichromats and in addition to a medium (M)
wavelength-sensitive opsin peaking at 510 nm (green), they have a short (S) wavelength-
sensitive opsin peaking at 360 nm in the UV range (Jacobs et al., 2004; Nikonov et al., 2006;
Fu and Yau, 2007).
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Figure 2: Schematic structure of rod and cone photoreceptors

Both types of photoreceptors include an outer segment and an inner segment that are linked to each
other by a cilium, and a synaptic terminal. The first compartment contains membranous discs where
photopigments are stored. Endoplasmic reticulum, mitochondria and nucleus are in the inner segment.
The end foot of photoreceptors makes synaptic contacts with their specific neuronal targets (modified
from (Cote, 2006).

Most of mouse cones co-express both M- and S-opsins, distributed in a dorso-ventral gradient
with higher M-opsin expression in the dorsal and S-Opsin in the ventral retina (Applebury et
al., 2000). Only few cones express exclusively S-opsin (known as “true S-cones”) and they are
mostly concentrated in the ventral retina (Haverkamp et al., 2005; Nadal-Nicolas et al., 2020).
Thereby, the “cone system” enables color vision and improves the ability to detect shapes and
details, thanks in part to its specific connectivity patterns of the different cone types. Most
mammals have retinas with higher density in rods, although the number of rods and cones
varies considerably among them (for review, see Peichl, 2005). Mice are a nocturnal species
with retinas predominantly composed of rods and only 3% cones (Nikonov et al., 2006).

Like in other sensory systems, the photoreceptors of the retina do not generate action
potentials, but they respond to light with a gradual modification of their membrane potentials.
Both rods and cones release neurotransmitter in the dark, when the membrane is depolarized

by an influx of sodium and calcium ions across the cell membranes. Upon exposure to light,
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ion channels in the cell membrane of photoreceptors undergo a closure process, which causes
the cells to enter a hyperpolarized state, thereby reducing the release of neurotransmitter.
Consequently, the degree of hyperpolarization determines the amount of neurotransmitter
released. Photoreceptors show graded membrane potentials according to the inverse of light
intensities. Light-evoked changes in the membrane potentials spread from the outer segment
to the synaptic terminal where voltage-gated calcium ion channels, clustered at the active
zone, are equivalently activated in a light-dependent manner and subsequently, trigger the
vesicular Ca?*-dependent release of neurotransmitter (Morgans, 2000).

The synaptic terminals of the photoreceptors lie in the OPL, and they are characterized by the
presence of an organelle known as synaptic ribbon, which represents the synaptic machinery
for transmitter release. Synaptic ribbons extend from the active zones into the synaptic terminal
and are surrounded by numerous docked synaptic vesicles, prepared for exocytosis (Schmitz,
2009). At this specific chemical synapse, the peculiar disposition of vesicles enables a rapid
and sustained release of the neurotransmitter, which can be continuously adapted to changes
in membrane potential (Sterling and Matthews, 2005). Photoreceptor synaptic vesicles are
filled with glutamate via the vesicular glutamate transporter vGluT1 (Haverkamp et al., 2003).
Rod and cone axon terminals are quite different. Rod terminals are large, spherical, and are
typically called rod spherules. Cone axon terminals are giant synapses, long and flat and are
called cone pedicles. In contrast to rod spherules, which only own a single ribbon (Tsukamoto
et al., 2001), cone pedicles usually have multiple ribbon release sites (Fig. 3 B). The number
of ribbons varies between species. While mouse cones contain approximately 10 ribbons,
cones in the peripheral monkey retina feature more than 50 ribbons (for review, see Sterling
and Matthews, 2005).

The photoreceptor terminal plasma membrane contains an arciform density to which ribbons
are hooked. The arciform density is curved towards the inside of the presynaptic terminal and
the synaptic ribbon assumes a shape like a curved plate. In rod spherules it is bent like a
horseshoe and commonly cracks in two parts (Migdale et al., 2003). This invagination creates
a postsynaptic cavity that is occupied by the invaginating processes of horizontal and bipolar
cells (Fig. 3 A). Thereby, two morphologically distinct types of synaptic contacts occur at the
photoreceptor terminals. Laterally to the presynaptic ribbon, two invaginating horizontal cell
processes are positioned, while centrally below the ribbon, one or two invaginating ON bipolar
cell dendrites are located. This synaptic arrangement is also known as a triad synaptic complex
(Rao-Mirotznik et al., 1995; Haverkamp and Wassle, 2000; Haverkamp et al., 2000; Li et al.,
2016). In contrast, OFF bipolar cells form the flat basal contact (non-invaginating) at the base

of the photoreceptors (Haverkamp and Wassle, 2000; Haverkamp et al., 2000).
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In this manner, at the synaptic terminals of rods and cones, the light-evoked signals are
transferred onto bipolar and horizontal cells (Fig. 3 A). The following chapter will address

synaptic communication at this level in greater detail.

Figure 3: Schematic structure of the synaptic terminal of cones

A: Vertical view of the cone pedicle. The triad synapse consists of the presynaptic ribbon surrounded by
synaptic vesicles and opposed to the invaginating dendrites of horizontal cell (red) and ON-cone bipolar
cell (green). OFF-cone bipolar cell dendrites make flat contacts at the pedicle base (purple). B:
Horizontal view of a macaque cone pedicle base. Ribbons (black lines), horizontal cell processes (red),
ON-cone bipolar cells dendrites (green) form a triad each one. OFF-cone bipolar cells (purple) contact
the cone pedicle base. Scale bar in B, 20 um, applies to B. Modified from (Wassle, 2008; Puller et al.,
2009).

1.2.2 Horizontal cells

Photoreceptors convey light-evoked information to bipolar and horizontal cells at triad ribbon
synapses established within the outer plexiform layer (OPL) (Dowling and Boycott, 1966).
Horizontal cells are laterally interconnected GABAergic interneurons and although their
morphology varies widely between species, their general role in signal processing remains
constant.

Most mammals possess two horizontal cell types: the axon-less A-type and the axon-bearing
B-type (Kolb et al., 1980; Peichl and Gonzalez-Soriano, 1994). Rod-dominated retinas, such
as the mouse and rat retina, with around 1-3% cones (Peichl, 2005), lack the axon-less A-type
horizontal cell (Suzuki and Pinto, 1986; Peichl and Gonzalez-Soriano, 1994). The axon-
bearing B-type horizontal cells (Fig. 4) have a densely branched dendritic tree with fine
dendrites and an axon terminal system distant (several hundred microns) from the dendritic
structure. Dendrites of mouse horizontal cells carry clusters of terminals that synapse
exclusively with cones (Feigenspan and Babai, 2015) while the axon terminal system has
unclustered terminals that exclusively contact rods (Peichl and Gonzalez-Soriano, 1994). The
B-type axon differs from typical axons by not relaying information from dendrites and soma to
the axon terminal system. It remains electrically isolated from the dendritic segment, possibly

due to its thin and long structure, which limits its ability to conduct the graded potentials.
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Figure 4: Morphology of a B-type horizontal cell

A single axon-bearing horizontal cell from rabbit retina. The cell body, with somatic dendrites is on the
left side, connected by a very fine axon to the axon terminal system, on the right. Scale bar 100 um.
(modified from (Pan et al., 2012).

The B-type axon terminal system in mouse consists of an independent rod horizontal cell and
does not contribute to dendritic signaling (Trimpler et al., 2008; Peichl, 2010).

As with OFF bipolar cells, horizontal cells are hyperpolarized by light or depolarized in
darkness, which is the reason they are referred to as OFF cells. They receive glutamatergic
input from photoreceptors through the a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
(AMPA)-type receptors, specifically subunits GIuA2 and GluA4 (Hack et al., 2001; Stréh et al.,
2013, 2018). Due to extensive coupling through gap junctions, which allows electrical and
metabolic communication (Bloomfield and Vélgyi, 2009), the receptive fields of horizontal cells
are much larger than their dendritic fields (Kaneko, 1971; Dacheux and Raviola, 1982;
Bloomfield et al., 1995; Shelley et al., 2006). The extent of electrical coupling depends on the
light adaptation state of the retina (Xin and Bloomfield, 1999; Baldridge, 2001). Mouse
horizontal cells express two distinct gap junction subunits. The dendritic arbor and the axon
terminal system each form independent, electrically coupled networks via connexin57
(Janssen-Bienhold et al., 2009). The axo-axonal network is instead electrically coupled via
connexin50 (Dorgau et al., 2015). Chapter 1.3 will cover the spatial organization and function
of electrical and chemical synapses in the outer plexiform layer.

Horizontal cells play a key role in shaping visual information processing in the outer
mammalian retina, crucial for functions such as light adaptation, contrast enhancement, and
color discrimination. Horizontal cells modulate the synaptic communication between
photoreceptors and bipolar cells, providing negative feedback (Wu, 1992; Kamermans et al.,
2001; Hirasawa and Kaneko, 2003; Kemmler et al., 2014) and feedforward (Yang and Wu,
1991; Fahey and Burkhardt, 2003) at the triad synaptic complex, respectively. Two other forms
of lateral interaction in the outer retina have also been described. These include negative
feedback from horizontal cells to rods (Thoreson et al., 2008), and local positive feedback from

horizontal cells to cones (Jackman et al., 2011). Lateral inhibition generate a center-surround
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organization of the receptive field, which is important for noise reduction, spatial discrimination,
and edge detection (for review, see VanLeeuwen et al., 2009; Thoreson and Mangel, 2012). In
addition, it is assumed that horizontal cells contribute to the downstream organization of the
receptive field, including surround properties of retinal ganglion cells (Chaya et al., 2017;
Drinnenberg et al., 2018; Stroh et al., 2018).

At the triad synapse, signaling and communication between photoreceptors and horizontal
cells is reciprocal. The mechanism by which the photoreceptor output is regulated by negative
feedback from horizontal cells is controversial and may differ between species (Thoreson and
Mangel, 2012). Three different mechanisms have been suggested: GABA (gamma-amino-
butyric acid) release from the horizontal cells (Wu, 1992), changes in the proton concentration
in the synaptic cleft (Hirasawa and Kaneko, 2003) and finally the ephaptic modulation of the
photoreceptor membrane potential via hemichannels (Kamermans et al., 2001). However,
studies suggest that all three mechanisms are involved in negative horizontal cell feedback
with different response modulation (Kramer and Davenport, 2015), and that GABA binding to
GABA auto-receptors on horizontal cells modulates pH- and hemichannel-mediated feedback
(Kemmler et al., 2014; Grove et al., 2019). In addition, feedforward signaling to bipolar cells is
also mediated via GABA release (Dowling et al., 1966; Marchiafava, 1978; Yang and Wu,
1991). Both, ON and OFF bipolar cells express ionotropic GABA(A) chloride-permeable
receptors on their dendrites (Greferath et al., 1994; Vardi and Sterling, 1994). Depending on
their intracellular dendritic chloride concentration, activation of the GABA(A) receptors results
in a depolarization of the ON bipolar cells and a hyperpolarization of the OFF bipolar cells
(Vardi et al., 2000b; Duebel et al., 2006; Puller et al., 2014). Thus, GABA mediates opposite
polarity - excitatory and inhibitory - which shape the receptive field organization of bipolar cells.
However, it is also well known that lateral interaction in the inner plexiform layer via amacrine
cells, strongly contributes to the center/surround organization of bipolar cells (for review, see
Lukasiewicz, 2005; Marco et al., 2013; Diamond, 2017; Franke et al., 2017).

1.2.3 Bipolar cells

Bipolar cells are the output from the OPL. They are glutamatergic neurons that collect, shape
and relay in turn, visual information from the photoreceptors to ganglion and amacrine cells in
the inner retina. The morphology and connectivity of bipolar cells change across species based
on their natural habitat (for review, see Euler et al., 2014). These cells and their connections
determine which signal from the primary sensory neurons is directed to the higher specialized
downstream network. The mouse retina contains 14 different types of bipolar cells, of which
one contacts mainly rod terminals (rod bipolar cell) and 13 types mainly contact cone terminals
(cone bipolar cells; Fig. 5) (Shekhar et al., 2016; Tsukamoto and Omi, 2017).
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Figure 5: Mouse retina bipolar cells and their connectivity
Examples of different types of bipolar cells found in the mouse retina are presented, along with the
number of cones in their dendritic fields and the photoreceptors they connect with (Behrens et al., 2016).

Type 1 cone bipolar cells establish exclusively connections with M-cones, while type 9 cone
bipolar cells are specifically linked to S-cones. Other types of cone bipolar cells form
connections with both types of cones (Behrens et al., 2016). Additionally, type 3a, 3b, and 4
cone bipolar cells have been observed to make additional contacts with rods (Mataruga et al.,
2007; Haverkamp et al., 2008; Behrens et al., 2016), and rod bipolar cells have been found to
establish additional contacts with both S- and M-cones (Behrens et al., 2016). The latest
discovered bipolar cell type, type 1b, functions as a glutamatergic monopolar interneuron
(GluMI) and does not receive direct inputs from photoreceptors (Della Santina et al., 2016).
Bipolar cells can be categorized into ON and OFF types based on their light responses. ON
bipolar cells, including types 5t, 50, 5i, X, 6, 7, 8, 9, and rod bipolar cells, depolarize in response
to light stimulation, whereas OFF bipolar cells, such as types 1a, 1b, 2, 3a, 3b, and 4,
hyperpolarize. This polarity distinction arises from the expression of different glutamate
receptors at the dendritic terminals of the bipolar cells. ON cone bipolar cells and rod bipolar
cells express metabotropic glutamate receptor 6 (mGIuR6 also known as GRM6) (Nomura et
al., 1994; Masu et al., 1995), while OFF bipolar cells express ionotropic glutamate receptors
(AMPA and kainate receptors) (DeVries, 2000; Hack et al., 2001; Puller et al., 2013; Puthussery
et al., 2014). Upon light exposure, reduced glutamate release from photoreceptors deactivates
mGIuR6 in ON bipolar cells, leading to the opening of a non-selective cation channel (TRPM1-
transient receptor potential cation channel subfamily M member 1) (Morgans et al., 2010).
Conversely, ionotropic glutamate receptors in OFF bipolar cells are closed upon reduced
glutamate release from photoreceptors.

Furthermore, ON and OFF bipolar cells exhibit distinct axonal stratification within the inner

plexiform layer (IPL) of the retina. The axon terminals of ON bipolar cells stratify in the inner
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half of the IPL, where they form synapses with ON ganglion cells, while the axon terminals of
OFF bipolar cells stratify in the outer half of the IPL, forming synapses with OFF ganglion cells.
The synaptic output of bipolar cells, known as a dyad, consists of bipolar cell presynaptic
ribbons and two post-synaptic elements. These post-synaptic elements can either be two
processes from amacrine cells or a combination of one process from an amacrine cell and one
process from a ganglion cell (Dowling and Boycott, 1965; Raviola and Dacheux, 1987; Ghosh
et al., 2001).

Functional properties of bipolar cells are strongly influenced by inhibitory signals from amacrine
cells at their axon terminals. Recent findings have shown that both ON- and Off-center bipolar
cells exhibit similar responses or not, based on the level of antagonistic interaction between
amacrine (Franke et al., 2017). The influence of amacrine cells is substantial enough to cause
bipolar cells to respond to light stimuli, even in the absence of dendritic input, like the
glutamatergic monopolar interneuron that exhibits similarities to type 1 and type 2 bipolar cells

in its terminal system.

1.3 Synaptic architecture of the outer retina

Synaptic organization in the outer plexiform layer (OPL) plays a crucial role in signal
transmission, decoding visual information, and providing raw data for downstream signal
processing.

At the triad synapse, synaptic communication is mediated by glutamate released from the
presynaptic photoreceptors, and the expression of metabotropic or ionotropic glutamate
receptors at the postsynaptic dendrites (for review, see Wassle, 2004). Additionally, different
cell types are electrically coupled via gap junctions, providing a direct and rapid neuronal
communication in the OPL (for review, see Sohl et al., 2005).

The following sections report insight into the mechanisms of signal transmission, addressing
both chemical and electrical synapses (see Chapters 1.3.1 and 1.3.2). The electrical coupling
in the outer retina (see Chapter 1.3.3) and finally the spatial location of a tight junction-

associated protein ZO-1 (see Chapter 1.3.4).

1.3.1 Chemical synapses

Glutamate mediates its excitatory effects by activating members of the ionotropic (iGIuR) and
metabotropic glutamate receptor (mGIuR) families. Metabotropic GluRs activate in turn an
intracellular second messenger signal cascade via the interaction with a membrane-bound G
proteins (for review, see Pin and Duvoisin, 1995). ON bipolar cells express the metabotropic
glutamate receptor 6 (MGIluR6 — GRMG6) on the vertical walls of the invaginating dendrites at
the photoreceptor triad synapse (Vardi et al., 2000a).
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lonotropic GluRs are responsible for most of the fast excitatory transmission in the central
nervous system and consist of homo- or heteromeric integral membrane protein complexes
that bind glutamate and form nonselective cation channels (Dingledine et al., 1999). Based on
their pharmacological and electrophysiological properties, iGIuRs can be classified into N-
methyl-D-aspartate (NMDA) and non-NMDA receptors, which are further divided into AMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors and kainate (2-carboxy-3-
carboxymethyl-4-isopropenyle-pyrrolidine) receptors (for review, see Traynelis et al., 2010).
Since NMDA receptors have not been analyzed in this thesis, they will not be presented in
more detail.

In previous studies outdated terminology was used for the different ionotropic glutamate
subunits. However, a revision of the nomenclature occurred in 2009, resulting in the subunits
being recognized by alternative names in contemporary literature (Collingridge et al., 2009).
The most up-to-date nomenclature is used in this work, and a table with previous terms is
provided in the Appendix — Supplemental material (see Chapter 7.3).

AMPA and kainate receptors show distinct kinetics and roles in synaptic transmission.
AMPA-type glutamate receptors (GluAs) are integral transmembrane proteins assembled by
GluA1- GluA4 subunits as a tetrameric complex and they mediate fast excitatory synaptic
transmission. With their rapid recovery from desensitization, AMPA receptors drive transient
visual stimuli (for review see, Hollmann and Heinemann, 1994). However, subunit composition
affects affinity, kinetics, ionic permeability, and channel conductance, leading to receptors with
“sui generis” characteristics (for review, see Guo and Ma, 2021). The calcium ion (Ca?")
conductance of AMPA receptors changes based on the inclusion of the GIuA2 subunit within
the tetrameric complex. When the GIuAZ2 subunit is part of AMPA receptors, it inhibits the entry
of cations like Ca?* and Zn?*, resulting in different kinetic behavior (Hack et al., 2001; Stincic
and Frerking, 2015). The GIuA2 subunit typically has a positively charged arginine (R) residue
at the Q/R site, which is not originally encoded at the genomic level, but is created by RNA
editing (Sommer et al., 1991). This editing process is essential for determining the permeability
of AMPA receptors to calcium ions, as well as influencing their functional properties and overall
role in synaptic transmission. (Kawahara et al., 2003, 2004a, 2004b; Liu and Zukin, 2007).
Kainate-type glutamate receptors (GluKs) include low-affinity kainate receptor subunits GluK1-
GluK5 and high-affinity receptor subunits KA1 and KA2 (Haverkamp et al., 2001b). Kainate
receptors are also characterized by a fast signal transmission but with a slower recovery from
desensitization thus driving sustained signaling (DeVries, 2000).

In the mammalian retina, both AMPA and kainate receptors subunits are expressed in
horizontal and bipolar cells (Vardi et al., 1998; Haverkamp et al., 2001a, 2001b). Each ribbon
synapse receives the invaginating dendrites of horizontal and bipolar cells, while OFF-cone

bipolar cells contact the cone at the so called “flat-contacts”. The laminar distribution of
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dendrites forms a series of bands where different glutamate receptors are expressed beneath
the cone pedicle (Fig. 6). OFF bipolar cells express GluK1 at the base of the cone pedicles
(Haverkamp et al., 2000, 2001b, 2003). Horizontal cells express AMPA-type subunits such as
GluA2, GIluA2/3 and GluA4 at two different locations at the cone pedicle. The first location or
upper band, at the invaginating tips close to the cone synaptic ribbon, whereas the second
location or lower band, 1.5 ym below the cone pedicle base, at the desmosome-like junctions.
Desmosome-like junctions represent adjacent postsynaptic densities formed by horizontal cell
dendrites. These occur beneath the cone pedicle and at the interface between connecting
horizontal cell dendrites in the triads (Haverkamp et al., 2000, 2001a). Therefore, glutamate
released from the cone pedicle acts not only through direct contact, but it extends even through

diffusion to glutamate receptor clusters at the desmosome-like junctions.

Triad

Flat contacts|

ﬁ ﬁ N 4
k. Sai B

Figure 6: Laminated location of ionotropic glutamate receptors at the cone pedicle

Example from primate retina. AMPA-type glutamate receptors are expressed on the top, at the
invaginating horizontal cells dendrites and at the desmosome-like junctions in a band 1-2 ym underneath
the cone pedicle. Whitin this stratification, kainate-type glutamate receptors are expressed by OFF-cone
bipolar cells at the cone pedicle base. Modified from (Puller and Haverkamp, 2011b).

Desmosome-like
junctions

It is well known that in primate retina GluAs are expressed below the cone pedicles at the
desmosome-like junctions between horizontal cells (Haverkamp et al., 2000, 2001a, 2001b;
Puller et al., 2009). Furthermore, accumulation of GluAs was also found below the cone pedicle
in the rabbit retina (Pan and Massey, 2007). Consequently, the presence of GIuA receptors in
horizontal cells beneath the cone pedicle, alongside their conventional localization at the
invaginating dendritic tips, seems to be a defining characteristic of the connectivity of horizontal

cells in various mammalian species.

13



Introduction

1.3.2 Electrical synapses (Connexins)

Electrical synaptic transmission plays a focal role in the intercellular communication of the
retina, where each of the five distinct neuronal types is interconnected via gap junctions
expressing a variety of connexin proteins (Soéhl and Willecke, 2003; Sohl et al., 2005). This
variety of electrical synapses among different classes of neurons highlights their crucial role in
the transmission and processing of visual information (for review, see Volgyi et al., 2013).
Gap junction channels are the functional units of electrical synapses. They consist of two hemi-
channels, also known as connexons, that link together adjacent neurons (Fig. 7). Connexons
are assembled from six transmembrane protein subunits called connexins (Cx). Their
arrangement forms a central pore that facilitates the passive diffusion of cations and anions,
secondary messengers (CAMP and IP3), and small metabolites (saccharides, nucleotides, and
amino acids) by means of electrical and metabolic coupling up to a molecular weight of 1 kDa
(for review, see Goodenough et al., 1996; Kumar and Gilula, 1996; Evans and Martin, 2002).
The presence of extracellular loops on each connexin ensures the intermolecular docking of
two opposing hemichannels. Gap junction channels can occur in two ways: homotypic and
heterotypic. Homotypic channels are characterized by identical connexons, while heterotypic
channels have different connexons. Additionally, connexons can be composed of one or
multiple connexin isoforms, resulting in either homomeric or heteromeric channels (for review,
see (Bloomfield and Vélgyi, 2009). Multiple gap junction channels aggregate to form a gap
junction plaque, which typically contains channels with the same connexin subunit
composition. However, bihomotypic gap junctions, have also been observed. Bihomotypic gap
junctions consist of distinct connexins, like Cx36 and Cx45, which coexist within a single
plague, but form separate homotypic channels. In the retina, these structures permit Cx36 and
Cx45 to form connections within separate domains, enabling specialized signal transmission

in the inner plexiform layer (Li et al., 2008).
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Figure 7: Structural organization of gap junctions

Hemichannels on each side dock with each other to form conductive channels between two neighboring
cells. Six connexin subunits are arranged to form a central pore in the hemichannel. Clusters of these
channels are called gap junctional plaques (modified from (Séhl et al., 2005).
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Approximately 20 different connexin isoforms have been identified in humans and mice, each
exhibiting distinctive conductance or gating properties (Willecke et al., 2002; Sohl and
Willecke, 2003; Volgyi et al., 2013). Two nomenclature systems are currently in use for
connexin proteins and their genes. Connexins have been named according to the species from
which they are derived and their abbreviated theoretical molecular mass (in kDa). Alternatively,
connexins have been divided into subgroups (a, B or y) according to their degree of sequence
similarity and the length of the cytoplasmic domains. In this nomenclature, different connexins
are abbreviated with the acronym "Gj" for gap junction, and numbered consecutively in the
order of their discovery (S6hl and Willecke, 2003).

The subunit composition of the gap junction channel determines its physiological properties,
such as permeability and gating (Maeda and Tsukihara, 2011). Like ion channels, the
conductance and gating characteristics of gap junctions are influenced by various physiological
factors and agents.

The adaptability of electrical coupling between cells plays a crucial role in the response of
neuronal networks and the regulation mechanisms can be classified according to different time
frames (for review see, Bloomfield and Vdélgyi, 2009; O’Brien and Bloomfield, 2018).
Short-term plasticity within communicating neuronal networks is mediated by changes in the
current across the gap junction. This involves passive currents, such as those from potassium
or chloride channels, as well as active conductance from sodium channels, which collectively
modulate the junctional current (Curti and Pereda, 2004; Trenholm et al., 2013).
Post-translational phosphorylation is a widely used mechanism that modulates conductance
gating of gap junction channels, as well as trafficking, assembly and disassembly of connexons
and gap junction channels within the cell and cell membrane (Laird, 2006; Bloomfield and
Volgyi, 2009). The intracellular C-terminal domain of the connexins is the main target for
protein kinases (Lampe and Lau, 2000, 2004), that in turn are regulated by calcium-calmodulin,
cAMP, cGMP and neuromodulators. In the retina light adaptation and circadian rhythm cause
significant changes in coupling between neurons by activating neurotransmitter and
neuromodulator receptors like dopamine, adenosine, glutamate, or nitric oxide (NO). These
changes occur through intracellular signaling cascades predominantly via cyclic nucleotides,
leading to post-translational modifications of the gap junction forming proteins usually through
reversible phosphorylation (for review, see Bloomfield and Vélgyi, 2009; O’Brien, 2014; O’Brien
and Bloomfield, 2018). A well-known mechanism of modulation of gap junction conductance
through intracellular pathways, is the one mediated by dopamine. Briefly, dopamine is released
by dopaminergic amacrine cells following light exposure and prolonged darkness at night
(Weiler et al., 1997; Ribelayga and O’Brien, 2017). Activation of D1-receptors expressed by
horizontal cells and some amacrine cell subtypes leads to the intracellular activation of

adenylate cyclase and an increase of the intracellular cAMP concentration. This in turn results
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in the activation of cAMP-dependent protein kinase, the phosphorylation of connexins and a
reduction in the conductance of gap junctions coupling horizontal cells (Piccolino et al., 1984;
Lasater, 1987; He et al.,, 2000). Different retinal cell classes express different dopamine
receptor isoforms (D1-D5) and for this reason the respective cellular response to dopamine is
dependent on the intracellular signaling cascade activated by the specific D-receptor (Dowling,
1991; Urschel et al., 2006).

In addition, it is well known that a high concentration of cytosolic calcium reduces electrical
coupling by closing the gap junctions (Rose et al., 1977; Peracchia, 1978). This modulation is
among others dependent on calmodulin, which interacts directly with connexins subunits
(Peracchia, 2020) or involves the activation of the calcium/calmodulin dependent protein
kinase Il (CaMKIl) (Kothmann et al., 2012). Finally, changes in intracellular pH can also alter
the gating properties of connexins, leading to a reduction of gap junction permeability by
acidification while conductance increase is mediated by alkalinization (Spray et al., 1981;
Church and Baimbridge, 1991).

All these mechanisms are mediated by intracellular second messengers and involve structural
modifications or fine intracellular changes. Therefore, they require longer periods of time,
typically seconds to minutes, compared to those described for short-term plasticity. Changes
in the expression level of connexins are instead considered long-term plasticity mechanisms
taking minutes to hours to be effective. Circadian changes enable the signaling pathways to
achieve different states at various times during the day, resulting, for example, in a minimum
level of coupling for photoreceptors at dawn (Li et al., 2013; Zhang et al., 2015; O’Brien, 2017).
These multiple mechanisms likely represent distinct pathways that are influenced by common
environmental factors. Gradual changes, such as variations in protein expression levels, are
well-suited for adapting to slower, long-term shifts in environmental conditions, like the daily
cycle of ambient light. In contrast, rapid responses to sudden changes, such as moving from
darkness into bright light, are more efficiently managed by faster mechanisms, such as

alterations in channel gating.

1.3.3 Electrical coupling in the outer retina

In the mouse retina, connexin45 (Cx45) and connexin36 (Cx36) are the two most abundant
connexins (Bloomfield and Volgyi, 2009; Sigulinsky et al., 2020). In the outer plexiform layer,
photoreceptors are electrically coupled through Cx36. Previous studies have shown both
homologous cone-cone and heterologous rod-cone coupling (Bloomfield and Vélgyi, 2009).
However, a recent study has demonstrated that heterologous rod-cone communication by
Cx36 is the predominant form of electrical coupling between photoreceptors (Ishibashi et al.,
2022). The connection between photoreceptors via gap junction plays several functional roles.

Cone-cone coupling reduces electrical noise, increasing the signal-to-noise ratio (Hornstein et
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al., 2005; Jin et al., 2015). Compared to other retinal gap junctions this coupling is not affected
by light (DeVries et al., 2002). Electrical coupling between rods and cones allows for the
crossover of rod signals into the cone pathway, providing a secondary rod pathway that can
be modulated by light intensity and circadian rhythm (Jin and Ribelayga, 2016; Ishibashi et al.,
2022).

Mouse axon-bearing horizontal cells are extensively coupled by gap junctions, resulting in a
receptive field that is larger than their dendritic field (Bloomfield et al., 1995; Shelley et al.,
2006; Zhang et al., 2011). Consequently, the strength of coupling determines the spatial extent
of feedback signals to photoreceptors (Dacheux and Raviola, 1982; Bloomfield et al., 1995).
The dendritic arbor and axon terminal system form separate, large networks connected
electrically via connexin57 (Cx57) gap junctions (Hombach et al.,, 2004; Pan and Massey,
2007). Cx57 is specifically expressed at the dendro-dendritic and axo-axonal horizontal cell
gap junction (Janssen-Bienhold et al., 2009). Electrical coupling of the dendritic network occurs
beneath the cone pedicles, near the desmosome-like junctions, where horizontal cell dendrites
converge before invaginating into the cones (Puller et al., 2009). Connexin50 (Cx50) has also
been observed in the axon terminals of mouse horizontal cells (Dorgau et al., 2015).
Horizontal cell coupling is modulated by ambient light in a triphasic manner (Xin and
Bloomfield, 1999; Bloomfield and Volgyi, 2009). In mesopic light conditions, horizontal cells
display strong coupling, resulting in signal transmission over long distances within the OPL. In
photopic or scotopic light conditions, gap junctions close, resulting in horizontal cells which act
as smaller inhibitory units. This is advantageous because, in the first case, the reduced
coupling in turn reduces the surround signal and enhances light sensitivity at the expense of
contrast detection. Conversely, in bright light, the decreased coupling among horizontal cells
improves local contrast detection (Shimizu and Stopfer, 2013). This modulation is regulated by
retinal dopamine (Perlman and Ammermiller, 1994; He et al., 2000), retinoic acid (Weiler et
al., 1999, 2000; Pottek and Weiler, 2000), and nitric oxide levels (Lu and McMahon, 1997;
Pottek et al., 1997; Xin and Bloomfield, 2000). These neuromodulators collectively reduce
horizontal cell coupling, indicating the presence of multiple distinct pathways for modulation in
response to dark and light conditions.

Horizontal cell coupling can be modulated by altering the expression levels of the gap junction
proteins. Previous studies have shown that dark adaptation reduces connexin57 (Cx57)
expression in the mouse retina (Kihara et al., 2006) which corresponds to a decrease in the
number of Cx57-immunoreactive plaques (Janssen-Bienhold et al., 2009).

Unlike horizontal cell coupling, the electrical coupling observed between bipolar cells is notably
weaker. As a result, these cells display significantly smaller receptive fields that can be
modulated by gap junction permeability (Zhang and Wu, 2009; Arai et al., 2010). On the other

hand, OFF-cone bipolar cells may not support effective electrical coupling. They might instead
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play a role in chemical or metabolic coupling between subcellular compartments. (Fournel et
al., 2021). In the OPL OFF bipolar cell dendrites are homologously coupled via Cx36 and Cx45
(Feigenspan et al., 2004; Hilgen et al., 2011).

1.3.4 Zonula Occludens-1 in the outer retina

Gap junction proteins are known for their interactions with other membrane-associated
proteins, which exert regulatory influences on cell communication. The structural protein
zonula occludens-1 (ZO-1) has been found to interact with several connexins at gap junctions
(Giepmans, 2004; Li et al., 2004b; Flores et al., 2008; Lynn et al., 2012). ZO-1 is a member of
the membrane associated guanylate kinase homologs family (MAGUK) and was originally
described in peripheral endothelial cells as cytoplasmatic scaffolding protein at adherent and
tight junctions (for review, see Stevenson et al., 1986; Hartsock and Nelson, 2008). MAGUK
proteins are characterized by the presence of different binding domains, including the PDZ
(PSD95, DLG and ZO-1) domains (for review, see Gonzalez-Mariscal et al., 2000), SH3 (Src
Homology 3) domain (Nomme et al., 2011), and a GUK (guanylate kinase) domain (Fanning
et al, 1998). These domains are essential for spatially clustering and anchoring
transmembrane proteins to specific subcellular components. They act as a scaffold, organizing
structurally diverse, but functionally connected proteins in tight proximity. In doing so, ZO-1
particularly links tight junction (claudins and occludins) and gap junction proteins to the actin
cytoskeleton (Fanning et al., 1998; Hartsock and Nelson, 2008) and proteins implicated in
signaling cascades (Li et al., 2004c; Rash et al., 2004; Tetenborg et al., 2020). In the mouse
retina, ZO-1 was observed to be associated with Cx36 in both the OPL and IPL, as well as with
Cx45 in the IPL, suggesting a regulatory role at the appropriate gap junctions (Li et al., 2004b,
2008; Ciolofan et al., 2006, 2007). At the same time, it has been shown how the spatial
distribution of ZO-1 is restricted to specific locations within the OPL. Here, ZO-1 colocalized
with Cx36, which plays a role in the formation of gap junctions between dendrites of OFF
bipolar cells and photoreceptor terminals adjacent to the cone pedicles (Feigenspan et al.,
2004; Jin et al., 2020). Additionally, ZO-1 is expressed at gap junctions beneath the cone
pedicle in a type-specific manner by horizontal cells. In the mouse retina, it is associated with
Cx57 at dendro-dendritic gap junctions of horizontal cells, while in the rabbit retina, it is linked
with Cx50 in axonless A-type horizontal cells, forming a rim around the Cx50 plaques, both
beneath the cone pedicle and at large plaques. In macaques, ZO-1 is also located below the
cone pedicle at the level of desmosome-like junctions on the dendrites of H1 horizontal cells
where it was clustered in tight proximity to GluAs (Puller et al., 2009). Based on these
observations a multifunctional role has been suggested for ZO-1, both as a scaffolding protein
for connexins and as a link between the cytoskeleton and transmembrane proteins at the

border of the desmosome-like junctions area (Puller et al., 2009).
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2. Aims of the study

Signal processing in neuronal networks deeply depends on the precise timing and interplay
between excitation and inhibition at the synaptic connections between cells. The synaptic
architecture and components supporting intercellular communication play a critical role in
processing and signaling. A crucial aspect of the sensory systems, such as the retina, is its
capacity to adjust to the changes in the surrounding environment. This adaptation optimizes
the signaling range and the ability to distinguish relevant information under different ambient
conditions, thereby improving the overall functionality of the sensory system.

Horizontal cells are the class of inhibitory interneurons that dominate signal processing in the
outer retina, where the first synaptic connections of the entire visual system are formed
between the photoreceptors and their postsynaptic cells.

Synaptic transmission in the OPL relies on the neurotransmitter glutamate and a distinctive
distribution of metabotropic and ionotropic glutamate receptors. Furthermore, intercellular
communication via electrical synapses which includes scaffolding proteins, that stabilize the
synaptic structures, are essential components of the neuronal network.

Although much has been observed regarding the localization of synaptic components in the
OPL and several studies have given architectural representations of their distribution in
different species, a more detailed analysis of their spatial distribution and interactions is still
needed. This is particularly true for animal models such as mice, which have become an
important tool for understanding the visual system in recent decades.

The role of horizontal cells has been extensively studied. Nevertheless, numerous questions
persist regarding their specific function and the intricate structure of the synaptic networks they
establish. Therefore, this thesis aims to further investigate the molecular components whereby
horizontal cells contribute to the signaling in the outer retina. In the first two projects the spatial
distribution of glutamate receptor subunits and electrical synapses, as well as some synaptic
components of horizontal cells were analyzed. In the third section, the distribution of gap
junctions between horizontal cells is analyzed, along with density and electrical coupling
analysis, based on collaborative work with Dr. Alejandra Acevedo Harnecker, Dr. Prof. Karin
Dedek, Dr. Martin Greschner and Christoph Block, that has been recently published (see

attached article). These findings will be presented in the results.
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2.1 Project 1: Spatial organization of desmosome-like junctions and gap

junctions in the outer plexiform layer of the mouse retina

In the mammalian retina horizontal cells (HCs) receive glutamatergic input from photoreceptors
via ionotropic glutamate receptors (Haverkamp et al., 2000, 2001a; Hack et al., 2001). The
dendrites of horizontal cells in the primate retina express glutamate receptors hot spots at two
postsynaptic locations. These locations are at the invaginating processes that are opposed to
the presynaptic ribbons and more proximally, at the so-called desmosome-like junctions, which
are formed between their dendrites ~1.5 ym beneath the cone pedicle (Haverkamp et al.,
2000). Also in primates, it has been shown that AMPA-type glutamate receptors (GluAs) occur
in close spatial association with electrical synapses (gap junctions) between HCs at these sites
(Puller et al., 2009). In the rodent retina horizontal cells express different types of ionotropic
glutamate receptors including kainate- and AMPA-type receptors (Brandstatter et al., 1997;
Hack et al., 2001), but not NMDA-type receptors (Schubert et al., 2006). More specifically,
studies on mouse HCs have shown that specific AMPA-type glutamate receptors subunits,
GIuA2 and GluA4, mediate the glutamatergic light responses from photoreceptors (Stroh et
al., 2013, 2018). Additionally the accumulation of GluAs below the cone pedicle was also
observed in the rabbit retina (Pan and Massey, 2007). Finally, the axon-bearing B-type
horizontal cell forms axo-axonal and dendro-dendritic networks coupled by gap junctions via
connexin57 (Cx57) in the mouse retina (Hombach et al., 2004; Janssen-Bienhold et al., 2009).
However, it remains unclear in the mouse retina whether GluAs are expressed at the
desmosome-like junction level and their function at this level.

This project aims to investigate the detailed spatial distribution of horizontal cell glutamate
receptor subunits in the mouse retina. Questions aimed to be answered with this project were,
whether these subunits are expressed at the desmosome-like junctions beneath the cone
pedicles, and how their spatial association with gap-junction proteins (Cx57) is organized at
this level. The goal is to gain more insight into the distribution patterns of components of
chemical and electrical synapses in the OPL and to check whether these are preserved among

different mammals.
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2.2 Project 2: Analysis of a possible mutual interaction between electrical

and chemical synapses at the desmosome-like junction level in the OPL

of mouse retina

Horizontal cells possess specialized postsynaptic structures situated approximately 1.5 pym
beneath the cone pedicle at the level of desmosome-like junctions. Desmosomes are easily
identifiable by electron microscopy, consisting of electron-dense plaques adjacent to the
plasma membrane, separated by an intermediate dense line marking the extracellular space.
At this level horizontal cell dendrites form specific “contact points” where glutamate receptors
were identified as further post-synaptic densities on HCs (Haverkamp et al., 2000, 2001a,
2001b). The close spatial association of GIuA subunits and gap junctions, between HC
dendrites at this level, suggested that reciprocal interactions between electrical and chemical
synapses might exist (Puller et al., 2009). There is further evidence indicating that the close
interaction of chemical and electrical synapses is essential for the proper functioning of the
neuronal system (for review, see Pereda, 2014). A well-known example of mutual interaction
between the two types of synapses has been described for the auditory afferents. Here, so-
called mixed synapses have been detected on Mauthner cells of teleost fishes, where
reciprocal influence between glutamatergic synapses via NMDA receptors and Cx35-
containing gap junctions was found by means of anatomical and physiological experiments
(Pereda et al., 2004; Faber and Pereda, 2018). In the mouse retina, mutual interaction between
electrical and chemical synapses has been described at the level of the All amacrine cells
(Kothmann et al., 2012). Here, Cx36 gap junctions are expressed between All type ACs, and
their local conductance is modulated via activation of non-synaptic NMDA receptors. Calcium
influx, in turn leads to the activation of Ca2*-Calmodulin-dependent kinase |, phosphorylation
of Cx36 and increase in electrical coupling between All-amacrine cells.

In this context, the second chapter of this thesis aims to analyze a possible mutual interaction
of electrical and chemical synapses at the level of the desmosome-like junctions in the OPL.
To address this question, comparative qualitative analysis has been performed exploiting
valuable tools such as transgenic mice. Specifically, the study analyzed the effect of Cx57-
knockout on the expression of GluAs in the OPL of the mouse retina, and vice versa evaluated

the expression of Cx57 in GluA2/GluA4-deficient mice, respectively.
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2.3 Project 3: The distinct distribution of horizontal cell gap junctions

across the retina

The mouse retina has been thought to be relatively homogeneous, lacking a specialized area
such as fovea or area centralis. Over the past decades, however, variations in cellular
distributions and regional circuits have been observed. This may represent adaptive
mechanisms to the visual statistics of the animal and thus provide behavioral benefits (for
review, see Heukamp et al., 2020). Among the observed variations, the different distributions
of the opsins in the mouse retina represent a well-established example for a topographic
specialization. Short-wavelength-sensitive opsins are sparse in the dorsal half of the retina and
dominate the ventral half, whereas middle-wavelength sensitive opsins dominate the dorsal
retina, forming opposite gradients of green and UV opsin expression (Applebury et al., 2000;
Haverkamp et al., 2005; Nikonov et al., 2006; Wang et al., 2011; Warwick et al., 2018). Cones
and bipolar cells in the dorsal retina are tuned to green light, while those in the ventral retina
are tuned to UV light (Baden et al., 2013; Szatko et al., 2020). Consequently, retinal ganglion
cells (RGCs) in the dorsal retina are more sensitive to green light, whereas those in the ventral
retina are more sensitive to UV light (Wang et al., 2011; Chang et al., 2013; Szatko et al.,
2020). Arecent study has identified a functional gradient in retinal ganglion cells, whereby the
receptive field surround structure shows a dorso-ventral change in amplitude and spatial
extent, exhibiting remarkable asymmetries in the visual horizon (Gupta et al., 2023).
Nevertheless, a clear understanding of the circuitry involved in this regional distribution is still
missing. Amacrine cells contribute to the formation of RGC receptive field surrounds (for
review, see Diamond, 2017), however it is worth noting that horizontal cells also play a
significant role in establishing RGC receptive fields, including their surround properties (Chaya
et al.,, 2017; Drinnenberg et al., 2018; Stroh et al., 2018). Thereby, horizontal cells may
contribute to the variation of the ganglion cell receptive fields across the retina.

In collaboration with the students Asli Pektas, Lucia Lindenthal and Dr. Alejandra Acevedo and
Christoph Block, we focused on the topographic distribution and synaptic connectivity of
horizontal cells within the retina. Specifically, a detailed analysis of the horizontal cell
distribution across the retina, as well as the analysis of the gap junction (Cx57) distribution and
their functional electrical coupling across the retina was addressed. Further a comprehensive
analysis of the morphology of horizontal cells in the dorsal and ventral part of the mouse retina

is presented in the manuscript (see Section 7.4 — Publication).
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3. Methods

This work focused exclusively on the mouse as the animal model for the studies of the retina.
Over the last few decades, the use of the mouse as a model to better understand how vision
works, has increased considerably. This is due to the small dimensions of the animal, fast
reproduction, low cost, and a stable tolerance to genetic modification. As such, the mouse
retina, and the mouse visual system generally, has become a valid tool exploited for studies
that extend to the mammalian central nervous system.

The following chapter not only would provide a comprehensive description of the
methodologies used in all projects, but also highlights technical issues and outlines for applied
solutions used for the protocols. The mouse lines, devices, consumables, chemicals, kits, and
software used in this work are listed in Section 7.1 (Materials). Experimental protocols are

reported in detail in Section 7.2 (Experimental protocols).

3.1 Experimental animals

All the procedures conducted in this study were approved by the local animal care committee
(Niedersaechsisches Landesamt fuer Verbrauchershutz und Lebensmittelsicherheit) and the
experiments complied with the guideline for the welfare of experimental animals issued by the
European Communities Council Directive of 24 November 1986 (86/609/EEC) and the laws of
the Federal Government of Germany (Tierschutzgesetz; BGB1. | S. 1206, 1313 and BGB1. |
S. 1934) for experimental animals.

Mice were housed under standard conditions, including a 12-hour light-dark cycle with water
and food ad libitum. Animals aged between 2 and 6 months of either sex were used for the
experiments. All mouse lines have the genetic background of the C57BL6/6J inbred strains or
were backcrossed into the C57BL6/6J background for at least three generations.

Wild-type C57BL6/6J have been used to investigate the spatial distribution of the ionotropic
glutamate receptors, tight junction protein zonula occludens-1, different connexins on mouse
horizontal cells and the main cellular and synaptic components that characterize the OPL.

To further investigate the spatial relationships and putative mutual interactions between
electrical synapses (containing connexins) and chemical synapses (containing glutamate
receptors) different sets of mouse lines were used. To study if the selective ablation of the
ionotropic glutamate receptor subunits GluA2 and GluA4 in horizontal cells, could affect the
expression of connexin 57 (Cx57) in the OPL, GIuA2"/GIluA4™:Cx57*/°"® animals were used
(Stroh et al., 2013, 2018). In these transgenic mice the Cre-LoxP system, which excises the
targeted gene in specific tissues or cell populations, has been applied. Briefly, exon 11 of the

GluA gene was flanked by loxP sites, which allows the ablation of the gene by the Cre
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recombinase (Cre). Cre instead, was expressed under the cell specific Cx57 promoter in
mouse horizontal cells (Hombach et al., 2004; Janssen-Bienhold et al., 2009; Stroh et al.,
2018). Mice not expressing Cre recombinase (GIuA2""/GIluA4":Cx57**) and mice expressing
only Cre (Cx57*/°'), were both used as controls and crossed to generate the double knockout
GluA2™"1/GluA4™":Cx57+'°" mouse line. Conversely, the Cx57-%°?%Z mouse line was used to
evaluate if the expression patterns of the ionotropic glutamate receptors (specifically, the
AMPA-type subunits GluA2 and GIuA4) in the OPL, were affected by lack of Cx57. Here, the
Cx57 coding region was replaced with the LacZ gene reporter by homologous recombination
(Hombach et al., 2004), and Cx57*" littermates were used as control. The same mouse line
was also used to validate the immunoreactivity of the new guinea pig polyclonal anti-Cx57
antibodies (anti-bodies validation, see Section 7.2.2; Appendix — Experimental protocols).

The correct genotype of the transgenic mice was monitored by PCR genotyping technique.
The list of primers used for the PCR is reported in Section 7.1.6 (Appendix — Material) while

the PCR protocols are described in Section 7.2.5 (Appendix — Experimental protocols).

3.2 Tissue preparation

Immunohistochemistry represents one of the most widely used methods for ex-vivo anatomical
studies. This approach has been applied extensively to provide qualitative and quantitative
information on neurons and their cellular components.

Neuroanatomical images obtained by immunohistochemistry are in turn qualitatively compared
and/or analyzed depending on the purpose of the study. However, to achieve these results,
tissues must be previously handled and exposed to a non-physiological environment. Fixation
is a reliable procedure to preserve the morphological properties of the tissues at that specific
life-like state and preserves them from mechanical, chemical, and osmotic stress during all the
steps of the tissue preparation (Stradleigh and Ishida, 2015).

In this study, fixation was obtained by a crosslinking, non-coagulating chemical, that gives
structural support without changing the overall of the cellular components. Aldehydes are the
most common crosslinking fixatives and paraformaldehyde (PFA) is generally used for light
microscopy analysis.

Animals were sacrificed by cervical dislocation, in the middle of the day (during the light cycle)
under room lights. Eyes were then rapidly collected and opened along the ora serrata at the
border of the cornea. The lens and vitreous body were removed in phosphate-buffered saline
(PBS) orin 0,1 M phosphate buffer (PB) and the resulting posterior eyecups were immersion-
fixed. Buffers and PFA were kept in the fridge at +4°C up to the time of the enucleation. For
the whole-mounted retinas used for quantification and colocalization analysis between ZO-1

and Cx57 (Project 3), eyecups were fixed in PB containing 2% PFA and 3% sucrose for 20
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minutes at room temperature (RT). For all the other experiments, eyecups were fixed in PBS
containing 2% PFA, at RT for 20 min (see Section 7.1.5; Appendix — Materials). At the end of
the fixation time, fixative solutions were removed to stop crosslinking, and eyecups were
immediately immersed into the respective buffer, fixative-free, and washed at least three times
for a minimum of 10 minutes each one. Studies using brief and mild fixations have reported
that immunostaining intensity is reduced by longer fixations (Haverkamp and Wassle, 2000;
Hack et al., 2001). Then, retinas were cryoprotected in sucrose solutions (30% w/v), overnight
at 4°C and stored at -20°C in 30% sucrose until use. Cryoprotectants such as sucrose disrupt
the interactions between polar water molecules preventing ice crystals formation in tissues
when water freezes and expands. At the same time, fast freezing thawing cycles (1-3 times
maximum) were useful prior to immunolabeling incubations for whole-mounted retinas, to
increase the antibodies penetration. “Brushed” whole-mounted retinas (see Section 3.2.2)
required only the freezing step for their storage at -20°C.

Part of this research project benefited from the collaboration with Prof. Karin Dedek and Dr.
Alejandra Acevedo Harnecker. Retinal horizontal cells labelled with dye by single cell injections
or intracellular tracer-dye injections with biotin for the electrical coupling study, have been
provided by Alejandra Harnecker (for further details, please refer to “Material and methods”
section of the attached article). Retinas in which horizontal cells were injected with neurobiotin
and intended for immunostaining, were handed over to me and fixed in dark condition, using
the same fixation protocol used for the whole-mounted retinas. Briefly, tissue was fixed in PBS
containing 2% PFA for 20 minutes, washed three times in PBS for 10 min minimum each time
and kept overnight at 4°C in the sucrose solution (30% wi/v). Then stored at -20°C in the same
cryoprotectant solution until used.

One of the key points in this study is the methodology applied to dissect the retinas for spatial
orientation. This methodology not only allowed for higher accuracy and reliability between
experiments, but also made it possible to share tissues that required different processing by
different researchers. Moreover, precise retinal orientation and accuracy of the relief cuts were
useful when images of entire flat whole-mounted retinas were reconstructed in their three-
dimensional structure using specific software and algorithms (see Section 7.2.4; Appendix —
Experimental protocols). The following sections explain all these technical aspects in more

detail.

3.2.1 Retinal preparation for whole-mounted retinas

The choroid fissure is a developmental remnant from the circumferential growth path of the
eyecup. In the developing retina, it exists as a gap between the two halves of the eyecup
through which retinal vessels enter and ganglion cell axons exit, to form what will be the optic

nerve later (for review, see Lamb et al., 2007). Once the edges of the retina join, the choroid
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fissure fuses, and all that remains is a line visible under a light microscope on the back of the
sclera, running from the nasal to the temporal edge of the eyecup. Due to their intrinsic
formation during development, deep anatomical landmarks based on the choroid fissure, show
to be more reliable and accurate for orienting the retina (Stabio et al., 2018).

For the preparation of whole-mounted retinas, all the following steps were performed in a Petri
dish containing PBS or PB as buffer. After removing the retina from the cryoprotectant solution,
the choroid fissure was identified on the sclera thanks to its more transparency compared to
the rest of the dark epithelium. A total of four radial relieving cuts were made and the longest
one along the temporal fissure, nearing the optic nerve. A second cut along the nasal fissure
and the last two in the middle of the dorsal and ventral side of the retina. The tissue was then
mounted on a nitrocellulose filter membrane (Millipore) with the ganglion cell layer (GCL) up.
The resulting flattened whole-mounted retina resembled a clover plant, where each cloverleaf
represents a retina quadrant: temporal-dorsal, temporal-ventral, nasal-dorsal and nasal
ventral. Whenever possible, a further landmark was established on the dorsal-nasal quadrant
via a minor incision along the rim of the retina. All the reference points on the retina were useful
for monitoring the orientation in each step: from the tissue preparation to image acquisition
with various microscopes or eventually for retina reconstructions (for further details on the

reconstruction protocol, please refer to the attached article).

3.2.2 Brushing technique for whole-mounted retinas

The outer plexiform layer (OPL) of the mammalian retina is situated in a relatively medial
position among the different retinal layers. In the mouse retina, the OPL represents one of
thinnest layers (Ferguson et al., 2013, 2014). The OPL is inserted between two layers of
greater thickness such as, the inner nuclear layer (INL) below and the outer nuclear layer
(ONL) above. Both layers are densely packed by the cell bodies of horizontal cells, amacrine
cells, bipolar cells, and photoreceptors, respectively. Therefore, immunohistochemistry and
optimal antibody penetration to mark specific targets at this level, becomes particularly
challenging for whole-mounted retinas. The duration and temperature (room temperature or
+4°C) at which antibodies are incubated have a significant impact on the immunostaining
result. However, to enhance the penetration of the antibodies and detect specific antigens, the
tissue must first be permeabilized, especially after fixation with cross-linking agents such as
formaldehyde. Permeabilization can be performed by freeze/thaw cycles upon cryoprotection
steps or by including in the immunostaining protocol, the addition of detergents such as Triton-
X 100 as described before. Nevertheless, both procedures have their drawbacks, as the
formation of ice crystals during the freeze-thaw process can lead to rupture of cell membranes,

and the Triton-X 100, as a non-selective detergent may extract proteins along with the lipids.
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Hence, an alternative preparation protocol for flat whole-mounted retinas was established as
part of this thesis project, to improve antibody penetration and therefore achieve better antigen
detection in the OPL.

An alternative to the method described above was to place the retina on the filter membrane
with the photoreceptor layer facing upward instead of the ganglion cell layer. In this orientation,

it was possible to gently remove the entire layers distal to the OPL (ONL, inner and outer

segments) using a simple, fine brush (Fig. 8).
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Figure 8: Layered organization of the mouse retina focusing on the OPL

A-C: Maximum intensity projection of a confocal stack (~ 4 ym) from a vertical cryosection, labeled
against cone photoreceptors (CAR) and the base of the cone pedicles in the OPL (GluK1), as shown in
C. Dashed line indicates the approximate level achieved by the brushing technique and the removal of
the layers above the OPL (arrows). OS, outer segments; IS, inner segments; ONL, outer nuclear layer;
OPL, outer plexiform layer. Scale bar: 20 ym in C, applies to A-C.

The intact retina presents a shiny, whitish surface. As the brushing process continues, the color
changes due to the retina becoming thinner and more transparent, and the blackness of the
cellulose filter becoming stronger. The outer- and inner segments of the photoreceptors, which
are the most superficial, are also the most delicate and easiest to remove. Below, a more
intense brushing is needed to remove the outer nuclear layer. However, close to the outer
plexiform layer, retina tissue becomes more compact, resistant, and darker, indicating the point
at which further brushing is no longer required. Accordingly, the entire surface of the retina was
subjected to brushing, with particular attention paid to thinner or already compromised regions,
such as the most peripheral region (ciliary marginal zone) and the optic disk at the center.

To roughly estimate the preserved structural integrity of the OPL following the brushing
technique, whole-mounted retinas were labeled for markers that are typically located in the
distal part of the OPL, specifically at the border of the brushed surface (Fig. 9). Connexin36-
positive gap junctions are expressed between cone and rod photoreceptors, and they could
be detected following “brushing”, in the upper part of the OPL (Feigenspan et al., 2004; Jin et
al., 2020; Ishibashi et al., 2022). In the same way, the antibody against the C-terminal-binding
protein 2 (CtBP2) labels the synaptic ribbons of both photoreceptors (Schmitz et al., 2000; tom

Dieck et al., 2005). The CtBP2 staining pattern was homogeneous on the surface of the retina
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after applying the brushing protocol. In combination with the cone pedicle marker, cone arrestin
(CAR) (Zhu et al., 2002; Ishibashi et al., 2022) and the tight junction protein zonula-occludens-
1 (Z0O-1) (Ciolofan et al., 2006, 2007; Puller et al., 2009) respectively, this antibody combination

allows the assessment of the structural integrity of the entire thickness of the OPL.

| Distal OPL [{ Proximal OPL I

Figure 9: The integrity of the OPL is to be maintained following the brushing technique

A-B: Maximum projections of confocal image stacks from the distal OPL (A) (Z-steps 3-15/38, Z-size ~
2.6 ym) and the proximal OPL (B) (Z-steps 20-35/38, Z-size ~ 3.2 ym) of a brushed whole-mounted
retina, double labeled against connexin 36 (Cx36) and the cone arrestin (CAR). C-D: Maximum
projections of confocal image stacks from the distal OPL (C) (Z-steps 5-14/24, Z-size ~ 2 ym) and the
proximal OPL (D) (Z-steps 17-24/24, Z-size ~ 1.6 ym) of a brushed whole-mounted retina, double
labeled against synaptic ribbons (C-terminal-binding protein 2 — CtBP2) and the tight junction protein
zonula-occludens-1 (ZO-1). Scale bars: 5 ym in B, applies to A-B and in D, applies to C-D.
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Thereby, the brushing technique for whole-mounted retinas, represents a promising approach
to addressing the issue of the antibody penetration, without compromising the structural
integrity of the outer plexiform layer/ synaptic network. This is particularly the case on the more
inner side of the OPL. This protocol was used for most of the whole-mounted retinas and for
the immuno stainings performed on retinas after intracellular tracer-dye injections of horizontal
cells. Obviously, such technique was not employed when the labeling of the photoreceptor

outer segments with opsin markers was needed.

3.2.3 Retina preparation for vertical sections

Vertical sections were obtained from flat-mounted retinas or directly from the eyecups. In the
first case, the stored tissue was thawed and placed in a Petri dish containing the same
cryoprotectant solution used for storage, as the retina was frozen again in the next step.
Retinas were dissected and flattened as described previously, keeping track of the spatial
orientation. Afterward, the tissue was placed in a cryomatrix (Tissue-Tek O.C.T. compound) at
room temperature for at least 20 minutes and finally placed on a microscope slide. From here,
the retina was gently placed on a flat surface made by the frozen cryomatrix solution and then
completely embedded. Dorso-ventral marks allowed a correct alignment on the cryostat
sample plate and each vertical section was thus oriented on the slide as well.

In the case of starting from an eyecup, after identification of the choroid fissure on the back of
the sclera, a small incision was made on the cornea-scleral border as landmark, to distinguish
between temporal and nasal side of the retina. Eyecups were then embedded and frozen in
Tissue-Tek placed on an aluminum block cooled with liquid nitrogen and subsequently
vertically sectioned. Cryostat sections of 20 ym thickness were mounted on adhesion
microscope slides (SuperFrost Plus™) and dried for 40-45 minutes on a heating plate at
around 36°C. Afterwards, slides were directly used for immunofluorescence staining or stored

at -20°C for later use.

3.3 Immunohistochemistry

Immunohistochemistry (IHC) is a consolidated routine technique used to study expression and
cellular localization of proteins in the mouse retina. For indirect immunofluorescence staining
so called “primary antibodies” are used, each of which binds to a specific antigen to form an
antibody-antigen complex through noncovalent interactions. Each antibody molecule
recognizes a specific region of the antigen, known as an epitope. The signal can be amplified
by indirect immunofluorescence in which fluorophores are conjugated to “secondary
antibodies”, which in turn bind to the primary antibody-antigen complex (Burnett, 1997). This

method preserves spatial resolution while increasing sensitivity to low-concentration antigens.

29



Methods

This indirect method enables an amplification of the signal since several secondary antibodies
may be connected to each primary antibody. All the experiments performed in the present

study are based on the immunofluorescence technique.

3.3.1 Immunolabeling of whole-mounted retinas

Once placed and flattened on the nitrocellulose filter paper, retinas were washed several times
for at least one hour in PBS or in a tris-buffered saline (TBS) solution, containing 0,3% Triton
X-100 (TX-100). For convenience, rinses and incubations with antibodies were performed in
10 mm diameter micro dishes, so that small volumes of 150-200 ul could be used for immuno
incubations. During the incubation periods the dish was sealed with parafilm to avoid tissue
drying.

Whole-mounted retinas were incubated at room temperature for 2-3 days in a mixture of
primary antibodies in the proper incubation solution to receive double-, triple- or quadruple-
labelling data. Primary antibodies used in this study are listed below in Table 1. The incubation
solution was the same for the primary and secondary antibodies and was consisting of PBS
buffer containing 5% normal donkey serum (NDS), 1% bovine serum albumin (BSA) and 1%
Triton X-100, or TBS buffer containing 5% Chemi-BLOCKER (CB), 0,3% Triton X-100 and
0,02% sodium azide. Serums such as NDS, BSA and ChemiBLOCKER are generally added
to block non-specific binding sites and facilitate the specificity between the antibody and its
target. Permeabilization of the cell membrane is useful to improve the efficiency of the
antibodies. Triton is a common non-ionic and non-denaturing surfactant used as a mild
detergent for permeabilization of cells forimmunofluorescence stainings. Sodium azide is used
to protect the sample from bacterial contamination during longer incubation times.

Following incubation with primary antibodies, tissues were washed 3 times for 5 minutes each
time and then another 3 times for 15 min each time, with the specific buffer. The solution
containing the appropriate secondary antibodies (Tab. 2) was centrifuged for 5 minutes at
13,000 rpm, as additives are often included in the secondary antibody stocks to maintain the
structural stability and efficacy of the antibodies. Reagents (Tab. 3), such as PNA or
streptavidin, were employed as secondary antibodies and underwent the same step. By
centrifuging the antibody incubation solution and by careful pipetting the supernatant onto the
sample, it is possible to remove the additives and possible aggregates from the solution, which
otherwise disturbs high resolution of confocal microscopy.

Finally, retina wholemounts were washed as mentioned before and mounted on slides with
VECTASHIELD (mounting medium). Spacers between glass slides and coverslips were used
to avoid squeezing of the tissue and the coverslip was sealed with nail polish to prevent
leaking. The sample was then stored at 4°C in the darkness and the acquisition of images at

the confocal or epifluorescence microscope was performed at least the day after.
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3.3.2 Immunolabeling of vertical sections

For immunolabeling of the vertical sections, a small incubation area was created around the
vertical cryostat sections using a water repellant barrier pen. Slides were washed three times
for at least 10 min each with buffer (PBS or TBS Tx-100 0.3%) to remove the embedding
material (cryomatrix). Sections were incubated overnight at room temperature with a mixture
of primary antibodies (Tab. 1), in PBS containing 5% NDS, 1% BSA and 0,5% of Triton X-100,
or in TBS containing 5% CB, 0,3% Triton X-100 and 0,02% sodium azide. The incubation was
performed in a chamber containing a wet wipe to prevent the tissue from drying and from light
exposure. Next day, sections were rinsed in buffer and subsequently incubated for 90 minutes
at room temperature with secondary antibodies (Tab. 2), diluted in the same incubation
solutions used for incubations with primary antibodies.

During incubation with the secondary antibodies, the following washing steps and after
mounting the sections in Aqua-Polymount (mounting medium), slides were kept in a dark

environment and stored at 4°C until further image acquisition.

3.3.3 Primary and secondary antibodies

For these projects, different combinations of monoclonal and polyclonal antibodies were used,
depending on their availability and suitability for multiple targets in the retinal sections or
wholemounts. Antibodies are either polyclonal or monoclonal. Polyclonal antibodies refer to a
mixture of heterogeneous immunoglobulins produced by different plasma B cells. They can
recognize different epitopes of the same antigen. Monoclonal antibodies are generated by a
single clone of plasma B cells. Unlike polyclonal antibodies, which are produced in live animals,
monoclonal antibodies are produced ex vivo using cell-culture techniques. They can recognize
the same epitope of an antigen.

In this study, three different antibodies against Cx57 were used (Tab 1). The two new guinea
pig polyclonal anti-Cx57 antibodies were generated against two C-terminal peptides of mouse
Cx57 (for further details, please refer to Section 7.2.2; Appendix — Experimental protocols).
Both peptides CSM and PGS, were used for Cx57 detection and for convenience are referred
in the text as Cx57 guinea pig antibody.

All used antibodies were immunoglobulins of class G (IgG), except for the immunoglobulin of
class M (IgM) used to identify the protein connexin 50 (Cx50) on the mouse horizontal cells. In
some experiments, the reagent lectin peanut agglutinin (PNA) conjugated to a fluorophore
(Alexa-568 or Alexa-647) was used to specifically mark the cone pedicle base in the OPL. For
the tracing experiments performed to analyze coupling between mouse horizontal cells,

injected neurobiotin was detected with streptavidin conjugated with Alexa-568 (Tab. 3).
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Table 1: Primary antibodies and their dilutions

cDNA aa. 463-1109

Antibody Host, type Dilution Immunogen Source, Catalog
Calbindin rb, polyclonal 1:2000 Recombinant protein of rat Swant, CB-38A
calbindin D-28K
gp, polyclonal 1:500 Recombinant protein of Synaptic System,
human calbindin D-28K 214 005
ms, monoclonal 1:1000 calbindin D-28K purified Swant, CB300
from chicken gut
Cone arrestin rb, polyclonal 1:1000 C-terminal region of mouse Chemicon, AB15282
cone arrestin.
CtBP2 rb, polyclonal 1:1000 Synthetic peptide of rat Synaptic System,
Ribeye aa. 974-988 193003
ms, monoclonal 1:1000 Mouse CtBP2 aa. 361-445 BD Transduction
Lab, 612044
Cx36 (1E5H5) | ms, monoclonal 1:500 Synthetic C-terminal Invitrogen, 37-4600
peptide of rat and mouse
Cx50 IgM (C6) | ms, monoclonal 1:5000(w)/ urea/alkali stripped sheep Invitrogen, 33-4300
1:1000(c) lens membranes
Cx57 (PGS) 1:500(w)/1:100(c) | PGSRKASFLSRLMSEK This study
Cx57 (Cam) | 9P polyelonal I W)/1:100 (G) | CSMSMILELSSIMKK This study
Cx57 rb, polyclonal 1:500 CSMSMILELSSIMKK (Janssen-Bienhold et
al., 2009)
GluA2 (1K4) rb, monoclonal 1:500 C-terminal of GIuA2, Sigma-Aldric;
cytoplasmatic domain ZooMAb®, ZRB1008
GIuA2 (6C4) ms, monoclonal 1:100 Fusion protein of Invitrogen, 32-0300
N-terminal region of GIuA2
GluA2/3 rb, polyclonal 1:1000 Synthetic peptide of rat Sigma-Aldric, 07-598
GIuA2 aa. 864-883
GluA4 rb, polyclonal 1:5000 Synthetic C-terminal Chemicon, AB1508
peptide
GluK1 (C18) gt, polyclonal 1:2000 C-terminal of human GluK1 Santa Cruz Biot.
Sc-7616
GluK1 (E12) ms, monoclonal 1:2000 C-terminal of human GluK1 Santa Cruz Biot.
aa. 869-918 sc-393420
PSD95 ms, monoclonal 1:5000 Fusion protein of human NeuroMab, 75-028
(K28/43) PSD-95 aa. 77-299
S-Opsin gt, polyclonal 1:10000 N-terminal of the of human Santa Cruz Biot.
OPN1SW sc-14363
Z0-1 ms, monoclonal 1:100 human recombinant zonula Zymed, 33-9100
occludens-1 aa. 334-634
rb, polyclonal 1:100 human zonula occludens-1 Zymed, 61-7300

Table 1: primary antibodies used in this study
Working dilutions were used for labelling of cryosections (c) and whole-mounted retinas (w) if different
and depending on conditions. The “host” refers to the species of the animal from which the primary
antibodies were produced: mouse (ms), guinea pig (gp), goat (gt), rabbit (rb). Amino acid (aa).
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Table 2: Secondary antibodies and their dilutions

Conjugate Type Dilution Source, catalog
Alexa Fluor 405 Donkey anti-mouse Jackson ImmunoResearch, 715-475-150
Alexa Fluor 488 Donkey anti-mouse Invitrogen / Molecular probes, A21202
Donkey anti-mouse-IgM Jackson ImmunoResearch, 715-545-140
Donkey anti-rabbit Invitrogen / Molecular probes, A21206
Donkey anti-guinea pig Jackson ImmunoResearch, 706-545-148
Alexa Fluor 568 Donkey anti-mouse 1:500 Invitrogen / Molecular probes, A10037
Donkey anti-rabbit Invitrogen / Molecular probes, A10042
CF568 Donkey anti-guinea pig Sigma, SAB4600469
Alexa Fluor 647 Donkey anti-mouse Invitrogen / Molecular probes, A31571
Donkey anti-rabbit Invitrogen / Molecular probes, A31573
Donkey anti-goat Invitrogen / Molecular probes, A21447

Table 3: Reagents and their dilutions

Name Dilution Source, catalog
Peanut Agglutinin-586 (PNA-568) Thermofisher, L32458
Peanut Agglutinin-647 (PNA-647) 1:250 Thermofisher, L32460
Streptavidin-568 Invitrogen, S11226

3.4 Image acquisitions and analysis

The confocal approach is suitable for imaging analysis because the light source and a spatial
pinhole system facilitate the elimination of out-of-focus light from the specimen, even across
different depth planes. To avoid the so called “crosstalk” between channels, sequential
scanning of different wavelengths was performed by stack or by frame. For qualitative-
comparative analysis and colocalization analysis, optimizing scanning settings, including
sampling size, laser power, gain and offset (background level), were crucial in achieving the
optimal signal-to-noise ratio (SNR). Acquiring with the most efficient SNR is important for a
proper signal intensity and avoiding saturation or underexposure of the immunoreactive target,
so that it can be properly evaluated (Bolte and Cordeliéres, 2006).

The outer plexiform layer (OPL) is inherently stratified, with distinct proteins and structures
distributed across different depths. To fully capture the spatial arrangement of the
immunoreactive targets within this layered architecture, imaging from the distal to the deeper
proximal regions of the OPL was sometimes necessary. Figure 10 below, shows the imaging
strategy used for the retina and explains the corresponding images elaborated upon in the text.
Confocal image Z-stacks were typically scanned at ~ 0.2 um intervals, resulting in
approximately 55 focal planes to cover the entire OPL, which spans about 11 pm in thickness
(Fig. 10 B). To effectively visualize these stacked images, projected focal planes from different
levels of the full acquisition stack are presented. Consequently, most images depict various

levels of the OPL above, at, and below the cone pedicle base (Fig. 10 C), providing a more
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comprehensive representation of the sample at different depths (Fig. 10 D). This approach
also helps to flatten any tissue irregularities. In contrast, some images are shown as single
optical sections, corresponding to individual focal planes, which offer the most precise
depiction of spatial organization within a very confined volume.
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Figure 10: Imaging strategy and layer-specific visualization

A: Schematic of the imaging strategy for capturing the spatial distribution of targets within the stratified
mouse retina. B: Confocal Z-stacks were acquired at different Z-increments (Z-step size), covering the
entire thickness of the region C-D: Projected focal plans from different levels of the original Z-stack
provide a detailed view of the retinal layers. Select images shown as single optical sections for precise
structural visualization.

Based on the tissue preparation protocol for immunostaining, the orientation of the OPL during
the subsequent confocal imaging step could change. This variability was simply due to the
positioning of the retina on the filter paper, whether it was laid on the ganglion cell layer or the
photoreceptor layer. To maintain clarity and consistency, however, all images - whether from
vertical sections or whole-mounted retinas - are presented with the same orientation: the distal
OPL is positioned at the top or in the upper panels, while the proximal OPL is shown at the
bottom or in the lower panels. It is important to note that the sequence of planes within a single
Z-stack is proper for each individual acquisition. These sequences are reported in their original
order throughout the thesis to provide a clear representation of the different layer arrangements
within the OPL.

Confocal micrographs of fluorescent specimens were taken using a Leica TCS SL (SP2 or
SP8) confocal laser scanning microscope. Scanning was performed with a PL APO 63X/1.32
oil-immersion objective or with an HC PL APO CS2 63X/1.4 oil-immersion objective at different

image resolutions and a z-axis increment in a rage of 0.1 — 0.3 ym.
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During microscope acquisition, particular care was taken to ensure correct retina orientation.
Different microscopes use different approaches or technologies to display and manipulate the
sample. Thanks to the retina landmarks, made during tissue preparation and the overview
function of the microscope (Navigator system, Leica SP8), it was possible to acquire with
confidence in specific areas of interest and in relation to the entire sample.

The epifluorescence Leica DM6 B microscope, equipped with motorized stage and a HCX PL
FLUOTAR 20X/0.5 air-objective was used to acquire images of whole-mounted retinas used
for the large-scale quantification of the horizontal cells. For this project | collaborated with Lucia
Lindenthal and Asli Pektas. Christoph Block was responsible for the visualization and data
curation of these analysis (see Section 7.2.4; Appendix — Experimental protocol). For this
analysis, | provided the whole-mounted retinas for the immunostaining and perform the image
acquisitions. Since these results are closely related with the horizontal cell gap junction project,
they will be presented in the results section and discussed later.

In project three, a quantitative analysis of the immunoreactivity of the gap-junction protein
connexin57 (Cx57) and the tight-junction protein zonula occludens-1 (ZO-1) was conducted
beneath single cone pedicles across the retina. Colocalization between Cx57 and ZO-1 was
also analyzed in the same area (see Section 7.2.1; Appendix — Experimental protocols).
Colocalization can be described as the simple spatial overlap or co-occurrence of two
components. The two probes not only overlap with one another, but they are distributed
together within and along specific structures. Merging or superimposing images of each probe
may show areas whose color reflects the combination of both probes (Dunn et al., 2011).
Colocalization analysis relies on the fact that both targets are labeled with different
fluorochromes and acquired with their specific wavelength of light. Regarding the information
gathered through this methodology, resolution of the light microscopy represents a physical
limitation, thus it is not possible to determine molecular interactions. Nevertheless,
fluorescence colocalization is useful to observe close association between two different
proteins within a specific cellular location.

To evaluate the colocalization level between Cx57 and ZO-1 across the retina, each whole
mounted retina was sampled in ~ 8 fields, corresponding to the intersections of the four
cardinal directions and two eccentricities each (dorsal-temporal, dorsal nasal, ventral temporal,
and ventral nasal; see Fig. 11). Eccentricities were defined between center and the retina
edges: in the middle, approximately 50% away from the optic nerve head and at peripheral,
75% away from the optic nerve.

Confocal stacks were acquired from three different retinas, at a z-increment of 0.1 — 0.3 pm.
The total z-size was chosen to fully capture the entire thickness of the ZO-1 cluster below the
cone pedicle (Puller et al., 2009), which typically included 20-25 consecutive optical sections.

The area defined by each cone pedicle was represented by a circular region of interest (ROI)
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of 7 um of diameter, which surrounded the ZO-1 cluster. Background and contrast were
adjusted as described below, and global threshold was independently applied. Colocalization
between Cx57 and ZO-1 was estimated by the “colocalization highlighter” plugin in Fiji (MBF
collection, (Collins, 2007; Tetenborg et al., 2017). The resulting 8-bit z-stack images displaying
the colocalized area, were used to calculate the colocalization area below the cone pedicle,
with the “analyze particles” function in Fiji.

Dorsal

Dorsal-
Nasal

Dorsal-
Temporal

Temporal Nasal

Ventral-
Nasal

Ventral-
Temporal

Ventral

Figure 11: lllustration of the acquisition strategy in whole-mounted retinas

The retina was divided into a dorsal peripheral area and a ventral peripheral area based on the S-opsin
gradient (grey area) and then subdivided into ~ 4 ROIs on each side. The distance from the optic disc
(OD) was approximately at 50% (Pos1) and 75% (Pos2) of eccentricity.

As control, Cx57 image z-stack channel of each ROI, was vertically flipped and the
colocalization analysis repeated (Puller et al., 2007). Simultaneously, the positive area of Cx57
and ZO-1 was measured in the same ROIs with the “analyze particles” function in Fiji.
Colocalization areas smaller than 0.01 pum? were excluded from the analysis. For the
quantification of the individual immunostainings, particles with a size smaller than 0.04 pm?
were excluded from the analysis. The detailed script for the immunoquantitative and
colocalization analyses is presented in section 7.2.1 (Appendix — Experimental protocols). The
area measurements were normalized (Results — Project 3) to account for differences between
the samples regarding staining intensity and the relative background staining levels.

Fiji is an open source image processing platform based on ImageJ (Schindelin et al., 2012).
This software is commonly used for image analysis due to its versatility and numerous tools. It
relies on the scientific community for the proper functioning of its protocols.

Microscope images shown in this work are presented as maximum intensity projections of

image stacks, unless stated otherwise. Some images were further processed with Fiji for
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visualization purpose, using the “subtract background” (rolling ball) plugin and the “enhance
contrast” plugin with 0.01% saturation. Brightness and contrast of the final images were
adjusted using Adobe Photoshop CS6, while Adobe lllustrator was occasionally used for the
illustrations and graphs.

3.5 Statistical analysis

For project three, statistical analyses were performed using GraphPad Prism 9 on normalized
Z0-1 and Cx57 immunostaining data from three different retinas. One-way ANOVA Tukey for
multiple comparison was used to compare the colocalization area between the four different
groups dorsal peripheral, ventral peripheral and the corresponding two flip controls. An
unpaired, two-tailed Mann Whitney test was used instead, to compare the difference of the
immunoreactive areas of Cx57 and ZO-1 from the same regions where the colocalization
analysis have been performed. A p-value < 0.05 was considered statistically significant.
Quantitative data were obtained from 3 different retinas including 144 pedicles from the dorsal
peripheral area and 131 pedicles from the ventral peripheral area, presented as median and

quartiles.

37



Results

4. Results

4.1 Spatial organization of desmosome-like junctions and gap

junctions in the outer plexiform layer of the mouse retina

4.1.1 The cone pedicle markers

To accurately determine the exact spatial expression patterns of glutamate receptor subunits,
electrical synapses and their associated structural proteins in horizontal cells (HCs), it was first
necessary to identify those structures that served as reference points in the outer plexiform
layer (OPL). Therefore, an antibody detecting the mouse cone arrestin (CAR) was used to
label cones in their entirety, from the outer segments to the synaptic terminals (Fig. 12 D, F)
(Zhu et al., 2002; Ishibashi et al., 2022).

Maximum projections (Z-size, see Fig.12) of image stacks acquired from vertical cryosections
of the OPL, show a series of cone pedicles aligned in a rather orderly manner. At the same
time, an antibody directed against PSD-95 (postsynaptic density protein 95) was used to label
the membranes of cone and rod terminals. In the OPL, PSD-95 immunoreactivity is uniquely
present at the presynaptic terminals (Koulen et al., 1998). In the mouse retina, the number of
rods is significantly higher than that of cones (Jeon et al., 1998; Nikonov et al., 2006), and their
terminals occupy the space between and above the cone pedicles (Fig. 12 A-C). Thus, in the
OPL, cone pedicles and rod spherules can be identified by their size, location and structure.
The space underneath the cone pedicles is occupied by the dendrites of HCs and bipolar cells
(BCs) and the rare processes of interplexiform amacrine cells (ACs) (Haverkamp et al., 2000).
The glutamate receptor GluK1 is a kainate receptor subunit expressed at the dendrites of OFF-
cone bipolar cells at the flat contacts of each cone pedicle (DeVries and Schwartz, 1999;
Haverkamp et al., 2001b, 2003; Puller et al., 2013). Therefore, an antibody against this
glutamate receptor subunit was used to label and map the position of the cone pedicle bases
(Fig. 12 D-F; G-I). In whole-mounted retinas, clusters of GluK1 at the flat contacts of the
pedicles reveal the mosaic of cones (Fig. 12 J-L). Furthermore, the thin layering of the GluK1
clusters observed by fluorescence microscopy allows for a valuable determination of the
spatial distribution of synaptic components at the cone terminal. In a similar way, the lectin
peanut agglutinin (PNA) was used in several experiments as an alternative to the GluK1
antibody. From a variety of species, including chick, human, monkey and fish, PNA has been
shown to locate exclusively at cone photoreceptor terminals and associated with the central
elements of the triad, the invaginating dendrites of ON-cone bipolar cells (Blanks and Johnson,
1984; Haverkamp et al., 2001a; Wassle et al., 2009).
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Figure 12: Organization of photoreceptor terminals in the OPL and their markers

A-C: Projection of confocal image stacks (Z-size ~ 4um) of a vertical cryosection double labeled for
detecting cone arrestin (CAR) and the postsynaptic density protein 95 (PSD95), that in the retina mark
the presynaptic terminals of photoreceptors. D-F: Projection of confocal image stacks (Z-size ~ 3 ym)
of a vertical cryosection double labeled for CAR and the kainate receptor subunit 1 (GluK1). G-I:
Projection of confocal image stacks (Z-size ~ 3.4 ym), focusing on the cone pedicles and GluK1 clusters.
J-L: Confocal image stacks (Z-steps 1-38/38, Z-size ~ 7 ym) of the OPL of a whole-mounted retina
showing the distribution of CAR- and GluK1-immunoreactivity in the horizontal plane. Scale bars: 5um
in C, applies to A-B; 20um in F, applies to E-F; 5um in |, applies to G-I; 5um in L, applies to J-L.

In previous studies, PNA was used to label invaginations at the cone pedicles in the mouse
retina, similar to the situation described in monkey cones (Haverkamp et al., 2001b; Mataruga
et al., 2007). The expression patterns in the mouse retina showed that both GluK1 and PNA
clusters are aligned in regular arrays at the cone pedicle base, almost overlapping when
observed at low magnification (Fig. 13 A-C). However, higher magnification images (Fig. 13 D-
F) revealed what has been anticipated before (see scheme Fig. 3) as the laminated distribution

of dendritic processes at the cone pedicle.
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Figure 13: GluK1 and PNA as cone pedicle base markers

A-C: Maximum projections of confocal image stacks (Z-size ~ 3.2 ym) of a vertical cryosection double
labeled for detecting the kainate receptor subunit 1 (GluK1) and the Alexa-568 conjugated peanut
agglutinin (PNA) in the OPL. Rectangles indicate an example of two pedicles of which higher
magnifications are shown in D-F. Scale bars: 20 ym in C, applies to A-C; 5 um in F, applies to D-F.

PNA labeling forms a band that is slightly above the GluK1-immunoreactive clusters and
maintains consistent length across the pedicles. This is because GluK1 is expressed by OFF-
cone bipolar cells at the flat contacts, while ON-cone bipolar cell dendrites are involved in the
triad just above. In this way, both the GluK1 antibody and PNA can be used as reliable markers
for the cone pedicle base and more importantly as an excellent reference to describe the

distribution of the synaptic components in the OPL.

4.1.2 The distinct distribution patterns of the AMPA subunits GluA2, GluA2/3
and Glu4

To investigate the spatial distribution patterns of the AMPA-type receptor subunits (GluAs) on
the horizontal cells in more detail, vertical cryosections of the mouse retina were double labeled
for the subunits GluA2, GluA2/3 and GluA4, together with a cone pedicle base marker, either
anti-GluK1 or PNA (Fig. 14).

The immunoreactivity patterns of the three GluAs exhibited an extensive distribution within the
OPL, and their association with both cone and rod photoreceptor terminals. However, the
staining patterns showed a distinct spatial organization for each subunit. The monoclonal
antibody directed against the GIuA2 subunit (Fig. 14 A-C), robustly stained the lateral elements
of the rod spherule triads in the distal part of the OPL. Here, the staining pattern of GluA2
sometimes appears in the shape of a coffee bean or the equal sign (=) (Fig. 14 A, arrowhead).
At the cone pedicle level, two distinct bands or strata were observed, which also showed strong
GluA2 Immunoreactivity (Fig. 14 A-C). The upper band, above the GluK1 cluster was generally
brighter and clearly defined. Related to its position, the upper band identified the GIuA2
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expression at the invaginating tips at the triads in cone pedicles. The second strata, beneath
the cone pedicle base, appeared wider in height, but retained its brightness and showed a
more triangular shape facing downward. This suggested the presence of GIuA2 subunit
aggregates underneath the cone pedicle at the putative desmosome-like junctions, which have
prior been described between horizontal cell dendrites in the macaque retina (Haverkamp et
al., 2000, 2001a), and rabbit retina (Pan and Massey, 2007).

Figure 14: Different expression patterns of GluAs in the OPL of mouse retina

Projections of confocal image stacks obtained from vertical cryosections double labeled for the AMPA-
type receptor subunit 2 (GluA2) with the typical shape at rods level (arrowhead), and GluK1 (in A-C; Z-
size 3 ym), the subunits GluA2/3 and GluK1 (in D-F; Z-size ~ 1.8 ym), and the subunit GluA4 and PNA
(in G-l; Z-size ~ 1.6 ym) are shown. The distinct distribution patterns of the different AMPA-receptor
subunits become particularly evident in (C, F and I). Scale bars: 5 ym in C, applies to A-C; 5 um in F,
applies to D-F; 5 ym in |, applies to I-G.

The two polyclonal antibodies recognizing GluA2/3 and GluA4 subunits showed completely
different staining patterns. According to the manufacturer’s datasheet, the antiserum against
GluA2/3 (Fig. 14 D-F) is supposed to recognize both AMPA receptor subunits, GIluA2 and
GIuA3. The immunoreactive labelling of mouse retina sections exhibited a finer, more punctate
distribution pattern mostly restricted to the distal part of the OPL and only sparse puncta in the
proximal OPL below the cone pedicle (Fig. 14 F). This immunoreactivity pattern appeared
similar to the distribution pattern of the GluA4 subunit (Fig. 14 G-I), which also showed a finer
punctate immunoreactivity pattern, but a general lack of labeled clusters beneath the cone
pedicles, like those observed for GluA2-immunoreactivity (compare Fig. 13 C, F and I). The
abundance of puncta in the distal area of the OPL, above the cone pedicle base, suggested
the association of GluA4 with the tips of horizontal cell axon terminals invaginating into rod
spherules.

To better understand the spatial distribution of AMPA receptor subunits and confirm what was
observed on vertical sections, whole-mounted retinas were immunolabeled with the same
three different antibodies. In confocal microscopy, flat, whole-mounted retinas allow for the
observation of the labeled targets throughout the focus planes of the Z-axis. Figure 15 shows
examples of maximum Z-stack projections (Z-size ~ 2.6 ym, distal OPL; Z-size ~ 2 ym, pedicle

base; Z-size ~ 1 ym, proximal OPL) at three different levels of the OPL. Fine puncta of GluA4-
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immunoreactivity were observed in the distal part of the OPL (Fig. 15 A-C), suggesting their
association with the rod terminals. At this level, the pedicle base marker GluK1 is barely visible
due to its location at a different plane, deeper in the OPL. At the cone pedicle base level (Fig.
15 D-F), GluA4 puncta were observed in the space between cone pedicles, as rod spherules
are still present at this level. Additionally, more pronounced labelling was also located at the

invaginating dendrites of horizontal cells, both inside and around the Gluk1 clusters.

B GluK1
E GluK1|F
H GluK1

Figure 15: GluA4 expression in three horizontal planes of the OPL

Horizontal view of maximum projections of a whole-mounted retina double labeled to visualize GluA4
and GluK1. A-C: At the distal OPL it is possible to observe GluA4 immunoreactivity at the level of rods,
with GluK1-immunoreactivity located slightly below (Z-steps 1-13/29, Z-size ~ 2.6 uym). D-F: As in A-C,
but GluA4-labelling is presented at the level of the HCs invaginating dendrites (Z-steps 14-23/29, Z-size
~ 2 ym). G-l: As in D-F but approximately 1 um below the cone pedicle base (Z-steps 25-29/29, Z-size
~1 ym). Scale bar: 5 ym in |, applies to A-l.
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Beneath the base of the cone pedicle (Fig. 15 G-I), the clusters of GluK1 are out of focus, so
their staining intensity appears lower again. The five pedicles shown in the image are slightly
oblique, resulting in a fine deviation of the plane of focus of each pedicle. Nevertheless, GluA4
labeling was absent in the area beneath the pedicle, but still sparse in the space between them
where rods are located.

In a similar way, whole-mounted retinas were double labeled for the GIuA2/3 subunits and the
cone pedicle base marker GluK1. The distribution of these markers was qualitatively analyzed
across the thickness of the OPL. Figure 16 provides an example of this distribution at three
distinct levels within the OPL (see Fig 16, figure legend). Prominent GluA2/3 immunoreactivity
was present at the level of the tips of the processes of HC axon terminals invaginating into rod
spherules (Fig. 16 A-C, distal OPL). In this instance, the sample was not entirely flat, as
evidenced by some GIuK1 clusters being out of focus due to their location deeper within the
OPL. Conversely, other clusters are slightly above this plane, making it challenging to achieve
clear discrimination during confocal imaging. As a result, the number of optical planes had to
be increased to capture the full depth of the region of interest. At rods level, the staining pattern
was characterized by a relatively uniform distribution of puncta, comparable to the observed
pattern of GluA4-immunoreactivity (see Fig. 15 A-C). However, upon qualitative observations,
the size of the GIuA2/3 puncta appeared to be occasionally larger when compared to the GluA4
puncta at this level. In contrast, the puncta were observed to be generally smaller at a lower
level, particularly in the region of the pedicle bases, identified by the GluK1 clusters (Fig. 16
D-F). Beneath the cone pedicles, in the proximal OPL (Fig. 16 G-I), GluA2/3-immunoreactivity
was observed to be generally decreased, with sparse and fine puncta which were challenging
to image using the confocal setup. However, the polyclonal anti-GluA2/3 antibody was not able
to provide enough visible clusters below the cone pedicle, neither in vertical cryosections nor
in whole-mounted retinas. Moreover, the lack of accumulation of the receptor subunits was not
observed even when different antibody concentrations or incubation protocols were used (data
not shown). Therefore, it is reasonable to assume that the polyclonal anti-GluA2/3 antibodies
might have a preferential affinity for the GIUA3 subunit rather than the GIuA2, since its
immunoreactivity pattern is clearly distinguishable from the immunoreactivity pattern revealed

by the monoclonal anti-GluA2 antibody.
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GluA2/3|B

GluA2/3|E

Figure 16: GluA2/3 expression in the three horizontal planes of the OPL

Horizontal view of maximum projections of a whole-mounted retina double labeled to visualize GluA2/3
and GluK1. A-C: At the distal OPL it is possible to observe GluA2/3 immunoreactivity at the level of rods,
with GluK1-immunoreactivity located slightly below (Z-steps 27-38/40, Z-size ~ 1.2 ym). D-F: As in A-C,
but GluA2/3-labelling is presented at the level of the HCs invaginating dendrites (Z-steps 14-27/40, Z-
size ~ 1.3 ym). G-I: As in D-F but approximately 1 ym below the cone pedicle base (Z-steps 3-14/40, Z-
size ~ 1.1 ym). Scale bar: 5 ym in |, applies to A-l.

In further analyses of GluA-receptors distribution in the OPL, particular focus was placed on
the GIuA2 subunit. Immunolabeling in vertical cryosections revealed the presence of GIuA2
clusters beneath the cone pedicles. This observation suggests that GIuA2 may play a key role
in the formation of a complex structure at the putative desmosome-like junctions in the mouse
retina. Immunostaining experiments on whole-mounted retinas confirmed the stratified staining
pattern of GIuA2 found in vertical sections (see Fig. 14 A-C) at the pedicle base (Fig. 17 A-C).

The horizontal view from whole-mounted retinas provides a more detailed illustration of the

44



Results

clustering of glutamate receptor subunits below the cone pedicles. By changing the focal plane,

the two strata at the pedicle base could be distinguished (Fig. 17 D-F).

Figure 17: GIuA2 clusters at the putative desmosome-like junctions

A-C: Maximum projections (Z-size ~ 0.8 uym) of confocal stacks taken from a vertical cryosection double
labeled to detect the subunit GIuA2 and the cone pedicle marker GluK1. D-F: Part of a whole-mounted
retina labeled for the subunit GluA2. Maximum projections were chosen to cover the distal OPL (D; Z-
steps 1-7/34, Z-size ~ 1.4 ym), the OPL at the level where HC processes invaginate the cone pedicle
(E; Z-steps 8-16/34, Z-size ~ 1.8 uym), and the OPL beneath cone pedicles (F; Z-steps 17-28/34, Z-size
~ 2.4 ym). Filled arrowhead in D, indicates the “coffee bean” shape of GIuA2 staining at the level of
rods. Open arrowhead in E, indicates “horseshoe” shape and the arrow indicates quaternary structure
of GluA staining at rods. Circles indicate pedicle positions based on PNA staining (not shown here to
make it more understandable). Scale bars: 5 ym in C, applies to A-C; 5 ym in F, applies to D-F.

In whole-mounted retinas, the GluA2-immunoreactivity exhibited the distinctive “coffee bean”
shape in the distal part of the OPL, (Fig. 17 D, filled arrowhead), suggesting its expression at
the two lateral elements aligned at the synaptic ribbon of rod terminals. However, it is important
to mention the occasional presence of horseshoe-shaped structures (Fig. 17 E, open
arrowhead), which are characteristic for ribbon immuno-stainings observed in rod spherules
(Haverkamp et al., 2001a, 2001b). Additionally, some of these “coffee beans” displayed a cut
along their longitudinal axes, assuming in that way, a quaternary form (Fig. 17 E, arrow).

In whole-mounted retinas, as well as in vertical cryosections, two different bands of GIluA2
immunoreactivity were discernible at the cone pedicle base. The upper band was best
characterized as a punctate cluster located directly above the pedicle base (compare Fig. 17
A-C, E), indicative for the expression of GIuA2 at the invaginating dendrites of horizontal cells.
The second band was observed to extend deeper beneath the base of the cone pedicle and

appeared to be organized in a punctate and striped configuration (Fig. 17A-C, F).
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In previous studies performed with the primate retina (Haverkamp et al., 2000, 2001a), it has
been shown that at the desmosome-like junctions the AMPA-subunit clusters are lying on a
single plane and aligned at the base of the cone pedicles , thus entitled “band”. In contrast, the
pattern of GIluA2 immunoreactivity beneath the cone pedicle in the mouse retina was observed
to be different, exhibiting a tendency to form a structure that could be compared to a “bouquet
of flowers” (Fig. 18 B, E arrowheads). Thereby, the upper portion of the structure followed the
extension of the cone pedicle base and narrowing instead towards the proximal retina (Fig. 18
G). To further describe the spatial organization of the GIuA2 at the pedicle base and its
organization on horizontal cells, triple labeling experiments using antibodies directed against
the subunit GluA2, the subunit GluK1 and calbindin (CaBP) were performed on vertical
cryosections. The calcium binding protein calbindin is present in mouse horizontal cells and
labels all the cellular compartments (Fig. 18 A, C, F, H), including the cell body, dendrites and
axons (Roéhrenbeck et al., 1987; Haverkamp and Wassle, 2000). Figure 18 shows two

examples of vertical cryosections.

Figure 18: GluA2 distribution on horizontal cells

A-E: Maximum projections (Z-size ~ 2.2 ym) of confocal stacks generated from a vertical cryosection
labeled against the calcium binding protein calbindin (CaBP, A, C), the subunit GIluA2 (B-C, E) and the
cone pedicle marker GluK1 (D, E). Arrows indicate the level of invaginating tips of horizontal cells at the
cone pedicles, while arrowheads indicate the “bouquet of flowers” shape of GIuA2 staining. F-J: As in
A-E, max projections (Z-size ~ 1.8 pm) of confocal stacks taken from another vertical cryosection, but
with a focus on a single cone pedicle. Scale bars: 5 um in E, applies to A-E; 5 ym in J, applies to F-J.

On triple-labeled vertical retinal sections it became obvious, that the band containing GIuA2
clusters overlap with the invaginating dendritic tips of calbindin positive HCs at the cone
pedicles (Fig. 18 A; arrow), thus confirming the expression of this AMPA subunit at that specific
location (Fig. 18 A-C). Below the base of the cone pedicles (Fig. 18 D; GluK1) the GIuA2
clusters were more extending downwards to the border between proximal OPL and the inner
nuclear layer and small GluA2 immunoreactive puncta were often found distributed along the
branches of the horizontal cell dendrites (Fig. 18 B, C, F, H), assuming the typical shape of a

“bouquet of flowers” (Fig. 18 B, E arrowheads, H).
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Overall, GIuA2/3 and GIuA4 showed a punctate immunofluorescence in the OPL, with a
greater number of fine puncta observed for the GluA4 subunit. Moreover, both staining patterns
were observed to be wide and sparse in the distal OPL, suggesting that processes associated
with rod spherules. The GluA4 subunit was typically absent in the region below the cone
pedicles, whereas the GluA2/3 exhibited a staining pattern characterized by fine puncta. On
the other hand, the GluA2 subunit was observed to be expressed on dendrites and axon
terminals of horizontal cells within the invaginations at rod spherules and cone pedicles. At the
latter, GIuA2 appeared clustered in two layers, above and below the cone pedicle base. The
upper punctate band was located at the horizontal cell dendritic tips and the lower at the level

of the putative desmosome-like junctions.

4.1.3 Desmosome-like junctions in the mouse retina

It has been previously described in the mammalian retina that the additional post-synaptic
structure at the desmosome-like junctions corresponds to a specialized area in which
glutamate receptors are closely associated with gap junctions and the tight junction protein
zonula occludens-1 (ZO-1) on horizontal cell dendrites, located below the pedicle (Haverkamp
et al., 2000; Puller et al., 2009).

To address this hypothesis in the mouse retina, whole-mounted retinas were double labeled
for GIuA2 and HC specific gap junctions containing connexin57 (Cx57; Fig. 19). Cx57 is
exclusively employed for the electrical coupling via mouse horizontal cell dendrites (Hombach
et al., 2004; Shelley et al., 2006; Janssen-Bienhold et al., 2009; Puller et al., 2009).

Confocal maximum projections of different consecutive focus planes acquired from a single Z-
stack (Fig. 19 A-l), show the spatial distribution of the two synaptic components from the distal
to the proximal OPL. Extending across the distal OPL, the GIuA2 staining pattern was
characterized by the typical “coffee beam” shape (Fig. 19 A, C). At this OPL level, tiny and faint
stained puncta of Cx57 were distributed more homogeneously (Fig 19 B, C). At a lower OPL
level, clusters of GIuA2 were identified at the invaginating tips, at the cone pedicle base (Fig.
19 D, F), but here Cx57 puncta were only rarely found in proximity to GIuA2 cluster (Fig. 19E,
F, K, L). A higher magnification image of a single GIuA2 cluster at the level of the invaginating
dendritic tips of HCs (Fig. 19 J, L), reveals an irregular punctate structure in which it is still
possible to observe a pairing tendency of these puncta, that recalls the two invaginating lateral
elements. The lower GIuA2 strata was found approximately 1-2 um beneath the cone pedicles
indicative for its presence at the sites of the putative desmosome-like junctions between mouse
horizontal cell dendrites (Fig. 19 G, I, M, O). Here, Cx57-immunoreactive plaques were
observed in close association with the GIuA2 clusters (Fig. 19 H, I, N, O), pointing to the
presence of a desmosomal-like junction structure being also present at this site in the mouse

retina.
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Figure 19: Cx57 is closely associated with GluA2 at the level of the desmosome-like junctions
A-l: Maximum projections of confocal image stacks from a whole-mounted retina double labeled with
antibodies recognizing GIuA2 and Cx57. Maximum projections were chosen to cover the distal OPL at
the putative rods level (A-C; Z-steps 21-31/43, Z-size ~ 2.2 pm), at the invaginating dendritic tips (D-F;
Z-steps 12-17/43, Z-size ~ 1.2 ym) and the proximal OPL beneath the cone pedicles (G-I; Z-steps 2-
9/43, Z-size ~ 1.6 ym). Pedicle positions were identified by the GIuA2 clusters and indicated by dashed
circles. Arrows indicate an example pedicle of which a magnified version of the corresponding channels
is shown in J-O: Maximum projections at the invaginating dendritic tips (J-L; Z-steps 17-18/43, Z-size ~
0.4 ym) and beneath the cone pedicle (M-O; Z-steps 5-6/43, Z-size ~ 0.4 ym). Scale bars: 5 ym in |,
applies to A-1; 1 um in O, applies to J-O.

The expression pattern of the tight-junction protein zonula occludens-1 (Z0O-1) was analyzed
to gain further insight into the synaptic architecture of the desmosome-like junctions within the
dendritic HC network. ZO-1 has been shown to interact with various connexins at electrical
synapses (Giepmans, 2004; Li et al., 2004b; Flores et al., 2008; Lynn et al., 2012) and to be
expressed at gap junctions below the cone pedicle in a type-specific manner by horizontal cells
(Puller et al., 2009). As described in more detail later in this thesis (see project 3), in the mouse
retina, ZO-1 colocalized with Cx57 at dendro-dendritic gap junctions of horizontal cells and has
been observed in close opposition with glutamate receptors in the primate retina (Puller et al.,
2009). In accordance with these insights, mouse whole-mounted retinas immunostained for
the GIuA2 subunit and the scaffolding protein ZO-1 revealed the spatial relationship between
the two components below the cone pedicle (Fig. 20). The ZO-1 staining pattern exhibited
distinct, string-like clusters situated beneath the cone pedicle (Fig. 20 C) and further tiny
immunoreactive puncta among the clusters. Although ZO-1 expression was shown on
horizontal cells at the same level of the desmosome-like junctions, ZO-1 was not colocalized
with the AMPA receptor subunit GluA2, as shown here in retinal whole mounts (Fig. 20 B-D).
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Figure 20: ZO-1 and the GluA2 subunit are closely associated at the desmosome-like junctions
A-D: Horizontal view of a whole-mounted retina triple labeled for the pedicle base marker PNA, the
GIuA2 subunit, and the tight junction protein zonula occludens-1 (ZO-1). Maximum projections (Z-steps
17-34/37, Z-size ~ 3.5 ym) were chosen to cover the proximal OPL beneath cone pedicles. Circles
indicate pedicle positions (PNA max projection: Z-steps 7-22/37, Z-size ~3.3 ym). Arrows indicate an
example pedicle of which single optical sections (Z-step 25/37, Z-size ~ 0.2 ym) of the corresponding
channels are shown in E-G. Scale bars: 5 ym in D, applies to A-D; 1 um in G, applies to E-G.

However, ZO-1 and GIuA2 clusters were found in proximity at the putative desmosome-like
junctions (Fig 20 E-G). The single optical section (Fig. 20 E-G) reveals a distinct arrangement
of the two proteins, where the GIuA2 cluster (Fig. 20 E) is encircled by ZO-1 string-like plaques
(Fig. 20 F, G). This specific organization at the desmosome-like junction, in which ZO-1 is
presumably positioned at the border of the junctional plaque, has been previously observed in
the rabbit and monkey retina, suggesting a unique role for ZO-1 at this site (Puller et al., 2009).
Taken together, these results show that the expression patterns of GluA subunits in horizontal
cells are more complex than expected from previous studies (Stroh et al., 2013). Interestingly,
the presented data clearly demonstrate the accumulation of AMPA-type glutamate receptors,
specifically of the GIuA2 subunit, underneath the cone pedicle. As it is well known from studies
of other mammalian species that desmosome-like junctions are present between horizontal
cell dendrites at this site. The findings presented in this chapter also indicate that this synaptic
specialization is also present in OPL of the mouse retina. Additionally, they suggest that
specifically GIuA2 subunits are closely associated with Cx57-containing gap junctions and the

scaffold protein ZO-1 at this site.

4.2 Analysis of a possible mutual interaction between electrical
and chemical synapses at the level of desmosome-like

junctions in the OPL of the mouse retina.

4.2.1 Analysis of the Cx57 and ZO-1 staining patterns in GluA2/4 KO animals
The previous chapter demonstrated the accumulation of the GluA2 AMPA receptor subunit
beneath the cone pedicle at the putative desmosome-like junctions, highlighting its proximity

to Cx57-containing gap junctions between horizontal cell dendrites. In addition, a preliminary
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investigation of the spatial localization of the tight junction protein ZO-1 was performed to
further investigate the synaptic structure at the cone pedicle in the mouse retina in more detail.
The co-occurrence of closely associated chemical and electrical synapses at the same
synaptic sites has been documented in other neuronal system (for references, see (Pereda et
al., 2004; Pereda, 2014; Jabeen and Thirumalai, 2018). This led to the hypothesis that
connexins and GluAs form interconnected complexes at the desmosome-like junctions, which
would enable mutual interactions between electrical and chemical synapses and subsequently
allow the system a more precise and finer tuning and regulation of synaptic signal transduction
(Puller et al., 2009). To further test this hypothesis, different mouse lines were employed in the
present study, including GIuA2"1-GluA4™:Cx57*/C, Cx57*C and GIuA2"-GluA4"":Cx57+*.
In a qualitative manner, it was evaluated whether the selective ablation of GIuA2 and GIluA4 in
HCs affected the expression pattern of Cx57-positive gap junctions in the OPL. Therefore,
whole-mounted retinas from the three different genotypes were double labeled for Cx57 and
Z0-1. To eliminate any potential discrepancies in the outcomes of the immunostainings due to
variations in experimental conditions, the experiments were always conducted on retinas of
the three different genotypes simultaneously, using the same buffers, incubation solutions and
times for all of them. Moreover, the experiments were performed exploiting two different anti-
Cx57 antibodies, the new polyclonal anti-Cx57 antibodies raised in guinea pig, and presented
in the context of this study for the first time (Fig. 21), and the established polyclonal anti-Cx57
raised in rabbit (Janssen-Bienhold et al., 2009; Puller et al., 2009; Stroh et al., 2013), (Fig. 22).
Retinas from GluA2"1-GluA4"":Cx57** mice are considered to be wild type phenotype in this
study, given the absence of the horizontal cell-specific Cre recombinase and the regular
expression of glutamate receptor subunits (for further details, please refer to Chapter 3). In
wild type (GIuA2"1-GluA4"".Cx57** ) whole-mounted retinas, immunoreactivities for Cx57 and
Z0-1 showed the typical staining patterns for the tight-junction protein ZO-1, characterized by
clusters made up of string-like structures, and plaques for the gap junction protein Cx57, and
both were located 1-2 um below the cone pedicle base (Fig. 21 A-C). It is important to note
that ZO-1 is also located at the tight junctions between vascular endothelial cells (Tornavaca
et al.,, 2015). Therefore, ZO-1 immunoreactivity was strongly detected also by the tight
junctions of the blood vessels (Fig. 21 A, C open arrowheads).

Both ZO-1 and Cx57 immunoreactivities were found to be largely overlapping pattern
(colocalized) at the desmosome-like junctions (Fig. 21 C), confirming previous observations in
the mouse retina (Puller et al., 2009). In the Cx57*°RE mouse line, the Cre expression is
restricted to horizontal cells, but the glutamate receptors are not excised, because the
corresponding gene sequences are not JoxP-flanked. Thus, possible effects on
immunoreactivity patterns could only be related to the absence of one Cx57 allele. Accordingly,

significant reduction of Cx57 immunoreactivity has been reported in Cx57*°RE retinas (Stroh et
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al., 2013). In the present study, as illustrated in figure 21 D-F, Cx57 immunoreactivity was
observed to colocalize with ZO-1, which exhibited a tendency to form more compact clusters.
Additionally, the string-like clusters of ZO-1 were still present beneath the cone pedicles of this

genotype.

: Cx57+/+

GluA2-4fi/l

Cx57+/CRE

: Cx57+/CRE ||

GluA2-4fi/fl

Figure 21: Absence of GluA2 and GluA4 in horizontal cells affects ZO-1 and Cx57 expression at
desmosomal-like junctions

Projections of confocal stacks generated from the OPL of whole-mounted retinas immunolabeled for
Z0-1 and Cx57. The new anti-Cx57 antibody, raised in guinea pig (gp) was used in this experiment. The
immunolabeling was performed on GluA21-GluA4fl":Cx57**A-C (Z-steps 19-50/64, Z-size ~ 6.4 ym),
on Cx57*Cre mice D-E (Z-steps 19-36/44, Z-size ~ 3.6 ym) and GluA2/4-deficient mice (GluA2%f-
GluA4flM:Cx57+/Cre; G-l (Z-steps 20-30/31 S-size ~ 2.2 um). Filled arrowheads indicate the characteristic
string-like structures of ZO-1 plaques. Open arrowheads indicate blood vessels in the OPL indicating
additional cross-reactivity of the anti-ZO-1 antibodies with ZO-1 in endothelial cells Scale bar: 5 ymin |,
applies to, A-l.
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Thus, the retinas of the two genotypes used as controls showed the same patterns for ZO-1
immunoreactivity and the Cx57*C™ retinas displayed the expected reduction in Cx57
expression. In contrast, the situation was markedly different in retinas lacking GluA2 and GluA4
subunits (GluA2"1-GluA4"™.Cx57*/°", Fig. 21 G-l). Here, the organized ZO-1-positive string-
like structures, which were present in the retinas of the two controls (GIuA2""-GluA4™":Cx57+*
and Cx57*CRE mice), were absent (compare Fig. 21 A, D, G). Instead, the ZO-1 staining
appeared more punctate, showing more delicate accumulations below the pedicles in GluA2/-
GluA4":Cx57*Cr retinas (Fig. 21 G). ZO-1 clusters beneath the cone pedicles were still
discernible, though they appeared smaller and more finely punctate. This is likely due to the
remaining ZO-1 being associated with Cx36 at the OFF bipolar cells, specifically at the flat
contacts on the pedicle base (Feigenspan et al., 2004; Puller et al., 2009). Another striking
observation was, that although the GluA2""-GluA4"":Cx57*/°® mice still possess a single Cx57
allele, like the Cx57*°RE mouse line, the retinas of this genotype obviously revealed an even
stronger reduction, almost absence, of Cx57 plaques at the putative desmosome-like junctions
below the cone pedicles (Fig. 21 H). In line with this finding, the previously observed
colocalization of ZO-1 and Cx57 seen in the controls (GIuA2"-GluA4™"":Cx57**, Cx57*/CRE) at
these sites was also absent (Fig. 21 I).

For evaluation of the striking, new observations presented in Figure 21, the same experiments
were repeated with the already established rabbit anti-Cx57 polyclonal antibody (Fig. 22).
Notably, the use of anti-Cx57 from rabbit necessitates the use of a monoclonal anti-ZO-1 from
mouse, rather than the previously used rabbit antibody. Furthermore, the use of different
combinations of antibodies targeting the same proteins is a very reliable approach for
evaluating such fine overlapping and specific staining patterns, like those shown in Figure 21.
As summarized in Figure 22 A-l, the use of a mouse monoclonal anti-ZO-1 antibody and the
rabbit polyclonal anti-Cx57 antibodies on whole-mounted retinas of the two controls (GluA2™1-
GluA4™:Cx57** and Cx57*°RE mice) confirmed the immunoreactivity patterns of ZO-1
(compare Figs. 21 and 22 A, D, G) and Cx57 (compare Figs. 21 and 22 B, E, H), as well as
the colocalization of both proteins in the OPL of both control genotypes (compare Figs. 21 and
21 C, F) and the absence of colocalization in the OPL of GIluA2"-GluA4"":Cx57*/C" retinas
(compare Figs. 21 | and 22 I). Again, the clusters of ZO-1 were organized in string-like
structures below the cone pedicles where they colocalized with Cx57 plaques in the two control
retinas (Figs 22 A, C and D, F) and, punctate patterns, lacking string-like structures, with
smaller and compact accumulations were found in the GluA2/4-deficient retinas. Additionally,

there was pronounced reduction in Cx57 plaques beneath the pedicle in the latter genotype.
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Figure 22: Effects of GluA2/4-deficiency on ZO-1 and Cx57 expression at desmosomal-like
junctions detected by using a different mix of antibodies

Projections of confocal stacks generated from the OPL of whole-mounted retinas immunolabeled with
monoclonal mouse anti-ZO-1 and polyclonal rabbit anti-Cx57. Immunolabeling was performed on
GIuA2"1-GIluA4%M:Cx57+*+ A-C (Z-steps 14-30/33, Z-size ~ 3.4 ym), on Cx57+/C mice D-E (Z-steps 10-
36/36, Z-size ~ 5.4 um) and GluA2/4-deficient mice (GluA211-GluA4"1:Cx57*/Cre) G-l (Z-steps 13-30/32,
Z-size ~ 3.6 ym). Circles indicate an example pedicle of which x/y-projections are shown in Figure. 23.
Scale bar: 5 ym in |, applies to, A-l.

For a more detailed presentation of the fine differences between the different genotypes,
examples of x/y-projections (or 3D renderings) of three pedicles taken from the three different
retinas, as indicated by dotted circles in Figure 22 are shown in Figure 23. X/y-projections were
generated by rotating the confocal image stacks (Fig. 23, figure legend for Z-size) on the X-
axis of the images to obtain an orthogonal view of the optical sections. This lateral visualization
improves the understanding of the staining patterns of ZO-1 and Cx57 beneath the cone

pedicle.

53



Results

|| GluA2-4fl/fl : Cx57+/+ |

Cx57+/CRE

|GluA2-4fl/fl : Cx57+/CRE]|

Figure 23: Expression of ZO-1 and Cx57 at the cone pedicle appear to be affected by GluA2/4
deficiency in horizontal cells

Xly-projections of confocal stacks taken from single pedicles of the whole-mounted retinas shown in
Figure 22 (circles) and immunolabeled for ZO-1 and Cx57. As described in Figure 22, immunolabeling
was performed on GluA2"1-GluA4M:Cx57+*+ A-C (Z-size ~ 6.6 pm), on Cx57*C mice D-E; (Z-size ~ 7.2
pum) and GluA2/4-deficient mice (GIUA2T-GluA41:Cx57+/Ce) G-l (Z-size ~ 6.4 um). Dashed lines
indicate pedicle base positions detected by PNA staining (not shown). The pedicle position in D-F was
estimated from the image stack. Scale bar: 5 ym in |, applies to, A-l.

Z0-1 formed prominent clusters below the pedicle, and a string-like pattern remained
discernible, as well as the close association between ZO-1 and Cx57, in both GluA2%-
GluA4™:Cx57** (Fig. 23 A, C) and Cx57*/°RE (Fig. 23 D, F) retinas. In GluA2/4-deficient retinas,
orthogonal views revealed the more punctate and reduced labeling of ZO-1 (Fig. 23 G, I), along
with a significant reduction in Cx57 immunoreactivity (Fig. 23 H). Consequently, the typical
organization between ZO-1 and Cx57 observed in the retinas of the two control genotypes,

was missing. These findings provide the initial insight into the impact of the elimination of
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AMPA-type receptor subunits GIuA2 and GluA4 have on the expression of Cx57 and the
synaptic organization within the OPL of the mouse retina.

Finally, mouse horizontal cells express two distinct types of connexins. Electrical coupling at
the dendrites and at the thin axon terminals of HCs is exclusively supported by Cx57, whereas
Cx50-containg gap junctions are expressed on the thick proximal axon terminals of these cells
(Dorgau et al., 2015). Vertical cryosections immunolabeled for Cx50 revealed no apparent
reorganization or compensatory changes beneath the cone pedicle in Cx57 KO retinas (see
Fig. S2 — Section 7.3.3 — Supplemental material), confirming that the two gap junctions are

regulated differently and independently (Dorgau et al., 2015).

4.2.2 Analysis of the expression patterns of glutamate receptors and ZO-1 in
Cx57 KO animals
Based on the previous observations, the following experiments aimed to qualitatively analyze
the synaptic architecture at horizontal cell desmosome-like junctions in retinas lacking Cx57.
Therefore, immunolabeling of the tight-junction protein ZO-1 and the glutamate receptor
subunits GIuA2, GluA2/3 and GluA4, were performed on retinas of the Cx57-knockout mouse
line, and its wildtype litter mates. Transgenic mice in which the Cx57 gene was replaced by the
LacZ reporter gene, are Cx57 knockout (KO; Cx57-2?acZ) gnimals, which have been
intensively studied and exhibited reduced coupling between horizontal cells (Hombach et al.,
2004; Shelley et al., 2006) (for further details, please refer to Chapter 3).
To analyze the expression patterns of the different AMPA receptor subunits in the OPL of this
specific transgenic mouse line in more detail, the whole-mounted retinas of wild type (WT) and
Cx57 KO animals were double-labeled for the glutamate receptor subunit GluA4 and ZO-1. To
obtain a comprehensive representation of the synaptic components, image acquisitions were
focused to capture the entire thickness of the ZO-1 cluster beneath the cone pedicle, hence
image stack projections show the 3-4 um of the proximal OPL, below the cone pedicle level.
As previously outlined, the GluA4 staining pattern in the WT retina was characterized by fine
puncta, distributed uniformly throughout the OPL (Fig. 24 A) and ZO-1 clusters were organized
in string-like plaques below the cone pedicle (Fig. 24 B). In the absence of Cx57 (Fig. 24 D-F),
the GluA4 immunoreactivity (Fig. 24 D, F) showed a distribution qualitatively comparable with
the WT condition (Fig. 24 A, C). No obvious changes or different distributions at the pedicle
base were observed in Cx57 KO mice. Nevertheless, ZO-1 displayed a slight tendency to form
more compact clusters, which were typically distinguished by a more punctate pattern.
Therefore, no other significant or notable differences in the distribution and expression of ZO-

1 were observed in the OPL of Cx57-deficient mice and their WT littermates.
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Figure 24: Comparison of GluA4 and ZO-1 expression pattern in WT and Cx57-KO retinas

A-D: Maximum projections (Z-steps 21-36/44, Z-size ~ 3.2 ym) of a confocal stack from a whole-
mounted retina of a WT (Cx57**) animal double-labeled for the subunit GluA4 and ZO-1. D-F: Maximum
projections (Z-steps 13-28/31, Z-size ~ 3.2 ym) as shown in A-D, but generated from a Cx57 KO animal
(Cx57laczllacz) Scale bar: 10 um in F, applies to, A-F.

Next, whole-mounted retinas of WT and Cx57 KO mice were immunostained for the GluA2/3
subunits and ZO-1, and qualitative analyses were conducted to detect potential changes in the
staining patters. GluA2/3 immunoreactivity in Cx57 KO mice (Fig. 25 D-F) showed a distribution
at the proximal OPL, comparable to the control (Fig. 25 A-C). No obvious, new arrangements
were disclosed at the pedicle base. As previously described, ZO-1 clusters were observed to
be more compact, exhibiting a tendency towards a less string-like structure organization, in
puncta (Fig. 25 E).

Finally, the experiments were repeated with a focus on the GIuA2 receptor subunit. Whole-
mounted retinas of WT and KO animals were immunostained for GluA2 and ZO-1 (Fig. 26). In
both genotypes, clusters of GIuA2 subunits (Fig. 26 A, D, example of clusters are indicated by
circles) were found beneath the cone pedicles in close association with ZO-1 at the level of the
desmosome-like junctions (Fig. 26 C, F, example of clusters are indicated by circles). Except
for confirming the more compact ZO-1 clusters (Fig. 26 B, E), no obvious changes in the spatial
distribution of GIuA2 subunits were discerned. Furthermore, it was difficult to roughly ascertain
whether there were qualitative shifts in the amount of GIuA2 immunoreactivity beneath the

cone pedicles in response to the knockout of Cx57.
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Figure 25: Comparison of GluA2/3 and ZO-1 expression patterns in WT and Cx57-KO retinas
A-D: Maximum projections (Z-steps 19-35/36, Z-size ~ 3.4 ym) of confocal images generated from a
whole-mounted retina of a WT (Cx57**) animal double-labeled for detecting the subunits GluA2/3 and
Z0-1. D-F: Maximum projections as shown in A-D (Z-steps 16-32/43, Z-size ~ 3.4 ym), however,
generated from the retina of a Cx57 KO animal (Cx57tacZtacZ) Scale bar: 10 ym in F, applies to, A-F.

Taken together, these qualitative experimental observations draw attention to the idea, that the
observed spatial proximity between GluAs and gap junctions, at the level of desmosome-like
junctions in the mouse retina may provide the bases for mutual interaction of both types of
synapses at this site and thus, a fine tuning of signal transduction at the first retinal synapse.
As opposed to the unaffected expression patterns of glutamate receptors in the proximal OPL
following the selective ablation of Cx57, a striking reduction, if not complete absence, of CX57-
positive gap junctions, was observed beneath the cone pedicles when both subunits GluA2
and GluA4 were selectively knocked out in horizontal cells of the mouse retina (see Fig. 21 G-
I and Fig. 22 G-I). These results suggest a complex interaction between the two distinct
synaptic proteins within the synaptic architecture of the mouse retina. Consequently, it is
important to closely examine the functional roles that the GluA2 and GluA4 receptor subunits
may play in the expression and localization of Cx57-containing gap junctions beneath the cone
pedicle, particularly at the desmosome-like junctions. It has been shown that the tight-junction
protein ZO-1 is not only distributed in a type-specific manner, but is also confined to the dendro-

dendritic gap junctions between horizontal cells of the mammalian retina (Puller et al., 2009).
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Figure 26: Comparison of GluA2 and ZO-1 expression patterns in WT and Cx57-KO retinas

A-D: Maximum projections (Z-steps 18-32/38, Z-size ~ 3 ym) of a confocal images generated from a
whole-mounted retina of a WT animal (Cx57**) double-labeled for the subunit GIuA2 and ZO-1. D-F:
Maximum projections (Z-steps 23-31/39, Z-size ~ 2 ym) generated as those shown in A-D, but, from a
Cx57 KO animal (Cx57tacZlacz) Example of clusters of associated GIuA2 and ZO-1 are indicated by
circles. Open arrowheads indicate blood vessels in the OPL indicating additional cross-reactivity of the
anti-ZO-1 antibodies with ZO-1 in endothelial cells. Scale bar: 10 um in F, applies to, A-F.

Light microscopy analysis conducted in this study raised the question whether ZO-1 may have
a specific function at the desmosome-like junctions. In this respect, the distribution patterns of
Z0-1 were analyzed and compared in three different types of mice, wildtype C57/BL6,
Cx57'acdtacz (Cx57K0) and GIuA2M1-GluA4™"™:Cx57*/C', to gain more insight into the effects of
the selective knockouts on ZO-1 expression in the OPL. The typical expression pattern of ZO-
1 in the wildtype mouse retina (C57/BL6, Fig. 27 A) displays clusters of string-like plaques that
are well-defined beneath the cone pedicles. This characteristic structure of ZO-1 plaques was
only slightly affected when only one or both Cx57 alleles were knocked out in the Cx57-ac#/acz
mice (Fig. 27 B; see also Fig. 21 E and Fig. 22 E). In contrast the selective ablation of both
receptor subunits, GIuA2 and GluA4, from HCs led to a clear change of the ZO-1
immunoreactivity pattern in the retina of these transgenics, with a drastic decrease of ZO-1
positive structures and the loss of all the features observed in the BL6 mice (compare Fig. 27
C and A). These findings point to a specific role of ZO-1 at the desmosome-like junctions and

to its likely interaction at least with glutamate receptors at this specific synaptic site.
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Figure 27: The ZO-1 expression pattern is affected in GluA2/4 KO in HCs of the mouse retina
Projections of confocal stacks from whole-mounted retinas stained for ZO-1. Immunolabeling was
performed on retinas from C57/BL6 mice A (Z-steps 25-48/58, Z-size ~ 4.8 uym), Cx57 KO mice
(Cxb57laczllacz) B (Z-steps 16-21/26, Z-size ~ 1.2 ym), and double GluA2/4 KO (GluA2M-GluA4%m:
Cx57+/Cre) C (Z-steps 8-30/32, Z-size ~ 4.6 ym) . Scale bars: 5 pm.

4.2.3 Spatial interaction between ZO-1 and Cx57 OPL of the mouse retina

The ZO-1 expression pattern in the mouse retina and its association with connexins was
already described in both OPL and IPL (Li et al., 2004b, 2008; Ciolofan et al., 2006, 2007;
Puller et al., 2009). Significant insights into the potential functions of ZO-1 were provided by
Puller et al. (2009), who studied the giant gap-junctional plaques of A-type horizontal cells in
the rabbit retina. They observed that ZO-1 formed a fence-like boundary around Cx50 rather
than overlapping with it directly. In the present study, light microscopy analysis of ZO-1 and
Cx57 demonstrated colocalization between the two proteins, in addition to close proximity (Fig.
28 A-C), confirming previous findings observed in the mouse retina (Puller et al., 2009).
Despite the small size of gap junctions and the resolution limits of confocal microscopy, single
optical sections shown in Figure 28 (D-F and G-I) suggest a close association where ZO-1
basically follows the border of the gap junction plaques. In the first example (Fig. 28 D-F), ZO-
1 immunoreactivity forms a structure that almost completely encloses the two plaques of Cx57-
containing gap junctions, bringing the proteins to the same level (Fig. 28 F). The second
example (Fig. 28 G-I) illustrates how the small Cx57 plaque slightly overlaps the ZO-1 string-
like structure, with partial colocalization. These observations may indicate a similar mechanism
to that described for the giant gap-junctional plaques in the rabbit retina, highlighting the role
of ZO-1 at the desmosome-like junctions and its interactions with gap junctions at this site.

A further interesting observation was the occasional presence of ZO-1 string-like plaques
located beyond the area defied by the ZO-1 clusters. Additionally, these structures were
generally found at a more proximal level, deeper below the cone pedicle. Similar ZO-1-positve
structures have been described in the monkey retina, where they are restricted to H1 dendrites

(Puller et al., 2009). Thus, the ZO-1-positive string-like plaques observed in the more proximal
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OPL of the mouse retina in this study suggest the existence of an additional conserved pattern

of ZO-1 organization in the retinal OPL across species.

. -
Figure 28: Association and colocalization of Cx57 and ZO-1

A-C: Maximum projection (Z-steps 24-47/58, Z-size ~ 4.8 ym) from a whole-mounted retinas doble
labeled for ZO-1 and Cx57. Arrows indicate plaques of ZO-1 and Cx57 in close association, which are
shown as single optical sections of ~ 0.2 ym of the corresponding channels in D-F for the upper arrow

(Z-step 44) and in G-l for the lower arrow (Z-step 26). Scale bars: 5 um in C, applies to A-C; 1 ymin |,
applies to D-I.

4.3 Horizontal cells gap junctions across the retina

4.3.1 Distribution of horizontal cells in the mouse retina

Although the mouse retina lacks a specialized area like the fovea in primates, it exhibits
significant topographic variation in the density distribution of its cellular components. From the
well-known opsins expression patterns in cone photoreceptors to the more complex and
diverse distribution of retinal ganglion cells (RGCs), these variations may provide benefits for
several behavioral requirements (for review, see Heukamp et al., 2020). The acknowledgment
of these insights has been of fundamental importance in all the analyses conducted within the
context of this study.

There is evidence from previous studies indicating that horizontal cells density varies across
different retinal regions in the mouse (Camerino et al., 2021). Consequently, a part of this thesis
involved a collaborative effort with Lucia Lindenthal, Asli Pektas, and Christoph Block, to
ascertain the density profile of the horizontal cells across the entire mouse retina. Whole-
mounted retinas were labeled with antibodies recognizing calbindin (CaBP; Fig. 29) to identify

the entire structure, soma included, of horizontal cells (Réhrenbeck et al., 1987; Haverkamp
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and Wassle, 2000). Confocal images of whole-mounted retinas labeled with a horizontal cell
marker reveal the rounded cell bodies of horizontal cells, along with the intricate network of
their dendritic and axonal terminal processes in the background. The horizontal cell bodies are
situated in the distal inner nuclear layer (INL) (Haverkamp and Wassle, 2000; Masland, 2001),
and the CaBP-positive somas, reveals the mosaic distribution across the entire retina enabling

accurate cell counting.

| Dorsal [| Ventral |

Figure 29: Calbindin immunoreactivity of horizontal cells in mouse retina

A-B: Projections of confocal image stacks of dorsal (A; Z-steps 16-56/65, Z-size ~ 8.2 um) and ventral
(B; Z-steps 1-34/44, Z-size ~ 10.2 ym) whole-mounted retinas labelled against calbindin (CaBP), used
for the quantification of the horizontal cells across the entire retina. Scale bar: 50 ym in B, applies to A-
B. Immunostaining and acquisitions performed by Lucia Lindenthal, (see attached article).

The positions of all immunolabeled horizontal cell bodies were meticulously marked on a
merged microscopic tile scan of the flattened retina using the software Fiji (Fig. 30 A) with each
dot representing the location of a horizontal cell body. The cloverleaf-shaped tissue was
reconstructed as a hemispherical structure using the software Retistruct (Sterratt et al., 2013;
Duda et al.,, 2023) and the local density was calculated on the sphere and shown in an
azimuthal equal distance projection (Fig. 30 B-C). Additionally, retinas were immunostained
with an antibody targeting the short-wavelength sensitive S-opsin to delineate the transition
zone of opsin expression, which indicates the visual horizon on the retina (Nadal-Nicolas et
al., 2020; Qiu et al., 2021; Gupta et al., 2023). S-opsin expression is high in the ventral retina
and sharply decreases towards the dorsal retina at the transition zone, allowing the border of
this separation to be identified at low magnification. In Figure 30 the transition zone is indicated
by lines and is notably positioned above the optic disc crossing the peripheral ends of the lower
leaflets in the retinal whole-mount preparation (see also Fig. 33 A, D for representative

microscopic images).
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Figure 30: Horizontal cell density shows a distinct dorso-ventral gradient

A: Cloverleaf of a whole-mounted retina from the left eye, where each dot represents the cell body
position of a horizontal cell marked with CaBP. The red lines in A and B mark the S-opsin transition zone
(see also Fig. 32). D, dorsal; V, ventral; N, nasal; T, temporal. B: Azimuthal equal-distance projection of
the reconstructed retinal sphere of the data shown in A. The color of the dots represents the local density
of the corresponding cell body position. C: Horizontal cell density distribution (176501412, n=5 retinas).
Black line, mean S-opsin transition zone, gray lines, SD (n=5). Color bars in B and C indicate cells/mm2.
Scale bar: 50 um in A. Project in collaboration with Lucia Lindenthal, Asli Pektas, and Christoph Block
(see attached article).

The average of five retinas (Fig. 30 C; 1765011412, see attached article) showed a distinct
dorso-ventral gradient of HCs across the mouse retina, with low density in the dorsal and high
density in the ventral retina. The gradient displayed several notable features, with the most
significant being the pronounced change in the area identified as the S-opsin transition zone.
Furthermore, two regions of high density, or hotspots, were identified. The first was a small
area on the temporal side of the retina, near the optic disc. The second was a larger area
extending across the ventral retina mostly on the temporal side. Overall, this pattern of HC
distribution closely mirrored the density gradient observed for several types of mouse ganglion
cells (Drager and Olsen, 1981; Salinas-Navarro et al., 2009; Duda et al., 2023) and mouse
cone photoreceptors (Ortin-Martinez et al., 2014; Nadal-Nicolas et al., 2020). A common
decrease in HC density towards the peripheral areas of the retina was also evident (Jeon et
al., 1998; Wassle, 2004).

My contribution to the study of the horizontal cell density across the mouse retina, included the
tissue preparation, immunostainings, image acquisitions and processing, and supervision of
the master students. Lucia Lindenthal performed some of the immunostainings and cell
counting. Asli Pektas also performed parts of the cell counting and Christoph Block provided
significant computational data processing for generation of appropriate graphical abstracts.
For more details regarding the morphological analysis performed on the horizontal cells across
the retina, please refer to the manuscript attached to this thesis.
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4.3.2 Asymmetric expression of Cx57 across the retina

In the following chapter some of the results summarized in the published manuscript (see
Section 7.4 — Publication) will be presented and discussed together with some additional
findings, including qualitative analysis of the expression pattern of ZO-1 and GluAs across the
retina, which are not included in the manuscript.

To investigate the precise spatial distribution of horizontal cell glutamate receptor subunits and
their potential role in forming specific functional synaptic complexes with electrical synapses
at desmosome-like junctions, special emphasis was placed on analyzing the distribution of
Cx57, particularly in relation to the gradient of horizontal cells. Therefore, the analysis focused
on determining the amount of Cx57 present on HC dendrites in a distinct volume beneath each
cone pedicle base, across the retina. By this means, Cx57-contating gap junctions present on
HC axon terminals, where it is expressed together with Cx50-containing gap junctions (Dorgau
et al., 2015), was excluded from the analysis (Fig. 31). At HC axon terminals connexins are
exclusively associated with rod photoreceptor terminals and do not influence dendritic
signaling (Trimpler et al., 2008).

As described in the previous chapters, Cx57-immunoreactive plaques were observed to
cluster in the proximal OPL in regular arrays, below the cone pedicles (Fig. 31 A-C). In this
experiment horizontal cells were injected with the neuroanatomical tracer neurobiotin, a small
amino derivative of biotin used as an intracellular label for neurons. This technique allows the
visualization of even the finest architecture of cells and the identification of gap junction
coupling between cells (Vaney, 1991; Bloomfield et al., 1995; He et al., 2000; Pan and Massey,
2023). As shown in Figure 31, neurobiotin-injected cells revealed the structural composition of
individual dendrites of several horizontal cells that converge beneath the cone pedicle to form
a terminal cluster, in the proximal part of the OPL (Fig. 31 F, I), before their tips invaginate into
the pedicle at the ribbon synapse (Fig. 31 D, G). In combination with immunolabeling for
detection of Cx57, this approach allowed to determine the exact location of horizontal cell gap
junctions on their dendrites. Cx57-immunoreactive plaques were observed to colocalize with
neurobiotin-filled horizontal cell dendrites at a level ~ 1-2 uym below the cone pedicle base, a
site where the putative desmosome-like junctions are supposed to be localized. Here, Cx57
was previously found closely associated with the GluA receptors subunits (see Fig. 19, Section
4.1.3) and to colocalize with ZO-1 at this level, on the horizontal cell dendrites (see Fig. 28
Section 4.2.3).
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Figure 31: Spatial localization of horizontal cell gap junctions

A-C: Projections of confocal image stacks (Z-steps 5-20/24, Z-size ~ 3.2 ym) of a vertical cryostat
section double labeled for the kainate receptor subunit 1 (GluK1) and Cx57. D-F: D-F Maximum intensity
projections of confocal image stacks (Z-steps 8-12/56, Z-size ~ 1 um) taken from a whole-mounted
retina labeled with antibodies against Cx57 and with Alexa Fluor 568-conjugated streptavidin after
microinjection of neurobiotin into a horizontal cell (neurobiotin, injections by Alejandra Acevedo, see
attached article). The distribution of Cx57 is shown at the tips of horizontal cell (HC) dendrites
invaginating into two cone pedicles (position refers to the distal OPL). Pedicle positions were identified
by these clusters of invaginating dendritic tips and are indicated by dotted circles. G-I: Images refer to
the pedicles encircled in D-F but are taken from a position 1-2 ym beneath the same pedicle (position
refers to the proximal OPL; Z-steps 14-23/56, Z-size ~ 2 ym). INL, inner nuclear layer; OPL, outer
plexiform layer. Scale bars: 10 ym in C, applies to A-C; 5 ym in |, applies to D-I.

Interestingly, counterstaining of Cx57 and ZO-1 across different retinal regions revealed a
previously unrecognized pattern in the localization of these two proteins. Images acquired from
the dorsal side of the triple-labeled retinas showed the staining patterns in their typical
conformation. ZO-1-immunreactivity was characterized by large and string-like organized
clusters beneath the pedicle (Fig. 32 B, D, F, H). Cx57-positive plaques were clustered below
the pedicle and largely colocalized with ZO-1 at this level (Fig. 32 C, D, G, H). However, from
the same whole-mounted retinas, a completely different picture became obvious when image
stacks were acquired from the ventral retina (Fig. 32 I-L, M-P). Although the general distribution
of the cone pedicle marker GluK1 remained rather consistent across retinal regions (Fig. 32 A,
E, I, M), ZO-1 exhibited a less dense clustering, and lacked the characteristic string-like
structures both beneath the pedicle and the ones beyond cone base area between clusters
(Fig. 32 J, L, N, P). However, most striking was that the Cx57 immunoreactive plaques beneath

the pedicle appeared drastically reduced in the ventral retina when compared to the dorsal part
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(compare Fig. 32 C, G and K, O), and colocalization with ZO-1 was nearly absent (compare
Fig. 32D, Hand L, P).

Figure 32: Clusters of ZO-1 and Cx57 and their level of colocalization differ between dorsal and
ventral retina

A-D: Maximum projections (Z-steps 15-30/30, Z-size ~ 3.2 ym) of confocal stacks from a vertical
cryosection of the dorsal retina triple-labeled against GluK1, ZO-1, and Cx57. Dashed lines indicate
pedicle positions marked by GluK1 staining. E-H: Projections (Z-steps 30-45/58, Z-size ~ 3.2 ym) of
confocal stacks taken from the dorsal half of a whole-mounted retina. Maximum projections were chosen
to cover the proximal OPL beneath cone pedicles. Circles indicate pedicles positions. Arrows indicate
example pedicles of which single optical sections (Z-step 35/58, Z-size ~ 0.2 ym) of the corresponding
channels are shown in the box (top right). I-L: Images were taken as described for A-D, but from the
ventral retina (Z-steps 8-22/29, Z-size ~ 2.8 ym). M-P: Images were taken as described for E-H, but
from the ventral retina (Z-steps 21-33/46, Z-size ~ 2.4 ym). Single optical sections of pedicles from the
ventral area shown in the box (Z-step 29/46, Z-size ~ 0.2 ym). Scale bars: 5 ym in L, applies to A-D and
I-L; 5 um in P, applies to E-H and M-P; 1 um in box P, applies for single optical section boxes in E-H and
M-P.

To better understand the distinction in the patterning between the dorsal and ventral regions,
the spatial distributions of ZO-1 and Cx57 were studied in greater detail at the S-opsin
transition zone, which is thought to represent the visual horizon in mice. Therefore, whole-
mounted retinas were immunolabeled for ZO-1, Cx57, the cone pedicle marker GluK1, and for
the short-wavelength sensitive opsin. Doing so, confocal image stacks were acquired from
whole-mounted retina above and below the S-opsin transition zone and kept the same x/y
position, but changing the Z-level, focusing at the OPL (Fig. 33 A-C).
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Figure 33: Clusters of ZO-1 and Cx57 change at the S-opsin transition zone

A-C: Maximum projections (Z-steps 18-25/30, Z-size ~ 4 ym) of confocal image stacks taken from the
region of the short-wavelength sensitive (S)-opsin transition zone. The retinal whole-mount was
quadruple-labeled with antibodies against S-opsin (A), GluK1 (B4, C1), ZO-1 (B2, C2), and Cx57 (Bs, Ca).
In A, cone outer segments positive for S-opsin at the transition zone are shown. Boxes B and C indicate
regions where higher magnification confocal image stacks (B1-B4 and C1-C4) were acquired. B1-B4 show
GluK1, ZO-1, and Cx57 immunoreactivities revealed at the level of the OPL in the position of box B (in
A), dorsal to the transition zone (Z-steps 11-25/38, Z-size ~ 3 ym). Three examples of pedicles are
indicated by circles. C1-Ca4 represent equivalent images taken from the area C on the ventral side of the
transition zone (Z-steps 12-23/36, ~ 2.4 um). D Azimuthal equal-distance projection of tile scans of a
complete, whole-mounted retina immunolabeled against S-opsin. Boxes indicate the locations where
image stacks were acquired for the quantification of Cx57 and ZO-1 immunostaining. E-G Quantification
of the immunolabeled areas (Um? normalized) of Cx57 and ZO-1 and their level of colocalization per
circular region of interest (ROI) beneath each pedicle. Measurements were pooled across dorso-
peripheral locations (orange, all upper boxes in D combined) and the ventro-peripheral locations (blue,
all lower boxes in D combined). Dashed lines in violin plots show median and quartiles. Each data point
represents the measurement in a ROl beneath one pedicle. Orig: colocalization analyzed in the original
ROI image stack, Flip: control measurements in which case one channel per ROl was vertically flipped.
*** p<0.001; ns, not significant. Scale bars: 100 ym in A; 5 ym in C4, applies to B1-C4. Azimuthal equal-
distance projection, plotted by Christoph Block (see article attached).

As summarized in Figure 33, the distinctimmunostainings revealed an evident shift from dense
Cx57 clustering and strong colocalization with ZO-1 to significantly reduced Cx57 levels and a
lack of colocalization within the transition zone, spanning only a few hundred microns (Fig. 33
A-C). Based on these observations, an acquisition protocol was established to obtain data from
specific regions of whole-mounted retinas. This protocol aimed to quantify the colocalization

between Z0O-1 and Cx57, as well as their respective immunoreactive positive areas, from
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image stacks collected from regions of interest (ROIs) beneath each cone pedicle (“proximal
OPL” as shown in Figure 31 G-I, for further details, please refer to Chapter 2 - materials and
methods). Data were collected and pooled together from four locations in both dorsal and
ventral peripherals of entire retinas immuno labeled for ZO-1, Cx57 and a cone pedicle base
marker (either PNA or GluK1). Thresholding and normalization were applied to image stacks
to account for varying signal-to-noise ratios in the three retinas. The areas were measured
within ROls beneath a given pedicle (Fig. 33 D; 3 retinas, 144 dorsal pedicles, 131 ventral
pedicles). Analysis showed that ZO-1 and Cx57 positive areas were reduced by 22% and
35%, respectively, from the dorsal to the ventral retina (Fig. 33 E, F). Additionally, colocalization
of ZO-1 and Cx57 decreased by 84% from the dorsal to ventral regions of the retina (Fig. 33
G). These results confirmed the previous qualitative observations that ZO-1 was less clustered
and Cx57 was drastically reduced at the ventral cone pedicle, leading to a significant reduction
in colocalization. As control for colocalization, the analysis was repeated in the same ROl of a
given pedicle but with one channel of the image stack vertically flipped. The colocalization in
the flip control of the dorsal retina was significantly reduced by 73%, indicating that the
observed overlap in the original image was not a random occurrence. In the ventral retina,
colocalization in control measurements was reduced by 45%. This reduction was not
significant since the amount of colocalization of ventral pedicles was low.

Together, these results led to the conclusion that there is a dorso-ventral asymmetrical
distribution of the two previously described components at the putative desmosome-like
junctions beneath the pedicle. ZO-1 and Cx57 were observed to shift at the S-opsin transition
zone and this change coincided with the steepest change in the HC gradient at the visual
horizon of the mouse.

The asymmetrical distribution of Cx57-containing gap junctions was found to be reflected in a
distinct electrical coupling between horizontal cells. These experiments were conducted in
collaboration with Alejandra Acevedo, and for further details, please refer to the attached

manuscript (Appendix 7.4).

4.3.3 Clustering of ZO-1 and GIluA2 across the retina

In the present study, an accumulation of GluA2 below the cone pedicle base and at the
desmosome-like junctions between horizontal cells has been demonstrated (for further details,
please refer to Chapter 4.1). Furthermore, GIuA2 was observed to be closely associated with
Cx57 and ZO-1, of which the last-named proteins in turn exhibited a distinct asymmetrical
distribution across the retina. As ZO-1 can be regarded as an important scaffolding component
involved in protein-protein interactions at the desmosome-like junctions, and its distribution
differs between dorsal and ventral retina in accordance with the distribution of Cx57, the next

consequent step was, to analyze whether this also holds for ZO1 and GIuA2 at these specific
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synaptic sites. Therefore, a comprehensive qualitative microscopic analysis of the staining
patterns of these two synaptic components was conducted to reveal possible changes in the
distribution of GIuA2 across the retina.

As found in previous experiments, the clustering of ZO-1 differed between the dorsal and
ventral retinas at the sites of the desmosome-like junctions beneath the pedicle (Fig. 34). In
the dorsal retina, the staining patterns consistently appeared with string-like plaques organized
in large clusters beneath the cone pedicle (Fig. 34 A-B). In contrast, in the ventral retina, ZO-
1 immunoreactivity appeared more compact as densely and more diffuse packed material
beneath the cone pedicle, exhibiting a more punctate pattern rather than an elongated form
Moreover, the ZO-1 stripes extending beyond the area defined by the cluster beneath the
pedicle and the underlying ZO-1 cluster, representing ZO-1 positive structures characteristic
for the dorsal retina (Fig. 34 B, arrowheads), were generally absent in the ventral side (Fig. 34
C-D). It is worth underlining that the staining pattern of ZO-1, as well as that of Cx57, in the
dorsal retina was consistent above the S-opsin transition zone but below this zone, it adopted
the ventral pattern (see Fig. 33). This observation highlights an asymmetrical distribution of

Z0-1 across the retina.

. Ventral

Figure 34: Distinctive clustering of ZO-1 in the dorsal and ventral mouse retina

Maximum projections of confocal image stacks acquired from a whole-mounted retina stained for ZO-1
by means of a polyclonal rabbit anti-ZO-1 antibody. Image stacks were acquired from the same retina
from the dorsal side A-B (A, Z-steps 21-34/34, Z-size ~ 2.8 ym) and from the ventral side C-D (C, Z-
steps 21-35/35, Z-size ~ 3 ym). As an example, magnifications of a few pedicles were acquired from
the dorsal side B (Z-steps 19-31/36, Z-size ~ 2.6 um) and ventral side D (Z-steps 24-33/36, Z-size ~ 2
pm). Arrows in A and C indicate blood vessels typically detected with ZO-1 antibodies. Arrowheads in B
indicate ZO-1 string-like plaques extending beyond the clusters. Scale bars: 20 ym in C, applies to A
and C; 5 umin D, applies to B and D.

In parallel performed experiments, whole-mounted retinas were double-labeled for ZO-1 and
the GIuA2 receptor subunit to get deeper insight into the distribution of GIuA2 in relation to ZO-

1 in the dorsal and ventral retina. As summarized in Figure 35, and in contrast to ZO-1 and

68



Results

Cx57 immunostaining, the distribution of GluA2 immunoreactivity showed no distinctive
changes across the mouse retina. The staining patterns of GIuUA2 clusters beneath the cone
pedicles were qualitatively comparable between the dorsal and ventral retina (Fig. 35 A, D)
and colocalization with ZO-1 was rarely detectable (Fig. 35 C, F), indicating their close
association at the desmosome-like junction (see Fig. 20). Thus, no further quantitative analysis

was performed.

Figure 35: Patterns of GluA2 immunoreactivity reveal no obvious differences between the
dorsal and ventral retina

Maximum projections from a whole-mounted retina double-labelled for the glutamate receptor subunit
GIuA2 and ZO-1. Image stacks were acquired from the dorsal retina A-C (Z-steps 16-26/27, Z-size ~
2.2 ym) and the ventral retina D-F (Z-steps 13-20/24, Z-size ~ 1.6 ym) . Clustering of both proteins
beneath the cone pedicles is obvious, but GIuA2 clustering appeared similar in the dorsal and ventral
retina. Scale bar: 5 ym in F, applies to A-F.
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5. Discussion

The outer plexiform layer (OPL) is the first synaptic layer in retinal information processing and,
by extension, the entire visual system. Glutamatergic input to horizontal cells (HCs) is mediated
by glutamate receptors (Hack et al., 2001) allowing HCs to provide feedback and feedforward
inhibition to photoreceptors and bipolar cells (BCs), respectively (Thoreson and Mangel, 2012).
The close association of glutamate receptors with gap junctions at desmosome-like junctions
between horizontal cell dendrites, positioned 1-2 pm below the cone photoreceptor terminals
(Haverkamp et al., 2000), suggests a calcium dependent mechanism for rapid regulation of
signal transmission via gap-junctional coupling, during conditions of retinal adaptation which
are not triggered by neuromodulators (Puller et al., 2009). In the mouse retina, horizontal cell
dendrites are coupled by gap junctions formed by connexin57 (Cx57), creating a light-
dependent, extensively coupled network (Hombach et al., 2004; Janssen-Bienhold et al.,
2009). However, the exact distribution of glutamate receptors in this region remains unknown,
and potential interactions between electrical and chemical synapses in the OPL of the mouse
retina have not yet been fully elucidated.

The recognition of topographic variations in horizontal cells (Camerino et al., 2021), adds
another level of complexity to the synaptic architecture at the pedicle base, potentially
influencing the receptive fields of downstream neurons - an aspect that remains incompletely

understood.

5.1 The AMPA subunits GluA2, GluA2/3 and GluA4 show
distinctive distribution patterns in the OPL of the mouse

retina

In this doctoral study, the precise spatial distribution of glutamate receptors on horizontal cells
in the OPL of the mouse retina was investigated, providing robust evidence for a specific
synaptic architecture - the desmosome-like junction - beneath the cone pedicle, that is
conserved across different mammalian species.

Previous studies have established that ionotropic glutamate receptors (iGIuRs) are localized
beneath the cone pedicles at the desmosome-like junctions between horizontal cell dendrites
in the primate retina (Haverkamp et al., 2000, 2001a, 2001b; Pan and Massey, 2023), as well
as in the rabbit retina (Pan and Massey, 2007). Glutamatergic input into mouse horizontal cells
is mediated exclusively by AMPA-type receptors (AMPARs) (Stréh et al., 2013, 2018)
containing the subunits GluA2 and GluA4 (Hack et al., 2001). Immunohistochemistry and
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confocal microscopy analysis carried out in this work revealed distinctive patterns of AMPAR
subunits, including GluA2, GIuA2/3 and GluA4 within the OPL of the mouse retina. The layered
distribution of AMPA receptors at each cone pedicle delineated the general staining patterns
of these subunits, mirroring observations previously reported in the primate retina (Haverkamp
et al., 2000, 2001a). Immunoreactivities of all three subunits were detected in the distal OPL
at the rod spherules and at the tips of horizontal cell dendrites, suggesting their proximity to
the synaptic ribbons, where horizontal cells receive a strong glutamatergic input. A third, at a
more proximal level, was observed beneath cone pedicles, situated at a depth of 1-2 um below
the synaptic ribbons of cone pedicles, at the desmosome-like junctions between HC dendrites
(Haverkamp et al., 2000). Interestingly, light microscopic analysis using different poly- and
monoclonal antibodies revealed the unequivocal presence of GIuA2 immunoreactivity beneath
the cone pedicles at the desmosome-like junctions, when the monoclonal anti-GluA2 antibody
was used (see Chapter 4.1 and Fig. 14), while the polyclonal anti-GluA2/3 antibodies revealed
no staining at this site, and GluA4 subunits were also not observed at this level in the OPL.
GIuA subunits display a unique molecular architecture, whereby the cytoplasmatic C-terminal
domain (CTD) is important for subunit-specific AMPAR-trafficking and synaptic plasticity. Both
processes involve protein interactions, that in turn can be modulated by phosphorylation. This
modulation process involves different protein kinases and phosphatases (for review, see
Shepherd and Huganir, 2007). Moreover, phosphorylation of the CTD of GluAs has been
shown to influence receptors characteristics such as channel conductance, peak channel open
probability and has an effect on auxiliary subunit enhancement of channel conductance
(Derkach et al., 1999; Kristensen et al., 2011).

In this study, distinctive clusters of GluA2 were detected beneath the cone pedicles using a
monoclonal antibody raised in mouse. This antibody specifically recognizes the amino acid
sequence 175-430 of the extracellular N-terminal domain (NTD) of GIuA2. In contrast, the
polyclonal antibodies anti-GluA2/3 recognize both GluA2 and GIuA3 subunits and is targeting
a peptide corresponding to amino acids 864-883 at the CTD of the rat GIuA2. As shown in this
study, both antibodies exhibited robust patterns of immunoreactivity at the processes of HC
axon terminals invaginating the rod spherules (see Fig. 14). But unexpectedly and in contrast
to the monoclonal anti-GluA2 antibody, the polyclonal anti-GluA2/3 antibodies failed to reveal
clusters of AMPA receptors below the cone pedicles. This outcome was observed despite
changes in antibody concentration and some parameters of the immunostaining protocol (data
not shown). This result was difficult to explain, because the same polyclonal anti-GIuA2/3,
however a different production charge, was used in a previous investigation (Stroh et al., 2018)
in the GluA2"1-GluA4™:Cx57*/" mouse line, to confirm the specific deletion of GIuA2 in HCs.
They could show that the GluA2/3-immunoreactivities were reduced to background in the

GluA2/4-deficient mice, a finding which pointed to the GluA2-specificity of these antibodies in
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the mouse and coincidently indicated that no other GIuA subunits (GluA3) were detected by it
in this experiment. However, one explanation for the discrepancy in the immunoreactivity
patterns revealed by the two antibodies in the present study might be the masking of the
epitopes caused by interaction with other membrane standing proteins after insertion of the
receptor subunits into the membrane and following fixation of the biological material,
respectively (Stradleigh and Ishida, 2015).

This is a known problem when immunocytochemistry is used to detect ionotropic glutamate
receptors (Baude et al., 1995; Petralia, 1997), particularly, when antibodies targeting the C-
terminal of the receptors are used, as it has been described for the GluA2 CTD, for which
masking by its interaction with the anchoring protein GRIP (glutamate receptor interacting
protein) is discussed (Dong et al., 1997; Morigiwa and Vardi, 1999).

In this study, a second antibody against GIuA2 (Tab. 1) was tested to analyze the spatial
distribution of the subunit in the mouse OPL. The rabbit monoclonal anti-GIuA2 targets an
epitope within 16 amino acids of the cytoplasmic CTD. Immunoreactivity was again observed
in the distal OPL at the level of the rods and at the invaginating processes into the cone pedicle.
However, no accumulation of GIuA2 beneath cone pedicles was detected (Fig. S1 —
Supplemental material). On the other side and based on the clear immunoreactivities found
with the polyclonal GluA2/3 antibodies in the distal OPL at the level of rod spherules, it is
tempting to speculate that the failure of these antibodies to detect GIUA2 clusters beneath the
cone pedicles is likely not due to epitope masking by a common AMPAR scaffolding-interacting
protein, such as GRIP. Instead, itis tempting to speculate that the different binding probabilities
of the polyclonal GluA2/3-antibodies in the distal and proximal OPL, at the different HC
compartments may be the result of different, intracellularly located protein conformation and
channel activity modulating systems (i.e. phosphorylation/dephosphorylation systems) at the
specific sites. As these modifications particularly appear at the intracellular CTD of AMPARSs
(Greger et al., 2017). This argument could also explain the clear labeling of the GIuA2 subunits
at the desmosome-like junctions by the monoclonal NTD-directed antibody, because the NTD
lies extracellular and would more likely be affected in its conformation (epitope binding
probabilities) by ligand-binding, assembly processes (Greger et al., 2017) or histological
fixation procedures.

Other antibodies that recognize the GIuA2 subunit by targeting the NTD, are available on the
commercial market. For example, the rabbit polyclonal anti-GluA2 from Alomone Labs (Cat #:
AGC - 005) is generated against a peptide [NVGNINNDKKDETYR(C)], corresponding to
amino acid residues 179-193 on the NTD of rat GIuA2. Immunostainings performed with this
antibody should display accumulation of the GIuA2 subunit at the desmosome-like junctions.
AMPAR responses kinetics are shaped at multiple levels including post-translational

modification such as phosphorylation and palmitoylation that occur at the CTD of the subunits
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(for reviews, see Greger et al., 2017; Matthews et al., 2021). In the retina, the phosphorylation
event represents the final step in the process through which dopamine regulates neuronal
circuit functions, in dependence upon the light conditions (for review, see Roy and Field, 2019).
It would be valuable to explore whether immunostaining with the anti-GluA2/3 and the
monoclonal anti-GluA2 antibodies reveals GIuA clusters beneath the pedicle in different light-
adapted retinas. An intriguing direction for further investigation would be to conduct the same
experiments on retinas adapted to varying light conditions, incorporating the antibody targeting
GluA4, given that its epitope is also located at the CTD. Notably, no GluA4 clusters were
generally observed beneath the pedicle in this study. Further observations regarding the
composition of synaptic glutamate receptors support these experiments. Activity-driven
synaptic plasticity is a fundamental feature across the central nervous system, often relying on
conserved mechanisms that enable neurons to adapt to dynamic environmental signals (for
reviews, see Malinow and Malenka, 2002; Derkach et al., 2007). In retinal ganglion cells
(RGCs) for example, this plasticity is reflected by changes in the composition of AMPA-type
glutamate receptors, specifically the proportion of surface GluA2-containing AMPARSs in On
RGCs (Xia et al., 2006, 2007). Changes in the expression of proteins that bind to the glutamate
receptors such as GRIP, activity-regulated cytoskeleton-associated protein (Arc) , and the
protein interacting with C kinase 1 (PCK1), driven by visual activity provide a mechanism
through which ambient light can modulate synaptic function, highlighting how external cues
influence AMPAR-mediated plasticity (Casimiro et al., 2013).

Unlike other mammals, which possess two types of HCs, the mouse retina contains only one
type of HC, which resembles the B-type axon-bearing HC of the rabbit retina (Peichl and
Gonzalez-Soriano, 1994). In the rabbit retina, both the A-type axonless HCs and the B-type
HCs exhibit clusters of GluA2/3 and GluA4 on their dendrites, beneath the cone pedicle (Pan
and Massey, 2007). Similarly, in the primate retina, both H1 and H2 HCs exhibit the presence
of GluA2, GIuA2/3 and GluA4 clusters at the desmosome-like junctions (Haverkamp et al.,
2000, 2001a). The primate H1 and H2 HCs are both axon bearing: the H1 cell axon terminal
exclusively contacts rods, similar to the mouse B-type cell (Pan and Massey, 2007, 2023) and
the H2 axon terminal has only sparse collaterals, which contact only cones (Kolb et al., 1980).
The H1 HC dendrites contact all red/green cone pedicles but have sparse or no contact with
blue cones, whereas H2 cells preferentially target blue cone pedicles while also connecting
with all cones within their dendritic field (Dacey et al., 1996; Goodchild et al., 1996). H1 HC
dendrites express the kainate subunits GIluK2/3 (GIuR6/7 old nomenclature) at the
desmosome-like junctions, whereas H2 HCs, which mostly innervate S-cones, show no
expression of GluK2/3. Finally, B-type HC dendrites in the cat retina express GIuA2/3 strongly,
GluK2/3 weakly and do not express GluA4, whereas the A-type HCs express all the subunits
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strongly (Morigiwa and Vardi, 1999; Qin and Pourcho, 2000). It is worth emphasizing that H2
cells of the primate retina are homologous to cat A-type HCs (Sandman et al., 1996; Peichl et
al.,, 1998; Wassle et al., 2000). However, at S-cone pedicles in the primate retina no
predominant expression of GluA4 has been observed, as might be expected (Haverkamp et
al.,, 2001a). AMPARSs are tetrameric ion channels that function as homo- or heterotetramers,
composed of various combinations of the subunits GluA1-4 (Boulter et al., 1990; Keinanen et
al., 1990). Each subunit plays a distinct role in determining channel kinetics, ion selectivity, and
receptor trafficking, making heteromerization a crucial factor in the functional diversity of these
receptors (Traynelis et al., 2010; Greger et al., 2017). An important consideration is that GIluA2
exhibits a significantly higher affinity for GIuA3 compared to GIuA3 self-assembly, thereby
preferentially promoting the formation of GluA2/3 heterodimers (Rossmann et al., 2011; Zhao
et al., 2016). This high-affinity interaction ensures that GIuA2 is predominantly incorporated
into AMPAR heterotetramers, limiting the formation of GIuA3 homotetramers. Additionally, Q/R
editing of GIuA2 (see next section) impedes its ability to form homotetramers, further
enhancing the availability of GIuA2 for incorporation into GluA2/3 heterodimers and reinforcing
the predominance of GluA2-containing receptors in neurons (Greger et al., 2002). Therefore,
an exclusive composition of AMPA receptors by GIuA2 at desmosome-like junctions, and the
resulting more intense labeling compared to the rabbit polyclonal antibody, can be excluded.
Depending on their subunit composition, some AMPA receptors may mediate phasic
responses, while others may be responsible for more tonic responses to visual stimuli (for
review, see Wassle, 2004). The kinetics of synaptic responses, driven by receptor subunit
composition, are tailored to the specific roles of the synapse and cell type within the neural
circuit (Traynelis et al., 2010). Thus, comparing the distinct distribution patterns of AMPAR
subunits observed in this study with previous research on primate and rabbit retinas proves
challenging. While GluA2, GIuA2/3, and GluA4 were observed at the triads of horizontal cell
invaginating processes in both primate and mouse retinas, in the mouse retina, only GluA2
was detected at the desmosome-like junctions, despite the expectation that GluA2/3 should
also be present. This result is in contrast to that observed in the primate retina, where all of
three subunits were found at the desmosome-like junctions. What is consistent with other
mammals is the distinct distribution of AMPA receptors at different levels at the cone pedicle.
This suggests that the composition of AMPARs may be modulated to meet the specific needs
of visual signal processing in different species. Whether the unique synaptic organization in
the mouse retina is related to the presence of a single horizontal cell type, possibly reflecting
adaptation to low-light or nocturnal environments dominated by rod photoreceptors (Boije et

al., 2016), remains controversial and widely debated (Peichl, 2010).
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However, it is plausible to suggest that the distinct AMPA receptor patterns observed in
horizontal cells in the context of this thesis work, are specific to the mouse retina, in comparison

to what characterizes AMPA receptor distribution in other mammals.

5.2 Mouse desmosome-like junctions architecture

Desmosome-like junctions are distinguished by a distinctive synaptic configuration and the
absence of desmosome markers, which indicates that they are not desmosome or adherens
junctions (Gumbiner, 1996; Paffenholz et al., 1999). AMPARSs are expressed by both horizontal
cell members beneath the cone pedicle, where they form two postsynaptic densities that face
each other, linked together in the same way as presynaptic and postsynaptic densities in
conventional synapses and aggregate at these desmosome-like structures (Haverkamp et al.,
2000, 2001a; Puller et al., 2009). Thereby, the glutamate released at the ribbon acts both at
the direct synaptic contacts and through diffusion to the deeper GluAs (Rao-Mirotznik et al.,
1995, 1998; Haverkamp et al., 2000, 2001a). As a result, variations in the location of AMPA
receptors along horizontal cell processes contribute to the complexity of synaptic transmission
by introducing subtle timing differences, typically ~ 1 ms (for review, see Barbour and Hausser,
1997; Rusakov et al., 2011). These differences are likely crucial for signal processing, with
AMPARs positioned near the photoreceptor ribbon synapse activating earlier than those
located at desmosome-like junctions (Hack et al., 2001; Haverkamp et al., 2001a, 2001b). In
the primate retina, it has been hypothesized that the GluAs at the desmosome-like junctions
solve a logistical problem of “packing” of postsynaptic sites at the synaptic ribbon by adding
an additional layer. It is plausible that this solution may also be adopted in the OPL of the
mouse retina. Confocal image analysis carried out in this work, revealed a distribution of GIluA2
beneath the pedicle that resembled the shape of a "bouquet of flowers," wherein the GIuA2
immunoreactivity narrowed downward in the proximal OPL, along the structure of the fine HC
dendrites that invaginate at the base of the cone pedicle. Unlike the broad, aligned bands
observed in primates, whole-mounted mouse retinas reveal a more intricate structure that
extends and then narrows in depth (see Section 4.1.2). Despite these differences, the crucial
arrangement for the desmosome-like junctions appears to be the location below the cone,
aligned with the glutamate release site at 1-2 um from the synaptic ribbon. Furthermore, GIuA2
expression was found in the present study, in close association with the dendritic gap junctions
of the horizontal cells (Cx57) and the scaffolding protein ZO-1, suggesting a synaptic
architecture below the cone pedicle that characterizes dendritic HC connection sites in the

retina of many mammals, including mice.
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Zonula ocludens-1 (ZO-1) belongs to the MAGUK family proteins. It is a membrane-associated
scaffolding protein that links junctional membrane proteins to the cytoskeleton and signaling
plaque proteins (for reviews, see Hartsock and Nelson, 2008; Paris et al., 2008). However, it
also interacts with connexins at electrical synapses (Giepmans, 2004; Lynn et al., 2012). In
the OPL of mouse, rabbit and primate retinas, ZO-1 revealed a consistent organization: (l) It is
found in association with Cx57 at the dendro-dendritic gap junctions of mouse HCs, (Il) with
Cx50 of axonless A-type HCs, both below the cone pedicle and at the giant plaques in the
rabbit retina and (lIl) located at the desmosome-like junctions on H1 horizontal cell dendrites
in the primate retina (Puller et al., 2009). Thus, a multifunctional role has been suggested for
Z0-1 at the desmosome-like junctions, since, as scaffolding protein it is able to interact with
connexins via its first and second PDZ domains (Li et al., 2004b; Flores et al., 2008), and
simultaneously it can act as a link between the cytoskeleton and the local transmembrane
proteins via its GUK domain and its proline-rich C-terminal domain (Fanning et al., 1998). In a
model, Puller et al., (2009) suggested that connexins are closely associated with glutamate
receptors at desmosome-like junctions, in that manner the gap junction is flanked by a fence-
like boundary of tight or adherens junctions, where ZO-1 anchors transmembrane proteins to
the cytoskeleton, rather than directly and exclusively interacting with connexins. In support of
this hypothesis, electron microscopy studies described that Cx57-immunoreactive gap
junctions in mouse horizontal cells are flanked by zonula adherens (Janssen-Bienhold et al.,
2009) as shown previously for dendritic gap junctions in cat (Kolb, 1977) and turtle (Kolb and
Jones, 1984). Associations between gap junctions and ZO-1 have been also observed at the
junctions between primary dendrites of horizontal cells in macaque and rabbit retinas (Puller
et al., 2009). In the dorsal retina of the mouse, string-like structures of colocalized ZO-1 and
Cx57 were frequently observed, extending beyond the cone pedicle regions and they were
generally found at a deeper, more proximal level in the OPL (see Section 4.2.3). Although not
exhaustively investigated, these structures appeared to be comparable to those observed in
the macaque and rabbit. This analogy is also supported by the observation that, in the superior
(dorsal) rabbit retina, the largest gap junctions appeared as "strings" between adjacent
dendrites, while rounder structures were more prevalent in the inferior (ventral) retina (O’Brien
et al., 2006). Light microscopic analysis of ZO-1 and Cx57 in the present study confirmed the
colocalization of these proteins beneath the cone pedicle. However, the observed
colocalization between ZO-1 and Cx57 in this study should also be interpreted as a result of
the small size of Cx57 plaques and the inherent resolution limitations of confocal microscopy.
Consequently, ZO-1 may form these fence-like structures independently, as a tight junction
protein, in the mouse retina, rather than interacting exclusively with Cx57. High-resolution
fluorescence imaging carried out in this study, sought to represent the potential structural

organization of ZO-1 and Cx57 (see Fig 28). Images from the dorsal side of the mouse retina,
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where ZO-1 and Cx57 plaques appeared linearly arranged and larger in size, respectively,
seemed particularly well-suited to illustrate this association. The ZO-1 structures often
appeared to accommodate Cx57-containing gap junctions, suggesting a possible localization
of ZO-1 around these regions. A way to address this question and obtain additional information
would be to use super resolution fluorescence microscopy (Huang et al., 2010). Conventional
fluorescence microscopy is limited by relatively low spatial resolution because of the diffraction
of light (Abbe, 1873). Although confocal microscopy, along with advanced laser sources and
improved optics, can enhance resolution, the diffraction limit remains about 200—300 nm in the
lateral direction and 500—700 nm in the axial direction, which is comparable to or larger than
many subcellular structures (Kamasawa et al., 2006; Janssen-Bienhold et al., 2009). With a
stimulated emission depletion (STED) microscope, resolution of fluorescently stained
structures down to well below 100 nm is possible (Hell and Wichmann, 1994; Klar and Hell,
1999). Other techniques also include the saturated structured-illumination microscopy (SSIM)
(Gustafsson, 2005) as well as techniques that are based on the localization of individual
fluorescent molecules, such as stochastic optical reconstruction microscopy (STORM) (Rust
et al., 2006), or the photoactivated localization microscopy (PALM) (Hess et al., 2006). If ZO-
1 is indeed involved in forming tight or adherens junctions around gap junctions, then with
increased spatial resolution by an order of magnitude or more over the diffraction limit, the ZO-
1 plaques beneath the cone pedicle might appear as ring-shaped or fence-like structures,
much like the patterns observed at connexin plaques in rabbit A-type horizontal cells by Puller
et al., (2009). Understanding synaptic function and plasticity requires detailed mapping of
molecular organization and dynamics at synaptic sites.

Super-resolution fluorescence microscopy meets these needs with molecule-specific contrast,
nanometer-scale resolution, and live tissue imaging capabilities (Huang et al., 2010). However,
the resolution is limited by the quality of fluorescent probes, and factors such as
photobleaching, high-intensity laser requirements, and slower image acquisition times can
pose significant challenges.

Finally, ZO-1 expression is not only distributed in a type-specific manner - i.e. primate H1
horizontal cells - but is also restricted to the dendro-dendritic gap junctions in the mouse retina
as well (Puller et al., 2009). Previous research on goldfish retinal horizontal cells has shown
that dopamine differentially influences connexin density in dendrites versus axon terminals
(Baldridge et al., 1987). Specifically, dopamine significantly reduced connexin levels in dendro-
dendritic gap junctions, while axo-axonal junctions were less affected. Additionally, another
study on vascular endothelial cells have demonstrated that dopamine can alter the
permeability of tight junctions by phosphorylation, involving occludin and ZO-1 (Bhattacharya
et al.,, 2008). In regulating endothelial cell-cell junctions, ZO-1 plays a central role by

coordinating multiple processes that control adherens junctions and influence endothelial
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behavior and function (Tornavaca et al., 2015). These findings suggest that ZO-1 may
contribute not only to the structural integrity of gap junctions but also to their regulation through

more complex pathways, including modulation by neurotransmitters like dopamine.

5.3 The interplay between desmosome-like junctions and gap-

junctions in the mouse retina

The close association of gap junctional plaques and glutamate receptors beneath the cone
pedicle observed in different mammals, suggests a potential role for AMPARSs in modulating
gap junction permeability, facilitating rapid light adaptation independent of neuromodulators
like dopamine (Puller et al., 2009). Modulation by glutamate receptor is more spatially
restricted and selectively influencing the conductance of nearby gap junctions (Pereda et al.,
2004). Thus, in the case of the rabbit retina, giant horizontal cell gap junctions may be
predominantly modulated by dopamine, while the smaller dendritic gap junctions beneath the
cone pedicles could be influenced by calcium and potentially dopamine as well (Puller et al.,
2009).

This thesis demonstrates that in the mouse retina GluA2-subunits containing receptors at
desmosome-like junctions, which are located at proximal dendrites of horizontal cells beneath
the cone pedicle, are closely associated with Cx57-containing gap junctions. This spatial
proximity between GIuA2, involved in chemical signaling, and Cx57, involved in electrical
signaling, along with the scaffolding protein ZO-1, may indicate potential protein-protein
interactions occurring at these sites. To address this topic by means of immunohistochemistry,
the contiguous presence of electrical and chemical synapses at desmosome-like junctions,
was further verified by immunolabeling the retinas of different transgenic mouse lines with the
appropriate antibodies, followed by qualitative analyses. Immunostaining of retinas from the
Cx57-deficent mouse line (Hombach et al., 2004), was conducted to assess changes in the
expression patterns of glutamate receptor subunits GluA2, GIuA2/3, and GluA4. Notably, no
significant qualitative differences were observed compared to wild-type tissue. However, ZO-
1 immunostaining indicated a trend towards more compact clusters, with fewer string-like
structures and a slight shift towards a more punctate pattern (see Section 4.2.2). In Cx57-
deficent mice, tracer coupling between horizontal cells was reduced by more than 99%.
However, no morphological alterations or impaired development of horizontal cells structure
and distribution were observed (Hombach et al., 2004; Shelley et al., 2006). In addition,
electron microscopy analysis revealed the presence of numerous sites along adjacent

horizontal cell processes that resemble adherent junctions (Janssen-Bienhold et al., 2009).
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Finally, the genetic profile of Cx57 KO mice demonstrated the complete absence of mMRNA
transcripts within the remaining coding regions after the insertion of the LacZ gene reporter
sequence (Ciolofan et al., 2007). This experiment rules out the presence of an “incomplete”
knock-out of Cx57 in this mouse line and the consequent presence of functionless connexin
portions, unrecognized by the antibodies but still capable of interacting with ZO-1 and the
desmosome-like junctions through a preserved PDZ binding domain. Taken together, these
findings underscore the ambiguity regarding the precise role of ZO-1 at the desmosome-like
junctions. As a member of the MAGUK family, ZO-1 contains three PDZ domains that facilitate
interactions with various proteins, including those involved in tight junctions, adherens
junctions, and gap junctions (Gonzalez-Mariscal et al., 2000, 2003; Singh et al., 2005).
Thereby, a variety of connexins interact with ZO-1 (Giepmans, 2004; Li et al., 2004a, 2004b,
2004c; Flores et al., 2008; Lynn et al., 2012). However, in contrast to other connexins, Cx57
lacks a PDZ binding motif (Ciolofan et al., 2007), suggesting that a classical direct interaction
with ZO-1 is unlikely. If ZO-1 and Cx57 had interacted directly, one would expect a noticeable
change in the expression pattern of ZO-1 in Cx57-deficient mice. The lack of such changes
suggests that ZO-1 may serve additional roles at desmosome-like junctions with Cx57, beyond
simply anchoring gap junctions to the cytoskeleton.

The three GIuA subunits also did not exhibit significant alterations in their immunostaining
patterns, which suggests that the absence of Cx57 gap junctions beneath the cone pedicle
does not result in notable spatial or structural consequences for glutamatergic transmission at
these specific sites (see Section 4.2.2). A reduction in input resistance resulting from the
upregulation of a conductance as a compensation for the absence of Cx57 was observed in
dissociated horizontal cells from Cx57 KO mice when compared to wild-type cells (Shelley et
al., 2006). However, later studies revealed that horizontal cells from mice with one or two
alleles of Cx57 exhibited striking similarities, displaying comparable glutamate dependence

and mean resting membrane potential (Stréh et al., 2013).

In contrast, the verification of Cx57 and ZO-1 expression in GluA2/4 KO retinas revealed
significant findings. Qualitative analysis showed a striking reduction in both Cx57 and ZO-1
immunoreactivity beneath the cone pedicle (see Section 4.2.1). In this mouse line, Cre
recombinase is placed under the control of the Cx57 promoter to specifically excise GluAs
sequences in horizontal cells. The expression of a single Cx57 allele reduces horizontal cell
electrical coupling and receptive field size (Shelley et al., 2006), as well as the number and
area fraction of Cx57 clusters compared to control mice (Stréh et al., 2013). Despite this
reduction, immunolabeling of Cx57 and ZO-1 in heterozygous Cx57+/CRE mice continued to
show distinct clustering and colocalization beneath the cone pedicles, qualitatively resembling

that observed in wild-type mice. Therefore, it is reasonable to presume that the absence of
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GluA2 and GluA4 subunits exert a direct or indirect functional impact on the clustering of Cx57
and ZO-1 at the desmosome-like junction. GIuA2 and GluA4 subunits are the key components
of the glutamatergic input to HCs in the mouse retina, contributing approximately 25% and
75% to the glutamate-induced currents, respectively (Stréh et al., 2013, 2018). Furthermore,
based on the findings presented in this thesis and those of previous studies, it is tempting to
suggest that the absence of the GIuA2 subunit specifically contributes to the impaired
expression of ZO-1 and Cx57 beneath the cone pedicle. The present study identified the GIuA2
subunit as a potential candidate for the formation of desmosome-like junctions in the mouse
OPL. Immunostainings for the GIuA2/3 and GluA4 subunits, conducted both in this thesis and
in previous studies, have either not detected their presence or shown that they are absent
beneath the pedicle. Previous investigations into Cx57 immunoreactivity in GluA4 knockout
mice - where GluA4 contributes approximately 75% of the input currents to horizontal cells -
revealed a roughly 50% reduction in Cx57 expression area fraction, consistent with the
expected impact of a missing allele (Stroh et al., 2013). At the same time, structural and
morphological analyses in GluA4- and GluA2/4-defincient mice, conducted using both electron
microscopy and immunohistochemistry, were restricted to examining potential alterations at
the triad synapse, without assessing changes at the desmosome-like junction level. However,
Cx57 immunoreactivity was not analyzed in GluA2/4 deficient mice (Stroh et al., 2018).
Interestingly, the same authors have previously reported the effect of the loss of one Cx57
allele on ganglion cell tuning in GluA4fl/fl:+/Cre mice, where glutamate-evoked currents in
horizontal cells were reduced by 75% (Stroh et al., 2013). No significant changes in t-OFF
RGC responses to frequency or contrast were observed. Concluding that the remaining 25%
of photoreceptor input is sufficient for normal visual processing and suggesting that the loss of
one Cx57 allele does not account for the observed changes in GluA2/4-deficient mice. Based
on these findings, it would be worthwhile to conduct similar experiments and observations
using a GluA2-deficient mouse line with the same Cre-recombinase system (GluA2fl/fl:+/Cre)

and compare t-OFF RGC responses with the one from GluA4-deficent mice.

The extent to which HC coupling is modulated by dopamine is regulated by both, the circadian
rhythm and the light adaptation state of the retina (Tornqvist et al., 1988; Xin and Bloomfield,
1999; He et al., 2000; Ribelayga and O’Brien, 2017; Roy and Field, 2019). For instance, as
daylight increases at dawn, dopamine is released by dopaminergic amacrine cells (ACs)
(luvone et al., 1978) in the inner retina, diffuses to the outer retina, and reduces electrical
coupling in the HC network (for review, see Witkovsky, 2004). Activation of D1-receptors
enhances adenylate cyclase activity, thereby increasing CAMP content and activating protein
kinase A (PKA), which in turn decrease the electrical conductance of gap junction channels by

phosphorylation of the connexins (Piccolino et al., 1984; Lasater, 1987; Hampson et al., 1994;
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He et al., 2000). Dopamine is also released in the retina upon light exposure (Weiler et al.,
1997), but conductance changes in gap junctions between horizontal cells by glutamate or
calcium influx may serve as a modulatory mechanism in darkness that compensates for this
effect (Solessio and Lasater, 2002; Schubert et al., 2006). The retinal horizontal cell network
is also subject to modulation by the neuromodulator nitric oxide (NO) (Pottek et al., 1997; Xin
and Bloomfield, 2000). NO decrease the glutamate receptor affinity, leading to suppressed
receptor responses. However, at high glutamate concentrations, such as those at the
photoreceptor—horizontal cell synapse in the dark, NO increases the maximal glutamate
current, resulting in enhanced glutamate-evoked currents and depolarization of the horizontal
cell membrane. Overall, NO/PKG and dopamine/PKA modulate both glutamate receptors and
gap junction channels in horizontal cells through distinct but potentially overlapping molecular
sites, producing significant comodulating effects (McMahon and Schmidt, 1999). Therefore, in
addition to dopamine, the close proximity of GIuA2 and electrical synapses beneath cone
terminals could indeed, modulate horizontal cell coupling, explaining the presence and
necessity of a secondary expression location of glutamate receptors at the desmosome-like
junctions (Puller et al., 2009).

It is well-established that among the four AMPA receptor subunits, the inclusion of Q/R-edited
GluA2 in the formation of homo- or hetero-tetrameric receptors reduces the calcium influx
through the channel (for reviews, see Hollmann and Heinemann, 1994; Jonas and Burnashey,
1995; Guo and Ma, 2021). Studies on mouse retinal horizontal cells have shown that kainate
receptors contribute to calcium influx (Schubert et al., 2006). However, the calcium influx
mediated by kainate receptors was lower than that of AMPAR, likely due to the relatively
smaller number of expressed receptor subunits. Despite these observations, GIuA2 still
accounted for 25% of the photoreceptor inputs in HCs (Stroh et al., 2013, 2018).

The interplay between electrical and chemical synapses is a vast and complex topic, with
numerous exceptions and still controversially discussed (for reviews, see Pereda, 2014;
Jabeen and Thirumalai, 2018). Based on the findings from the present work, the mechanisms
driving the failure of Cx57 and ZO-1 to organize beneath the cone pedicle in the absence of
GluA2/4 remain speculative. Furthermore, although the observation of a functional interplay
between GlaAs and Cx57 at the desmosome-like junctions was evident, proper quantification
is still needed to strengthen the qualitative analyses conducted in the project. This would
involve precise measurements of the positive area covered by ZO-1 and Cx57 immunostaining
within circular ROIs beneath each pedicle, using a method similar to the analysis applied to
assess the asymmetrical distribution of Cx57 across the retina (see Section 4.3). One
hypothesis is that Cx57 hemichannels and GluA2-containing AMPA receptors are co-

transported in the same vesicle to a common destination at the desmosome-like junction.

81



Discussion

In the absence of the GIuA2 subunit, this transport system becomes incomplete and fails to
reach its destination. Consequently, the simultaneous absence of both Cx57 and GluA2-
containing receptors at the desmosome-like junction significantly disrupts the organization of
Z0-1, affecting its role both as a scaffolding protein and as a connexin anchoring protein.
However, co-transport of gap junction components and glutamate receptor subunits in the
same vesicle would be highly unusual, since these two proteins undergo different cellular
processes and are generally trafficked via distinct mechanisms within neurons. AMPAR are
initially translated and inserted into the endoplasmic reticulum (ER), where crucial steps such
as folding, dimerization, tetramerization and auxiliary subunit association take place. After
export from the ER, AMPARSs are typically transported in vesicles that are specifically destined
for the postsynaptic membrane. This process involves various proteins that regulate receptor
trafficking, insertion, and removal of AMPARSs from the synaptic membrane (for reviews, see
Malinow and Malenka, 2002; Greger et al., 2017; Matthews et al., 2021). Connexins, on the
other hand, are transported via the ER for complete oligomerization and usually via the Golgi
apparatus for further post-translational modification before being delivered to the plasma
membrane, where they form hemichannels that eventually dock with hemichannels on
adjacent cells to form gap junctions (for reviews, see Laird, 2006; Matsuuchi and Naus, 2013;
Kirichenko et al., 2021). To date, no specific studies have demonstrated the occurrence of co-
transport between glutamate receptors and connexins. Confocal microscopy provides high
spatial resolution and optical sectioning but is primarily suited to give structural information and
intensity-based fluorescence measurements. In contrast, other imaging techniques can offer
insights into molecular interactions and environmental changes within cells. Therefore, an
experimental approach to address this question could involve the use of fluorescent-protein-
tagged connexins or AMPAR subunits to reveal their trafficking in the mouse retinal HCs (Lauf
et al.,, 2002; Thomas et al., 2005). Other techniques that could be employed include
fluorescence resonance energy transfer (FRET), bi-molecular fluorescent complementation
(BiFC - (Ciruela, 2008) and fluorescence lifetime imaging microscopy (FLIM) (Datta et al.,
2020). FRET allows to detect interactions between molecules that are in close proximity
(typically 1-10 nm), providing real-time information about protein-protein interactions,
conformational changes, or signaling events within live cells. In contrast, FLIM measures the
fluorescence lifetime of excited fluorophores, providing insights into the local micro-
environment (e.g., pH, ion concentration, or molecular interactions) and changes in molecular
dynamics independent of fluorophore intensity. While both techniques improve our
understanding of cellular processes, they also present challenges, including the need for
advanced equipment, careful selection of fluorophores, and complex data analysis. Advances
in light microscopy imaging, along with the availability of genetically encoded fluorescent

proteins, offer the necessary tools to observe the spatial and temporal distribution of protein
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interactions within living cells (for review, see Sekar and Periasamy, 2003). Finally,
fluorescence recovery after photobleaching (FRAP), is a method for determining interaction
and mobility through cell membranes or intracellular structures. Molecules of interest are
tagged with fluorescent markers and their location is followed by photobleaching with confocal

laser scanning microscopes (Meyvis et al., 1999; Lauf et al., 2002).

Glutamate chemical transmission interacts with electrical synapses at mixed synapses, such
as those at the "club endings" on teleost Mauthner cells (Pereda et al., 2004). Activation of
these synapses leads to long term potentiation (LTP) of both electrical and glutamatergic
components, demonstrating activity-dependent plasticity in both forms of transmission (Yang
et al., 1990). Potentiation of electrical transmission is initiated by the activity of the coexisting
glutamatergic synapse and require an increase of postsynaptic calcium level and the activation
of the calcium/calmodulin-dependent protein kinase Il (CaMKIl) (Pereda et al., 1998). CaMKI|I
was found to phosphorylate Cx36 at Ser293, enhancing gap junctional coupling within the All
mouse retinal amacrine cell network, upon activation of non-synaptic NMDA receptors
colocalizing with Cx36 on these cells (Kothmann et al., 2012). CaMKIl is an important
component of the postsynaptic density at chemical synapses and plays a key role in activity-
dependent plasticity mechanisms (Kennedy, 1997). Additionally, CaMKII has been studied in
horizontal cells of the carp and mouse retina, where it is implicated in synaptic modulation and
plasticity (Liu et al., 2000; Schultz et al., 2004).

Mixed synapses or the co-occurrence of chemical and electrical synapses provide clear
evidence that glutamatergic and electrical synapses interact (for review, see Pereda, 2014).
Therefore, it is reasonable to conclude that the dendritic gap junctions of mouse retinal
horizontal cells, closely associated with desmosome-like junctions, are modulated by calcium
influx dependent on glutamatergic signaling. This modulation likely occurs through the
activation of CaMKII (Alev et al., 2008; Flores et al., 2010) which, in the absence of GluA2-
containing AMPA receptors, is unable to maintain its kinase activity necessary for effectively
regulating the structural aggregation of Cx57-containing gap junctions. To prove the role of
CaMKIl in modulating the aggregation of Cx57, several experimental approaches could be
employed: genetic manipulation using a conditional knockout model to delete the CaMKIl gene
specifically in horizontal cells adopting the Cre-recombinase system under the Cx57 promoter.
Alternatively, overexpress a dominant-negative form of CaMKII to disrupt its activity. In both
cases, disrupted or altered Cx57 aggregation in these genetically modified animal retinas
would indicate a role for CaMKII in the process. Confocal microscopy with CaMKII antibodies
could be used to assess its expression and distribution in wild-type and transgenic mouse

retinas. An interesting approach for further investigation would be to evaluate horizontal cell
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tracer-coupling in GluA2/4-deficient mice while modulating CaMKII activity with an agonist and

comparing this coupling to wild-type conditions treated with a CaMKI|I inhibitor.

Unlike what was observed in Cx57-Cre mice, in GluA2/4-deficient mice, where one allele of
Cx57 is retained, Cx57-containg gap junctions fail to cluster and colocalize with ZO-1 beneath
the cone pedicle. To better understand the components and mechanisms modulating this
interaction, it would be valuable to investigate what contributes to the absence of Cx57 plaques
beneath the cone pedicle. Specifically, it would be important to determine whether Cx57
expression is downregulated or if the protein is not correctly accumulated at the desmosome-
like junctions. Connexin expression levels can be determined using SDS-PAGE followed by
immunoblotting to quantify the protein amount. Additionally, RT-PCR can be employed to
detect and quantify Cx57 mRNA, allowing for the evaluation of its expression at the
transcriptional level. Based on the results of the experiment, it might be interesting to further
investigate the presence of a signaling cascade and transcriptional regulatory pathways

triggered by AMPARSs in mouse retinal horizontal cells.

It is particularly intriguing that ZO-1 was found significantly reduced to a narrow cluster of
puncta, likely associated with Cx36 on OFF-bipolar cells at the base of the cone (Ciolofan et
al., 2007; Puller et al., 2009) in GluA2/4 KO mice, while the same ZO-1 showed only a slight
alteration in Cx57 complete knockout animals (Cx57-LacZ mouse line). Double labeling of
Cx36 and ZO-1 in GluA2/4-deficent mice, may reveal all “remaining” ZO-1 puncta are
colocalized with Cx36. ZO-1 is widely expressed in various tissues, including the CNS, where
it plays a multifunctional role as a tight junction protein and/or scaffolding protein and/or
regulatory component at electrical synapses (Li et al., 2004b, 2008; Rash et al., 2004; Ciolofan
et al., 2006, 2007; Puller et al., 2009). ZO-1 may function in neuronal gap junctions similarly to
how postsynaptic density proteins operate at glutamatergic synapses. Likewise, electrical
synapses require a specific molecular machinery to facilitate the turnover of gap junction
channels (Pereda, 2014), ZO-1 could anchor regulatory molecules such as protein kinases like
CaMKIl and cAMP-dependent protein kinase (Flores et al., 2008), thereby promoting the
accumulation of Cx57. Neuronal signaling pathways mediated by PKC (Stuart and Nigam,
1995) or CaMKII (Pereda et al., 2013; Pereda, 2014) may also modulate synaptic strength and
plasticity by altering phosphorylation state, localization and function of ZO-1. There is evidence
that ZO-1 controls gap junction channel aggregation and turnover at the edges of gap junctions
and thereby regulates the size and stability of gap junctions (Hunter et al., 2005). In mouse
retinal horizontal cell dendrites, the absence of AMPAR subunits, particularly GIuA2 at the
desmosome-like junctions, could disrupt the phosphorylation state of the ZO-1/Cx57 complex

impairing the organization of ZO-1 string-like structures at the border of this region and in turn
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affecting the normal compartmentalization of Cx57-containing gap junctions at the
desmosome-like junctions. Further investigations targeting these kinases could elucidate their
roles and interactions in synaptic plasticity and the regulation of these synaptic components.
Taken together, the findings of the present thesis and their discussion point to the presence of
a complex modulation system at the “mixed” desmosome-like junctions. On one hand, the
release of neuromodulators like dopamine activates specific metabotropic G protein-coupled
receptors (D1-5 dopamine receptors), initiating a signaling cascade through cAMP-PKA that
modulates synaptic communication between cells. On the other hand, modulation occurs via
a calcium influx-dependent signaling cascade through AMPARSs, likely mediated by CaMKII.
The kinase activity of CaMKIl may facilitate the assembly and regulation of the Cx57/Z0-1
complex at the desmosome-like junctions. However, other calcium-dependent modulation,
such as calmodulin, could also be involved (Peracchia, 2020; Tran et al., 2023). As suggested,
these two mechanisms of gap junction conductance modulation reflect a global regulatory
effective mechanism through neuromodulators, and a local modulation pathway via AMPARSs
beneath the cone pedicle, which together could explain the precise adaptation of coupling at

varying light conditions (Puller et al., 2009).

5.4 The dorso-ventral density gradient of horizontal cells is

reflected in distinctive changes of dendritic gap junctions

The following sections will discuss the cell density profile of horizontal cells, with a particular
focus on the asymmetrical distribution of Cx57-containing gap junctions between the dorsal
and ventral regions of the retina. These findings will be interpreted in relation to the results
presented in this thesis. Further conclusions regarding horizontal cell morphology and
physiological implications, are provided in the attached article.

This study (HC density project, in collaboration with Lucia Lindenthal, Christoph Block and Asli
Pektas) presented a detailed analysis of the horizontal cell density, which in the further course
of the project revealed a significant matching with the synaptic architecture beneath the cone
pedicle and an alignment with the topographic specialization of the S-opsin transition zone.
Cell density gradients and morphological variations among cell types are well known to exist
across the mammalian retina (for reviews, see Baden et al., 2020; Heukamp et al., 2020).
Recent findings show that, along with OFF bipolar cells, horizontal cell density varies dorso-
ventrally, being lower in the dorsal and higher in the ventral retina (Camerino et al., 2021).
However, the observations derived from sampling different retinal regions mostly just revealed
a trend in HC distribution. Here, the detailed distribution across the entire retina confirmed this

trend and added further attributes. A sharp increase in density was observed at the transition
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zone, with lower density towards the dorsal retina above this boundary and higher density
towards the ventral retina below it. The close correlation between the HC density and the S-
opsin transition zone does not represent only a simple separation between upper/dorsal retina
and lower/ventral retina. Instead, it reflects a functional segregation of distinct features that
characterize the upper and lower visual fields of the mouse, with the photoreceptor transition
zone aligning with the horizon of the visual field (Baden et al., 2013; Nadal-Nicolas et al., 2020;
Qiu et al., 2021; Sharpe et al., 2022). This is supported by the fact that the HC density pattern
resembled the density gradient of mouse ganglion cells, which show a distinct global density
gradient with many more cells found in the ventral retina (Salinas-Navarro et al., 2009; Duda
et al., 2023) and mouse photoreceptors (Ortin-Martinez et al., 2014; Nadal-Nicolas et al.,
2020). Horizontal cells located above the S-opsin transition zone receive information from the
lower visual field, while horizontal cells below the horizon collect information from the upper
visual field. The HC density profile revealed a hotspot extending medially at the center of the
ventral retina, below the optic disk. This region may overlap with the hotspot of "true S-cones"
(expressing only S-opsin) found in the ventral mouse retina. The presence of this S-cone
hotspot was interpreted as an evolutionary adaptation to improve color coding in the upper
visual field, aligning with the specific habitat and behavior of the animal (Haverkamp et al.,
2005; Nadal-Nicolas et al., 2020). The true S-cones are not only defined by their exclusive
expression of S-opsin, but they also own a synaptic connectivity with their selective type 9
bipolar cells (for review, see Puller and Haverkamp, 2011a). In primate retina, H2 horizontal
cell dendrites contact preferentially S-cones (Dacey et al., 1996; Goodchild et al., 1996; Pan
and Massey, 2023). In macaque retina, ZO-1 staining was strongly reduced at the S-cone
pedicle (Puller et al., 2009), and in contrast to H1, H2 dendrites do not expresses the kainate
subunits GluK2/3 (GIuR6/7 — old nomenclature) (Haverkamp et al., 2000, 2001b). Therefore,
it would be very worthwhile to investigate the synaptic architecture of mouse HCs, including
the distribution of glutamate receptors, the expression of tight-junction protein ZO-1, and
properties of gap junctions, with a particular focus on the HC hotspot in the ventral area.
Specifically focusing on the AMPA-type subunits GIuA2 and GluA4 at the desmosome-like
junctions, as well as on the staining pattern of ZO-1 and Cx57. These kinds of analyses could
be performed by targeting the true-blue cone pedicles, exploiting transgenic mouse lines in
which S-cone-selective type 9 BCs can be identified, such as the CLM1 mouse line (Berglund
et al., 2006; Breuninger et al., 2011).

In muroid species like the rat, mouse, gerbil, and Syrian hamster, only one type of horizontal
cell, the axon-bearing B-type, has been identified, with no evidence supporting the existence
of a second type (Peichl et al., 1998; Boije et al., 2016). This absence of the A-type horizontal
cell, which deviates from the typical mammalian pattern, holds practical significance, because

genetically modified mice are widely used to study mammalian retinal wiring and function. This
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unique characteristic in mice offers valuable insights into how the presence of one versus two
horizontal cell types might influence ganglion cell receptive fields (Peichl, 2010).

In this doctoral project, an asymmetrical density distribution of Cx57-containing gap junctions
in horizontal cell dendrites was demonstrated, revealing distinct tracer coupling of HCs
between the dorsal and ventral retina (see results in the attached article). In the ventral retina,
the reduction of Cx57-positive plaques was observed, along with significant structural changes
in ZO-1 arrangement, including a loss of string-like plaques and reduced colocalization with
Cx57. These results provide evidence that both synaptic components are differently distributed
across the mouse retina, particularly beneath the cone pedicle at the desmosome-like
junctions. Immunoreactivity quantifications and colocalization analyses were restricted to the
area below the cone pedicle, where horizontal cells dendrites converge to form the terminal
cluster. However, it's important to note that a negligible amount of axonal Cx57 might have
been included in the measurements. The ZO-1 asymmetry was less pronounced than that of
Cx57, likely due to the association of ZO-1 with Cx36-contating gap junctions at OFF-bipolar
cells dendritic tips at the flat contacts with the pedicle (Feigenspan et al., 2004; Puller et al.,
2009). While no documented increase in Cx36 expression in the ventral retina of mice has
been reported, a well-documented increase in OFF bipolar cell dendritic density in the ventral
retina has been observed (Camerino et al., 2021; Sharpe et al., 2022). This increase in OFF
bipolar cell dendrites was also reflected in the ZO-1 quantification analyses performed in this
study. Due to the immediate proximity between Z0O1/Cx36 and ZO-1/Cx57 expression layers,
was hard to exclude the ZO-1 associated with OFF bipolar cells from the quantifications.
However, it is surprising that despite the presumed increase in ZO-1 associated with the
increase in OFF bipolar cell dendrites at the pedicle base, the dorsal-ventral difference in
synaptic components below the cone pedicle is still strongly significant.

The switch in this asymmetry was observed to occur at the S-opsin transition zone, and the
staining patterns of ZO-1 and Cx57 were shown to change a few hundred micrometers from
the photoreceptor transition. Consequently, a simple division into dorsal and ventral halves
based on the relative position to the optic disc, may not be sufficient for studies on whole-
mounted retinas because of the functional regionalization of horizontal cell density and
synaptic structure beneath the cone pedicle, with the S-opsin transition zone marking the
functional boundary throughout its extent.

The reduction of Cx57 was exclusively accompanied by a change in ZO-1, which exhibited a
distinct staining pattern characterized by less dense clustering, smaller accumulations, and the
absence of the typical elongated plaques beneath and between pedicles. The absence of Cx57
in Cx57-deficeint mice had only a slight effect on ZO-1. Additionally, no significant differences
were observed in GIuA2 expression at desmosome-like junctions between the dorsal and

ventral retina. These findings suggest that the structural organization in ZO-1 clustering, driven
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by the reduction of Cx57, alongside the preserved GIuA2 expression across the retina, points
to the intricate relationship between these proteins in maintaining the structural integrity of
desmosome-like junctions in the retina. Finally, the strong reduction of both ZO-1 and Cx57 in
GluA2-deficient mice hints at a multi-tasking role for ZO-1, potentially coordinating multiple
aspects of junctional organization and stability. Specifically, GIuA2 expression at the
desmosome-like junctions may play a central role in the formation of these structures beneath
the cone pedicle. Furthermore, the possible regulation of ZO-1 in conducting or support gap
junction permeability via local calcium-dependent modulation or via global neuromodulation

may be a consequence of this process.

5.5 Conclusion and focus points

The findings presented in this study highlight a conserved synaptic architecture beneath the
cone pedicle at desmosome-like junctions across various mammalian species. Key features,
such as the role of ZO-1 and the spatial organization of gap junctions and glutamate receptors
in the outer plexiform layer, have been consistently observed in the retinas of mice, rabbits,
and primates. This research dives deeper into the characteristics of the desmosome-like
junctions in the mouse retina, addressing previously unresolved questions. While many
findings align with those observed in other species, such as the overall synaptic architecture
at the cone pedicle, unique aspects, like the asymmetric distribution of Cx57, appear to be
adaptations specific to the natural environment of the mouse. This suggests a fundamental
functional system shared among mammals, which is then tailored in a species-specific manner
to neural circuitry and the visual field demands. Nevertheless, several questions remain open,
particularly regarding the mechanisms that orchestrate these synaptic architectures and the
synergistic effects of neuromodulators and calcium-dependent modulations. Exploring the
calcium permeability of AMPAR subunits, calcium regulation in horizontal cells and its effects
on gap junction permeability, as well as the differential impact on the synaptic architecture of
dendrites versus axon terminals, alongside the modulatory role of neuromodulators, could offer
valuable insights into the functional diversity of horizontal cell circuits in the retina. Particular
attention could also be given to the role of ZO-1 in regulating and supporting synaptic function,
particularly at S-cone synapses. Together, these analyses would deepen our understanding of

the complex mechanisms underlying retinal signal processing.
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7. Appendix

7.1 Materials

7.1.1 Mouse lines

Table 4: Mouse line used in this study

Mouse line Source-Reference
C57BL/6J Thierhaus - Carl von Ossietzky University Oldenburg
Cx57- Cre (Sonntag et al., 2012; Stréh et al., 2013)

GIUuA2fl/fl GIUA4fI/f:Cx57+*

(Shimshek et al., 2006; Fuchs et al., 2007; Stroh et al., 2018)

C X57LacZ/LacZ

(Hombach et al., 2004)

7.1.2 Devices

Table 5: Devices used

Device Model Producer
Analytical — precision scale BCE6531 — 1S Sartorius
Analytical — precision scale BP211D Sartorius
Analytical — precision scale TP-103 Denver Instrument
Centrifuge 5417R Eppendorf

Confocal microscope

Leica TCS SP2

Leica Microsystems

Confocal microscope

Lecia TCS SP8

Leica Microsystems

Cryostat

Leica CM1860

Leica Biosystem

Electrophoresis chamber

Agagel Midi-Wide

Biometra

Epifluorescence microscope Leica DM6 B Leica Microsystems
Gel documentation system Alphalmager EP Alpha Innotech
Magnetic stirrer hot plate RH basic 2 IKA

Magnetic stirrer hot plate RCT IKAMAG

Objective PL APO 63X/1.32 OIL Leica Microsystems
Objective HC PL 20X/0.50 FLUOTAR Leica Microsystems
Objective HC PL APO 63X/1.40 OIL CS2 Leica Microsystems
Objective HCX PL 20X/0.5 FLUOTAR Leica Microsystems
Orbital shaker KS 125 basic IKA

Orbital shaker Rotamax 120 Heidolph

pH-meter pH 422 WTW

Power supply for Electrophoresis Standard Power Pack P25 Biometra
Thermocycler Mastercycler gradient Eppendorf
Thermocycler Vapo.protect Eppendorf
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7.1.3 Consumables

Table 6: Consumables used

Consumable

Producer

Advance PAP-Pen

Daido Sangyo Co.

Blood lancets - Solofix®

Braun

Cover glasses thickness # 1, 21 X 26 mm

Thermo Scientific

Cover glasses thickness # 1, 24 X 32 mm

Thermo Scientific

Cover glasses thickness # 1.5, 22 X 22 mm

Paul Marienfeld GmbH & Co. KG

Microscope slide

Thermo Scientific

Nitrocellulose Filters 0.8um Millipore
Pasteur capillary pipettes 150 mm WU Mainz
Safe-Lock Tubes 2.0 ml Eppendorf
SafeSeal® Tube 0.5 ml Carl Roth
SafeSeal® Tube 1.5 ml Sarstedt
Superfrost™ microscope slides Epredia

7.1.4 Chemicals and kits

Table 7: Chemicals and kits used in this study
Product Producer
Agarose SERVA
ChemiBlocker Millipore
D(+)-Saccarose Carl Roth
di-sodium hydrogen phosphate dihydrate Carl Roth

Fast Gene® Optima PCR HotStart Ready Mix

NIPPON Genetics

KAPA HotStart Mouse Genotyping kit

KAPA Biosystem — Peglab

Normal Donkey Serum

Rockland Immunochemicals

Nuclease-Free water Qiagen
Paraformaldehyde Carl Roth
Potassium chloride VWR
Potassium dihydrogen phosphate Carl Roth
Roti® Gel Stain Carl Roth
Sodium azide Merck
Sodium chloride Merck
Sodium dihydrogen phosphate dihydrate VWR

Tissue-Tek O.C.T. Compound

Sakura Finetek

Tris (hydroxymethyl) — aminomethane (TRIS)

Acros

Triton X-100

Carl Roth

VECTASHIELD Mounting Medium

Vector Laboratories
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7.1.5 Solutions and buffers

Table 8: Solutions and buffer used in this study

Buffer and Solution

Composition

Antibody incubation solution in PBS for vertical
sections

5% (v/v) normal donkey serum (NDS)
1% (w/v) bovine serum albumin (BSA)
0.5% (v/v) Triton X-100

in PBSpH 7.4

Antibody incubation solution in PBS for whole mounts

5% (v/v) normal donkey serum (NDS)
1% (w/v) bovine serum albumin (BSA)
1% (v/v) Triton X-100

in PBSpH 7.4

Antibody incubation solution in TBS

5% (v/v) ChemiBLOCKER
0.3% (v/v) Triton X-100
0.02% (w/v) NaNs

in TBS pH 7.6

Cryoprotectant solution in 0,1 M PB

30% (w/v) Sucrose (D+)
in0.1 MPBpH 7.4

Cryoprotectant solution in PBS

30% (w/v) Sucrose (D+)
in PBS pH 7.4

Fixation solution for immunohistochemistry

2% (w/v) Paraformaldehyde (PFA)

3% (w/v) Sucrose

in 0.1 PB

Fixation solution for immunohistochemistry 2% (w/v) Paraformaldehyde (PFA)
in PBS

Phosphate buffer (PB) 0,1M pH 7.4 0.1 M Na,PO,

in ultrapure H20
adjusting the pH to 7.4 by adding 0,1 M NaH2PO4

Phosphate buffered saline (PBS) pH 7.4

140 mM NaCl

2.7 mM KCI

1.5 mM KH2PO4

8.1 mM NazHPO4 x 2H20 in ultrapure H20

TRIS-Acetate-EDTA (TAE) 1X Working solution

40 mM Tris
20 mM Acetic acid
1 mM Naz-EDTA x 2H20

(20 ml 50 x TAE add 1000 ml ultrapure H20) pH ~ 8.5

TRIS-Acetate-EDTA (TAE) 50X
Running buffer for electrophoresis

2 M Tris
1 M Acetic acid
50 mM EDTA pH 8.0 in ultrapure H20

TRIS-buffered saline with Triton X-100 (TBSTX)

50 mM Tris

1.5% (w/v) NaCl

0.3% (v/v) Triton X-100

Adjusting the pH to 7.6 by adding HCI
in ultrapure H20
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7.1.6 Primers

Table 9: Primers used for mouse genotyping
Primer Sequence (5’ to 3’) Amplicon Reference
Cx57Cre for CAATGA GTG GTAGTG GAA GCT TAG s

720 bp WT onntag et al., 2012;

Cx57Cre rev GGC CCA TAT ACACCAAAG AAG GG 970 bp Cx57 Cre Stréh et al., 2013)
Int-Cre rev TCC ATG AGT GAACGAACC TGG TCG
Lac Zrev TTC CCAGTCACGACG TTG TAAAAC | 500 bp Cx57 LacZ (Hombach et al., 2004)
GluA4 EF511 CAC TAT GTC TCAGTT CTC TCAAG 380 bp WT (Fuchs et al., 2007;
GluA4 EF188 | ACGATT GCAACTAAG TTGACAC 450 bp GluA4 flox Stréh et al., 2013, 2018)
GluA2 VM10 GTT GTC TAACAAGTTGTT GACC 250 bp WT (Shimshek et al., 2006;
GIluA2 VM12 GCG TAAGCC TGT GAAATACCT G 350bp GIuA2 flox Stréh et al., 2018)

7.1.7 Software

Table 10: Software used in this study
Software Producer RRID
Adobe lllustrator CC 2019 Adobe Systems Incorporated SCR_010279
Adobe Photoshop CS6 Adobe Systems Incorporated SCR_014199
Fiji (ImageJ2) (Schindelin et al., 2012) SCR_002285
GraphPad Prism 9 GraphPad Software SCR_002798
Leica Application Suite X Leica Microsystems SCR_013673
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7.2 Experimental protocols

7.2.1 Colocalization analysis protocol
The following section outlines the protocol used for the colocalization analysis and the
immunoquantification of Cx57 and ZO-1 beneath the cone pedicle area.
Protocol on Fiji:
e Open the confocal Z-stack image
e At the single pedicle level, select a ROI with a diameter of 7.0 ym
¢ Approximately 20-25 optical sections are selected for the analysis
o Cx57 channel: subtract background function: rolling ball — select the radius
enhance contrast function: saturated 0.01% normalize
o Z0O-1 channel: subtract background function: rolling ball - select the radius
enhance contrast function: saturated 0.01% normalize
e Threshold for Colocalization: Cx57 channel / ZO-1 channel, (the threshold must be
the same for all the stacks from the same retina)
¢ Run colocalization Highligter (Fiji Plugin)
¢ Invert the 8-bit image stack
e Analyze particle for colocalization: size pixel 3 px to infinity (area in pixel?> — converted
later in um?, based on the pixel size of the image)
e Control for colocalization area: Cx57 channel flip vertically
e Quantification ZO-1 and Cx57 on the same area and threshold used before.

e Analyze particle for quantification: size 0.04-infinity (area in um?)

7.2.2 Anti-Cx57 antibodies validation

The guinea pig polyclonal anti-Cx57 antibodies (Davids Biotechnologie GmbH, Regensburg,
Germany) were generated against two C-terminal peptides of mouse Cx57. The first one was
generated against a C-terminal of 15 amino acid (aa) residues (CSMSMILELSSIMKK) of carp
Cx53,8, which is homologous to 12 aa residues of the C-terminal end of mouse retinal Cx57
(Hombach et al., 2004; Janssen-Bienhold et al., 2009). The second peptide corresponds to a
sequence of 16 aa (PGSRKASFLSRLMSEK) homologous of the aa 425-440 of the mouse
retina Cx57. They were termed CSM and PGS, respectively.

Their specificity was extensively verified by immunohistochemistry analyses in wildtype and
Cx57+ac?lacZ (Fig. 36). The immunoreactivity of the two antibodies was reduced to background
level in retinal sections of Cx57-deficient mice, following standard protocol (see methods

section). Under the same conditions in wildtype animals, both antibodies showed strong
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immunoreactivity with the typical distribution in the OPL of the mouse retina as previously
reported (Hombach et al., 2004; Janssen-Bienhold et al., 2009; Puller et al., 2009).
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Figure 36: Connexin57 antibody validation

A-F: Maximum intensity projections (~ 1 um) of confocal image stacks from vertical cryostat sections of
dorsal retina, labeled with antibodies against the Cx57 CSM epitope and the kainate receptor subunit 1
(GluK1) in retinas from wild-type (WT, A-C) and Cx57-deficient animals (KO, D-F). G-L: As in A-F, but
with antibodies against the Cx57 PGS epitope. M-X: As in A-F for Cx57 CSM and G-L for Cx57 PGS but
from the ventral retina. Scale bar: 10 ym.
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7.2.3 Immunostaining protocols

The following section outlines the main steps involved in the immunohistochemistry protocol

for vertical cryosections and whole-mounted retina labeling.

Table 11: Immunostaining protocol for vertical sections

Step

Time

Solution

After sectioning, dry the slide on the
heating plate at 35°C

30-45 min

Encircle the sections with the PAP-pen

Let it dry for 2-3 min

Rinses 3 X 10 min PSB pH 7.4 or TBS-Tx pH7.6

Blocking incubation 60 min NDS.or ChemiBLOCKER incubation
solution

Incubation of primary antibodies Overnight at RT NDS.or ChemiBLOCKER incubation
solution

Rinses 3 X 10 min PSB pH 7.4 or TBS-Tx pH7.6

Centrifuge secondary antibodies
solution

13000 RPM X 5 min

Incubation of secondary antibodies

90 min at RT

NDS or ChemiBLOCKER incubation
solution

Rinses

3 X 10 min

PSB pH 7.4 or TBS-Tx pH7.6

Coverslip sample with cover glass

Aqua-Poly/Mount

Storage at 4°C

NDS incubation solution: 5% NDS, 1% BSA, Tx 0.5% in PBS

ChemiBLOCKER incubation solution: 5% ChemiBLOCKER; 0.02 % Na* Azide, Tx 0.3% in TBS

Table 12: Immunostaining protocol for whole-mounted retinas

Step Time Solution

Thaw the eyecup from the

cryoprotection solution

Retina dissection — brushing PBSpH 7.4

Rinses 4 X 15 min PBSpH 7.4

Blocking incubation 2 hours NDS incubation solution

Incubation of primary antibodies

2-3 days at RT

NDS incubation solution

Rinses 3 X5 min+ 3 x15 min PBSpH 7.4
Centrlfuge secondary antibodies 13000 RPM X 5 min

solution

Incubation of secondary antibodies 2 hours at RT PBSpH 7.4
Rinses 3 X5 min+ 3 x 15 min PBS pH 7.4

Place sample between spacers on
glass slide

Coverslip sample with cover glass

Vectashield mounting medium

Sealing

Nail polish

Storage at 4°C

NDS incubation solution: 5% NDS, 1% BSA, Tx 1% in PBS
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7.2.4 Horizontal cell quantification and retina reconstructions

For the large-scale quantification of horizontal cells in whole-mounted retina, the whole tissue
was scanned sequentially for each channel in the form of individual squares (Leica DM®6,
Tilescan) and then stitched together using the LASX software from Leica. The center of each
calbindin-positive horizontal cell body was manually identified and counted using the Cell
Counter plugin in Fiji, in 5 retinas. The boundary of the S-opsin gradient was manually identified
and marked in the same 5 retinas. Immunohistochemistry and large-scale quantification of
cells in whole-mounted retina were performed by Lucia Lindenthal and Asli Pektas. Tissue
preparation, immunohistochemistry of one whole-mounted retina and image acquisition were
conducted by me, while Christoph Block was responsible for the data presentation. Briefly, the
R package “Retistruct” (Sterratt et al., 2013) was used to reconstruct the dissected whole-
mounted retinas to the spherical eyecup shape of the intact retina. The reconstructed spherical
eyecups were then visualized as azimuthal equal-distance projection. Thereby, the density of
horizontal cells was calculated in spherical coordinates by counting the number of cells in a
10° spherical cup. For more information about the methodology of these protocols see the

Material and methods section of the publication.

7.2.5 Genotyping protocols

The following section presents the genotyping protocol used to identify and verify the
genotypes of the transgenic mouse lines used in the projects.

The protocol consists of two main steps: DNA extraction and DNA amplification by polymerase
chain reaction (PCR). For the DNA extraction step from mouse tissue samples, the KAPA
HotStart mouse genotyping kit was used. Samples were added to a solution containing the
“digestive buffer” and the “enzyme solutions”. The pipetting scheme and the thermocycler
setting are listed below (Tab. 13-14).

Table 13: Pipetting scheme for DNA extraction

Volume Component

22yl Nuclease-free water
2.5 ul Protease solution
2.5 ul Extract buffer

Table 14: Thermocycler setting for DNA extraction

Step Temperature Duration Cycles
Lysis 75°C 10 min 1
Heat-inactivation 95°C 5 min 1

116



Appendix

The initial step is identical for each sample to be analyzed. However, the selective amplification
via PCR is tailored to the specific sequence being targeted. In this case, below are listed
different pipetting schemes and PCR settings for the different mouse lines used (Cx57Cre-
PCR Table 15, Cx57LacZ-PCR Table 16, GluA2/GluA4-PCR Table 17).

The DNA bands were visualized using gel electrophoresis, which separates them by length in
base pairs (bp). Samples, ladder, positive and negative controls were made to run in a 2%
agarose gel for 40-45 minutes at a constant voltage of 120V. The amplified DNA from the

samples and the ladder were finally detected and visualized using a UV transilluminator

system.

Table 15: Cx57Cre PCR protocol

Pipetting scheme for PCR PCR program setting
Volume Component Step Temperature Duration Cycles
2.95 ul Nuclease-free water Initial Denaturation 95°C 3 min 1
6.25 ul Genotype Mix Denaturation 95°C 15 sec
0.6 ul 10 UM Inter-Cre-rev Primer Annealing 63°C 15 sec 35
.6l 10 UM F i
061 0 UM Forward primer Elongation 72°C 20 sec
0.6 yl 10 uM Reverse primer
1ul Template Final Elongation 72°C 10 min 1
Table 16: Cx57LacZ PCR protocol
Pipetting scheme for PCR PCR program setting
Volume | Component Step Temperature Duration Cycles
2.95 i Nuclease-free water Initial Denaturation 95°C 3 min 1
6.25 ul Genotype Mix Denaturation 95°C 15 sec
0.6 10 uMLacz Primer Annealing 63°C 15 sec 35
0.6 10 UM F d pri
H WV Forward primer Elongation 72°C 20 sec
0.6 ul 10 uM Reverse primer
1ul Template Final Elongation 72°C 10 min 1
Table 17: GluA2/GluA4 PCR protocol
Pipetting scheme for PCR PCR program setting
Volume | Component Step Temperature Duration Cycles
4.25 pl Nuclease-free water Initial Denaturation 95°C 3 min 1
6.25 yl Genotype Mix Denaturation 95°C 15 sec
0.6 l 10 uM Forward primer Primer Annealing 63°C 15 sec 37
0.6 10 uM Reverse primer Elongation 72°C 20 sec
1l Template Final Elongation 72°C 10 min 1
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7.3 Supplemental material

7.3.1 Updated nomenclature for ionotropic glutamate receptors

Table S1: NC-IUPHAR recommended and previous nomenclature of ionotropic glutamate

receptor subunits.

lonotropic glutamate family | NC-IUPHAR Previous nomenclatures
nomenclature
AMPA GIuA1 GLUa1, GIuR1, GIuRA, GluR-A, GluR-K1, HBGR1
GluA2 GLUa2, GIuR2, GIuRB, GIuR-B, GluR-K2, HBGR2
GIuA3 GLUas, GIuR3, GIuRC, GIuR-C, GIuR-K3
GluA4 GLUa4, GluR4, GIuRD, GIuR-D
Kainate GluK1 GLUks, GIuR5, GIluR-5, EAA3
Gluk2 GLUks, GIuR6, GluR-6, EAA4
GIuK3 GLUkz7, GIuR7, GIuR-7, EAA5
GluK4 GLUk1, KA1, KA-1, EAA1
GluK5 GLUkz, KA2, KA-2, EAA2
NMDA GIuN1 GLUn1, NMDA-R1, NR1, GIluR¢g1
GIuN2A GLUn2a, NMDA-R2A, NR2A, GluRe1
GIuN2B GLUnzs, NMDA-R2B, NR2B, hNR3, GluRe2
GIluN2C GLUnN2c, NMDA-R2C, NR2C, GluRe3
GIuN2D GLUnz2p, NMDA-R2D, NR2D, GluRe4
GIuN3A GLUnsa, NMDA-R3A, NMDAR-L, chi-1
GIuN3B GLUnss, NMDA-R3B
‘Orphan’ (GIuD) GluD1 GluR31
GluD2 GluR®2

Greek symbols in NMDA receptor subunit names were applied to the mouse orthologue only.
International Union of Pharmacology Committee on Receptor Nomenclature and Drug Classification
(NC-IUPHAR) - http://www.iuphar-db.org/ (from (Collingridge et al., 2009).
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7.3.2 Staining pattern of the anti-GluA2 rabbit monoclonal antibody

The clone 1K4 ZooMAb™ rabbit recombinant monoclonal antibody targets an epitope within 16
ammino acids from the C-terminal, cytosolic domain of the glutamate receptor GluA2.

The antibody was tested to detect the spatial distribution and different staining patterns of the
AMPA-type glutamate receptors in mouse retina (Fig. S1). The antibody was found to be
incapable of detecting the accumulation of the GIuA2 subunit below the cone pedicles in the
mouse retina. Anti-GluA2 antibodies exhibited robust immunoreactivity at the processes of HC
axon terminals invaginating the rod spherules (see Fig. 14). But, in contrast to the monoclonal
anti-GluA2 antibody raised in mouse, the rabbit monoclonal anti-GluA2 antibody failed to
reveal clusters of AMPA receptors below the cone pedicles. This indicates a disparate
recognition of the epitopes on the same proteins, which in turn gives rise to disparate staining

patterns.

Figure S1: Anti-GluA2 rabbit monoclonal staining pattern in the OPL of the mouse retina

Whole-mounted retina double labeled for GluA2 with the anti-GluA2 rabbit monoclonal and the kainate
glutamate receptor subunit 1 (GluK1) used as pedicle marker. Maximum projections of a single image
Z-stack of the distal OPL (Z-steps 24-36/36, Z-size ~ 2.6 ym), A-C, at the level of invaginating dendrites
at the pedicle base (Z-steps 19-23/36, Z-size ~ 1 ym), D-F and below the cone pedicle at the putative
desmosome-like junctions (Z-steps 12-15/36, Z-size ~ 0.8 ym),G-l. Scale bar: 5 ym in I, applies to A-I.
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7.3.3 Cx50 immunoreactivity was unchanged in Cx57-deficient mouse retinas
Cx50-containing gap junctions are predominantly expressed on the thick proximal axon
terminals of horizontal cells. Immunostaining experiments (Fig. S2), along with previous
studies, have demonstrated that these junctions are unable to compensate for a deficiency in
dendritic Cx57 (Dorgau et al., 2015).

I Cx57 WT I Cx57 KO I
A

Figure S2: Cx50 immunoreactivity is unchanged in Cx57-deficient mice

Projections of confocal image stacks of vertical cryosections double labeled for the mouse cone arrestin
(CAR), and the connexin 50 (Cx50). Images were acquired from the dorsal retina of Cx57** (WT) mouse
(Z-steps 8-18/27, Z-size ~ 2.2 ym) A-C, and from the dorsal retina of Cx57tacZtacz (Cx57 KO) mouse (Z-
steps 11-22/31, Z-size ~ 2.4 ym) D-F. Scale bar: 10 ym in F, applies to A-F.
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7.4 Publication

The following article presents a selection of findings from this thesis. The article is the result of
a fruitful collaboration with Dr. Karin Dedek, Dr. Alejandra Acevedo, Dr. Martin Greschner and
Christoph Block. The supervision and guidance provided by Dr. Christian Puller, Dr. Karin
Dedek, Ulrike Janssen-Bienhold and Dr. Martin Greschner, was fundamental to the success of

this project.

o Spinelli, M., Alejandra Acevedo, H., Block, C.T., Lindenthal, L., Schuhmann, F,
Greschner, M., Janssen-Bienhold, U., Dedek, K., Puller, C., The first interneuron of the
mouse visual system is tailored to the natural environment through morphology and
electrical coupling, ISCIENCE (2024), doi: https://doi.org/10.1016/j.isci.2024.111276
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Summary

The topographic complexity of the mouse retina has long been underestimated. However,
functional gradients exist, which reflect the non-uniform statistics of the visual environment.
Horizontal cells are the first visual interneurons that shape the receptive fields of down-stream
neurons. We asked whether regional specializations are present in terms of horizontal cell density
distributions, morphological properties, localization of gap junction proteins, and the spatial extent
of electrical coupling. These key features were asymmetrically organized along the dorso-ventral
axis. Dorsal cells were less densely distributed, had larger dendritic trees, and electrical coupling
was more extensive than in ventral cells. The steepest change occurred at the visual horizon. Our
results show that the cellular and synaptic organizaticn of the mouse visual system are adapted
to the visual environment at the earliest possible level, and that horizontal cells are suited to form

the substrate for the global gradient of ganglion cell receptive fields.

Introduction

The topographic organization of neurons in the vertebrate retina reflects the lifestyle and behavior
of a given species in its corresponding habitat. Some of the most basic functions of the visual
system are supported by distinct cell distributions, such as prey capture or threat detection. One
of the most prominent specializations is the human fovea, which provides us with high acuity
vision. There, the cell density is extremely high, and the dendritic and corresponding receptive
fields of the neurons are accordingly small. Our fovea is only one example of many, as
topographic specializations can be found in various other vertebrate species’?2.

One of the most commonly used model systems for the early visual system in vertebrates is the
mouse retina. There, a well-known topographic specialization is the pattern of opsin expression
in cone photoreceptors®-®. Green- and UV-sensitive opsins are expressed in a gradient along the
dorso-ventral axis with a steep transition zone at the visual horizon of the mouse, reflecting the
natural scene properties of its environment®7. However, the mouse retina has long been thought
to lack any further major topographic variations beyond the distribution of opsins. In line with this
simplified anatomical perspective, and due to the lack of better knowledge, functional properties
of a given cell type have also been assumed to be the same, or at least very similar, across

different retinal regions.

125



Appendix

Today it is well known that the mouse retina exhibits many different patterns of topographic
variations, some are restricted to distinct cell types, whereas others are more global?. For
instance, retinal ganglion cells show a distinct global density gradient with many more cells
located in the ventral retina, i.e. the upper visual field®®. This is accompanied by complex density
arrangements of cells in a type-dependent manner®'®. Functional specializations of individual
ganglion cells of a given type across different retinal locations go hand in hand with the anatomical
ones and are equally complex'*-'8, While some of these functional gradients may be shaped by
intrinsic features of ganglion cells'®?% regional changes of their response properties typically
originate in the presynaptic circuitry. However, topographic variations of cells upstream of retinal
ganglion cells are poorly understood.

One of the most outstanding examples of a functional gradient in retinal ganglion cells is the
dorso-ventral change of their receptive field surround structure in terms of amplitude and spatial
extent, with remarkable asymmetries in the vicinity of the visual horizon?'. The origin of this
phenomenon remains unknown. Inhibitory amacrine cell signaling in the inner retina contributes
to the formation of ganglion cell receptive field surrounds??. Nevertheless, horizontal cells in the
outer retina also play a fundamental role in the establishment of the ganglion cell receptive fields,
including surround properties® 25, Thus, we hypothesized that horizontal cells contribute to the
region-dependent changes of ganglion cell receptive fields.

Horizontal cells are the first inhibitory interneurons in the vertebrate visual system and positioned
to indirectly modulate ganglion cell response properties via lateral synaptic interactions with
photoreceptors and bipolar cells in the outer retina28. The spatial extent of lateral interactions is
determined by horizontal cell dendritic tree size and extensive electrical coupling of dendrites by
gap junctions?™-%. Our analysis of horizontal cell densities and dendritic field sizes, as well as gap
junction distribution and the spatial extent of horizontal cell electrical coupling revealed a
topographical organization of these features along the dorso-ventral axis of the retina. The most
prominent distribution asymmetries occurred at the opsin transition zone, i.e. the mouse visual

horizon.
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Results

Horizontal cells play a crucial role in shaping the retinal output signals?*2¢. Moreaver, horizontal
cells may match the ganglion cell receptive field surround properties with the visual environment:
the strength and spatial extent increase along the dorso-ventral axis of the retina®'. This change
should then be reflected in horizontal cell morphological properties to support signaling at different
spatial scales, i.e. large in dorsal retina, small in ventral retina, with a distinct transition zone at
the visual horizon. Indeed, some evidence suggests that rodent horizontal cells show a certain
level of density variation across retinal regions*®4! which may affect the sizes of cells. Thus, we
analyzed the horizontal cell density distribution in high detail by considering each and every cell

body across complete wild-type mouse retinas.

Horizontal cell density and dendritic tree size form a gradient across the retina

Whole-mounted retinas were labeled with antibodies against calbindin (CaBP, Fig. 1A, B), a
common mouse horizontal cell marker#2. The positions of all immunclabeled horizontal cell bodies
were manually marked in a merged microscopic tile scan of the flattened retina (Fig. 1C), where
each dot indicates the position of a horizontal cell body (1765011412, n=5 retinas, see
supplemental Fig. S2). The cloverleaf shape of the tissue was reconstructed back into the original,
almost hemispherical structure of the eyecup with Retistruct to calculate the densities of cells
across the complete retinas®32. The local density was calculated and shown in an azimuthal equal
distance projection (Fig. 1D). The 3D reconstruction allowed a proper averaging of data across
five retinas independent of the relief cuts in the original whole-mounts. The retinas were
counterstained with antibodies against the short-wavelength sensitive (S-)opsin to reveal the
transition zone of opsin expression as an indicator of the visual horizon on the retina®72!. The
transition zone is represented by lines in Fig. 1C-E (see Fig. 4A and D for representative
microscopic images). Note that the transition zone was located far above the optic disc, but then
it crossed the peripheral ends of the lower leaflets in a typical retinal whole-mount preparation
(Fig. 1C). Future studies of retinal whole-mounts may be informed by these regionalization details
and ensure a proper interpretation of data collected from definite positions of the mouse retina.
The horizontal cell density was low in the dorsal retina and high in the ventral retina. The steepest
change in this gradient occurred in the area of the S-opsin transition zone. The general pattern of
this density distribution closely resembled the density gradient of mouse cone photoreceptors®43.
Like other retinal cell types, horizontal cells form a mosaic across the retina, where the dendritic

trees of the cells exhibit a constant overlap#*-4®. Thus, a change in cell density should yield a
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corresponding change in dendritic field sizes. Individual horizontal cells were dye-injected (n=69)
to investigate if the density distribution serves as a direct read-out of dendritic field size, and to
gain further insights into the horizontal cell dendritic field structure across the retina (Fig. 1F-J,
supplemental Fig. S3). Convex hulls that encompassed the dendritic trees of the injected cells
were used to measure their dendritic areas. The analysis revealed that horizontal cell dendritic
trees located above the transition zone covered a much larger area (n=25, 6165+2357 pm?2) than
cells below (n=44, 4633+1196 um?), with calculated dendritic field diameters of 87+2 ym or 7619
pm, respectively (tailed Wilcoxon rank sum p<0.01). A fit to explain the relationship between the
cell density and the dendritic area (Fig. 1K) predicted a coverage factor of ~5, which is largely in
line with previously published results*>. Horizontal cell morphology is characterized by dense
dendritic branching in central parts of the dendritic tree and sparser, less arborized dendrites in
the periphery*’48, Here, injected cells were traced through the image stacks (n=23, supplemental
Fig. S3). A Sholl analysis®® was applied to the resulting skeletons to investigate whether this
branching pattern of horizontal cells may differ between cells from different locations (Fig.1 L,M).
This was not the case, as the results showed a constant branching pattern across the retina. The
homogeneous morphology of horizontal cells across all dorsal and ventral cells in our sample
became even more prominent (except for one outlier) when the data was normalized to account

for the different sizes of the cells.

Horizontal cell dendritic gap junction density changes at the visual horizon

The shape and size of a dendritic tree of a given retinal neuron is typically one of the major
determinants of its functional receptive field. Thus, based on our findings, one would expect to
find much larger horizontal cell receptive fields in the dorsal retina relative to those located below
the opsin transition zone. On the other hand, horizontal cells are well known to exhibit extensive
electrically coupled networks via gap junctions, which have been shown to directly affect the
receptive field properties of the cells?7-2%39, Thus, extensive electrical coupling leads to an increase
in the spatial extent of receptive fields and lateral signal spread.

Therefore, we analyzed potential differences of horizontal cell dendritic gap junctions across the
retina, which may further influence horizontal cell signaling properties in a region-dependent
manner. A prerequisite for such an analysis is, of course, a detailed knowledge of the types and
positions of horizontal cell gap junctions. Electrical coupling of mouse horizontal cell dendrites is
exclusively supported by gap junctions containing connexin 57 (Cx57)%2936.49 Together with
Cx50, Cx57 is also involved in the formation of gap junctions between horizontal cell axon

terminals®®. However, the latter are only connected to rod photoreceptor terminals and do not
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contribute to dendritic signaling®'. Therefore, axon terminal connexins were largely excluded from
our study by restricting the analysis to mostly dendritic Cx57 in a volume beneath a given cone
pedicle base (Fig. 2).

Individual dendrites of multiple horizontal cells converge beneath the cone pedicles in the
proximal part of the outer plexiform layer (OPL) before their tips invaginate into the pedicle at the
glutamate release sites. Mammalian horizontal cells are thought to form dendritic gap junctions
primarily in this area of the proximal OPL36. Correspondingly, Cx57-immunoreactive plagues were
mostly clustered in the proximal OPL beneath the array of cone pedicles (Fig. 2A-C).

Horizontal cells were injected with neurobiotin, a small tracer molecule which can pass through
gap junctions between cells to reveal their complete electrically coupled network?7:32.5253 Here,
we combined neurobiotin-injected cells with immunolabeling of Cx57 and high-resolution
fluorescence imaging to reveal the exact position of harizontal cell gap junctions on their dendrites
(Fig. 2D-l}. Cx57-positive plaques were colocalized with horizontal cell dendrites in a regicn ~2
pum beneath the pedicle, where the dendrites converged and exhibited slight swellings. This may
correspond tc a specialized area where glutamate-receptor containing desmosome-like junctions
are closely associated with gap junctions and the tight-junction protein zonula occludens-1 (ZO-
1) on horizontal cell dendrites38.54.

Counterstaining of Cx57 with ZO-1 in the dorsal retina (Fig. 3A-H) confirmed previous results
where the immunolabeling was largely colocalized beneath mouse cone pedicles®. The same
experiment performed on the ventral retina yielded a completely different picture (Fig. 31-P). While
the overall extent of GluK1 as a pedicle marker did not obviously change across regions, ZO-1
was less densely clustered and lacked the typical elongated plaques beneath pedicles and in
areas between them. Most importantly, the amount of Cx57 immunoreactive puncta appeared
largely reduced, resulting in a decrease of colocalization between Cx57 and ZO-1. Next, the
distribution pattern of ZO-1 and Cx57 was investigated in detail relative to the S-opsin gradient
with its transition zone as an indicator for the visual horizon of the mouse. It became obvious that
the change from dense Cx57 clustering and robust colocalization with ZO-1 toward highly reduced
Cx57 and the lack of colocalization occurred only within a few hundred microns at the transition
zone (Fig. 4A-C). Colocalization of Cx57 with ZO-1 and measurements of the area covered by
the corresponding immunostaining was performed in small image stack volumes collected from
circular ROIs beneath each pedicle (“proximal OPL” as in Fig. 2G-I).

The data was collected and pooled from four locations in the dorsal and ventral retina, respectively
(example boxes in Fig. 4D; 3 retinas, containing a total of 144 ROls of dorsal pedicles, 131 ROls

of ventral pedicles). The original notion that ZO-1 and specifically Cx57 were less densely
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clustered at ventral cone pedicles was confirmed by the quantification of immunoreactive areas.
These areas were measured within individual ROIs beneath single cone pedicles. Thresholding
and normalization was applied (Fig. 4E-G, see methods section for details) to account for different
signal-to-noise ratios of the immunostainings in the 3 retinas. ZO-1 and Cx57-positive areas were
reduced from dorsal to ventral retina by 22% and 35%, respectively (p<0.001, Fig. 4E,F).
Furthermore, the colocalization of ZO-1 and Cx57 was reduced by 84% from dorsal to ventral
parts of the retina (p<0.001, Fig. 4G). No significant differences were observed between the
measurements of immunoreactive areas along the nasal-temporal axis (p-value Cx57: 0.96, ZO-
1: 0.20) or along increasing eccentricities (Cx57: 0.80, ZO-1: 0.64).

As control measurements, colocalization was analyzed again in the same images but with one
vertically flipped channel per RQOI at single cone pedicles®®. Colocalization in the flip control of the
dorsal retina was significantly reduced by 73%, suggesting that the overlap measured in the
original image did not occur randomly. Colocalization in control measurements of the ventral
retina was reduced by 45%. This reduction was not significant due to the low amount of

colocalization in the original images.

Changes in gap junction organization translates into distinct patterns of electrical coupling

The difference in the gap junction density on horizontal cell dendrites from dorsal and ventral
retina was striking. It remained unclear, however, whether this change resulted in a functional
difference, i.e. different electrical coupling strengths in dorsal versus ventral regions. Therefore,
horizontal cells of wild-type mice were injected with the tracer molecule neurobiotin to visualize
the extent of electrical coupling of a given cell in a determined location of dorso- or ventro-nasal
retina (Fig. 5A). Beyond the spatial restriction to the nasal retina, each horizontal cell was injected
under constant conditions, including current, injecticn duration, time of day, lighting, and
temperature, to allow for proper comparability between the experiments. The results from these
experiments confirmed distinct coupling patterns as suggested by our anatomical results. In the
dorsal retina, more cells were electrically coupled to a given horizontal cell (n=7; 233+45 coupled
cells) and the coupling extended across a larger area (0.245+0.039 mm?; Fig. 5B-E). The exact
opposite was true for ventral horizontal cells (n=7), which exhibited coupling to fewer cells
(130446) in a smaller area (0.111+0.047 mm?).
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Discussion

Our study provides evidence for dorso-ventral asymmetries of horizontal cell features in the
mouse retina, in terms of 1) the cell density and dendritic tree size, 1) the density of gap junctions
clustered on their dendrites, and lll) the extent of electrical coupling regarding the number of
coupled cells and the area covered by them. Cell density gradients across the mammalian retina
are well known, including corresponding morphological changes of the cells'2. It is remarkable,
however, that the horizontal cell density gradient reported here is accompanied by a matching
change in the synaptic architecture of the cells, i.e. the density and distribution of electrical
synapses and the corresponding coupling strength. This change will directly affect the spatial
range of signaling at the first synapse in the visual system, as a tight relationship between the
extent of electrical coupling and receptive field sizes exists in mammalian horizontal cells27:29.30,
Moreover, we pravide evidence that these asymmetries match the global properties of the visual
environment of the animal, where the most prominent transition of the aforementioned horizontal

cell features occurs in the area of the visual horizon of the animal.

Horizontal cells support the functional separation of the mouse visual field

Differences in the functional separation of upper and lower mouse visual fields are well known
and some neuronal adjustments of the outer retina have already been revealed at the level of
photoreceptors and bipolar cells3-74"%. To our knowledge, horizontal cells have rarely been
considered in this context (but see *!, their Fig. 3). Horizontal cells located above the
photoreceptor transition zone receive visual information from the ground, and they possess large
dendritic trees and exhibit extensive electrical coupling. Horizontal cells below this zcne are
positioned for information from the upper visual field by smaller dendritic trees and reduced spatial
extent of electrical coupling. Therefore, the characteristics of large dendritic trees paired with
extensive coupling versus small dendritic trees paired with reduced coupling operate hand in hand
as complementary phenomena to create large or small functional units in the lower or upper visual
field, respectively (Fig. 6). Small functional units can serve high spatial resolution and would be
beneficial for the detection of threats from overhead predators, for instance. Previous work has
identified the transient OFF alpha ganglion cell as one of the retinal output cell types responsible
for triggering innate defensive behaviors upon approach detection-%8, These ganglion cells are
prominently affected by horizontal cell signaling?®, which is in line with the idea of horizontal cells
contributing directly to the processing of the visual scene and to retinal output signaling. On the

other hand, integration of signals across a larger area, specifically in the receptive field surround,
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may improve signal detection in front of the animal and in the lower visual field assuming more
abundant transitions of low and high contrast signals.

The horizontal cell contribution to receptive field properties of mouse ganglion cells in the inner
retina has remained a controversial topic, including electrical coupling of horizontal cells, which
did not seem to play a dominant role in ganglion cell signaling®®. However, a series of recent
studies from independent research laboratories provided evidence for horizontal cell signaling as
a major influence on ganglion cell receptive field surrounds?*-2% with previous inconsistencies in
observations likely originating in experimental stimulus properties, such as spatial scales or light
levels and the focus on certain ganglion cell types?®. Therefore, the functional consequences of
the horizantal cell feature asymmetries observed here would affect the ganglion cell receptive
field surround in the upper visual field to be spatially restricted due to smaller cell sizes and lesser
extent of electrical coupling (Fig. 6). In the lower visual field, however, the inhibitory feedback
signals of harizontal cells distribute across a larger area, causing a much wider surround of
postsynaptic cells with potentially lower amplitudes. These ganglion cell receptive field properties
have indeed been shown to exist, and they form a gradient across the retina with the most
prominent change at the S-opsin transition zone?', resembling our findings of the horizontal cell

gradient and its gap junction coupling asymmetry.

The cellular basis of the horizontal cell coupling asymmetry

The cellular basis of the difference in electrical coupling is formed by the asymmetric density
distribution of the gap junction protein Cx57 at the horizontal cell dendrites. One cannot rule out
that some axonal Cx57 has been included in our measurements, but the numbers should be
dominated by dendritic gap junctions because of the restricted analysis areas beneath cone
pedicles, where most dendritic gap junctions are formed. Interestingly, our observations included
a structural change of gap junctions beneath cone pedicles, beyond a mere reduction of Cx57-
positive puncta. This was most prominent in the lack of large, elongated ZO-1 plaques. ZO-1 is
typically colocalized or closely associated with dendritic horizontal cell gap junctions, where it is
thought to form tight junction barriers at the outer perimeter of gap junction plagues at horizontal
cell dendrites, but not at their axon terminals®*. Thus, both of the most prominent protein
components at the horizontal cell dendritic gap junction are regulated to meet the demands of the
mouse visual environment. The reduction of ZO-1 in the ventral retina was obvious but less
striking than the reduction of Cx57. This is likely resulting from the association of ZO-1 with Cx36-
containing gap junctions at OFF bipolar cell dendritic tips beneath the cone pedicle* combined

with an increase in OFF bipolar cell dendritic density in the ventral retina*!-5%, We did not attempt
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to exclude ZO-1 potentially associated with OFF bipolar cell dendrites from our analysis due to
the close spatial vicinity of the two layers of gap junction types.

A compensation of the reduced Cx57 expression by a potential upregulation of another connexin
subunit can be ruled out. First, we observed a change in the functional coupling pattern of
horizontal cells, which supported the anatomical observations and argued against any
compensatory mechanism. Second, Cx50 is another gap junction protein expressed by horizontal

cell axons, but it has been shown that it does not compensate for a lack of dendritic Cx57%°.

Conclusions

Mouse horizontal cells are shaping the ganglion cell receptive field surround properties across a
spatial gradient of morphological and functional features, which is adapted to the visual scene of
the animal. Future studies are required to elucidate the exact interplay of dendritic tree size and
potential modulation of electrical coupling, in concert with the complex local and global modes of
horizontal cell signaling features*8°, In this context, it would be enticing to analyze horizontal cell
features in model species from different habitats and life styles, with natural environments which
differ from those of the common C57/BI6 mouse model in terms of scene statistics and general

ecology.

Limitations of the study

We provide evidence for a region-dependent change in the dendritic tree size and electrical
coupling of horizontal cells, which likely contributes to the global gradient of ganglion cell receptive
fields. However, the possible effects of light adaptation and time of the day have not been explored
here. Light adaptation is well known to affect the extent of electrical coupling of horizontal cells
via dopamine, which is released by certain amacrine cells, depending on ambient light levels and
the circadian rhythm®', We kept the light adaptation levels and the time of the experiments (during
the subjective day) constant to achieve consistent and comparable results. However, mice are

nocturnal animals, and regional coupling patterns at nighttime remain elusive.
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Figure 1. Horizontal cell density and dendritic field size change across the retina

A,B: Confocal images of dorsal (A) and ventral (B) whole-mounted retina labeled against calbindin (CaBP).
C: Each dot represents the cell body position of a horizontal cell marked with CaBP across a complete
retina of a left eye. The red lines in C and D mark the S-opsin transition zone (see also Fig. 4). D, dorsal;
V, ventral; N, nasal: T, temporal. D: Azimuthal equal-distance projection of the reconstructed retinal sphere
of the data shown in C. The color of the dots represents the local density of the correspanding cell body
position. E: Horizontal cell density distribution averaged across 5 retinas. Black line, mean S-opsin transition
zone, gray lines, SD {n=5). Color bars in D and E indicate cells/mm?. F-I: Dye-injected horizontal cells from
dorsal (F) and ventral (H) retina, together with the corresponding skeletons (G, 1) traced through confocal
image stacks of the cell with convex hulls to determine the dendritic tree area. J: Positions and dendritic
field sizes of 69 injected horizontal cells, superimposed on the averaged density distribution from E. Circle
area represents the relative area of the corresponding horizontal cell; for better visibility circles are not
shown to scale. Filled orange and blue circles show the positions of horizontal cells from F and H,
respectively. K: Relation between horizontal cell dendritic field size and local horizontal cell density. Lines
describe the best estimate assuming a constant coverage factor (5.04, 95% CI [4.72, 5.37]). L: Sholl
analysis of dendritic intersections from 23 horizontal cells. M: As in L but data normalized to dendritic area
(convex hull). Scale bars: 50 ymin B, 1 mm in C, 20 ym in I, applies to F-I.

Figure 2. Spatial localization of horizontal cell gap junctions
A-C: Projections of a confocal image stack of a vertical cryostat section double-labeled for the kainate
receptor subunit 1 (GIluK1, used as a cone pedicle marker) and the horizontal cell gap junction protein

11
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connexin 57 (Cx57). D-F: Maximum intensity projections of a confocal image stack of whole-mounted retina
labeled with antibodies against Cx57 and with Alexa Fluor 568-conjugated streptavidin after microinjection
of neurobiotin into a horizontal cell. The distribution of Cx57 is shown at the tips of horizontal cell (HC)
dendrites invaginating intc two cone pedicles. Pedicle positions were identified by these clusters of
invaginating dendritic tips and are indicated by dashed circles. G-l: As in D-F, but ~2 ym beneath the same
pedicle position. INL, inner nuclear layer; OPL, outer plexiform layer. Scale bars: 10 ym in C, applies to A-
C; 5 ymin 1, applies to D-I.

Figure 3. Clustering of ZO-1 and Cx57 differs in dorsal and ventral retina

A-D: Maximum intensity projections of a confocal stack from a vertical cryostat section of dorsal retina
triple-labeled against the kainate receptor subunit 1 (GluK1), the tight junction protein zonula occludens-1
(£20-1), and connexin 57 (Cx57). Dashed lines indicate pedicle positions marked by GluK1 staining. E-H:
As in A-D from a piece of whole-mounted retina. Maximum-intensity projections were chosen to cover the
proximal OPL beneath cone pedicles. Circles indicate pedicle positions. Arrows indicate an example pedicle
of which single optical sections of the corresponding channels are shown in the box (top right). I-P: As in
A-H but from ventral retina. Scale bars: 5 um in L, applies to A-D and I-L; 5 ym in P, applies to E-H and M-
P; 1 um box in P, applies for single optical section boxes E-H and M-P.

Figure 4. Clustering density of horizontal cell gap junctions changes at the S-opsin transition zone
A-C: Maximum intensity projections of confocal image stacks from the region of the short-wavelength
sensitive (S)-opsin transition zone. The retinal whole-mount was quadruple-labeled with antibodies against
S-opsin, GluK1, ZO-1, and Cx57. A, cone outer segments positive for S-opsin at the transition zone. Boxes
B and C indicate regions where confocal image stacks (B1-C4)} were acquired. B1-B4 shows GluK1, ZO-1,
and Cx57 at the level of the OPL in the position of box B (in A), close to the transition zone but on its dorsal
side. Three example pedicles are indicated by circles. C1-C4, as in B1-B4 but for the area C on the ventral
side of the transition zone. D: Azimuthal equal-distance projection of tile scans of a complete, whole-
mounted retina immunolabeled against S-opsin. Boxes indicate the locations where image stacks were
acquired for the quantification of Cx57 and ZO-1 immunostaining. E-G: Quantification of the immunolabeled
areas (normalized from um?) of Cx57 and ZO-1 and their colocalization per circular ROl beneath each
pedicle. Measurements were pooled across dorso-peripheral locations (orange, all upper boxes in D
combined) and the ventro-peripheral locations (blue, all lower boxes in D combined). Dashed lines in violin
plots show median and quartiles. Each data point represents the measurement in a ROI beneath one
pedicle. Orig, colocalization analyzed in the original image stack, Flip, control measurement where one
channel per ROl was vertically flipped. Unpaired, two-tailed Mann Whitney test (E, F) and one-way ANOVA
with a post-hoc Tukey test for multiple comparisons (G), *** p<0.001; ns, not significant. Scale bars: 100
pmin A; 5 pm in C4 applies to B1-Ca.

Figure 5. Tracer coupling patterns of horizontal cells differ in dorsal and ventral retina

A: The position of neurobictin-injected horizontal cells is indicated by circles superimposed on the density
distribution disc taken from Fig. 1E. The area of the circles reflects the number of tracer-coupled cell bodies
per injected horizontal cell. Orange and blue filled circles represent the example injections in B-E. B,C:
Example tracer-coupling patterns upon injection of neurobictin into single cell bodies (B, in dorsal retina; C,
ventral). Convex hulls encompassing all neurobiotin-positive cell bodies were used to measure the area of
neurobiotin-spread. D,E: Quantification of the number of tracer-coupled horizontal cell bodies (D, p<0.01)
and the area of tracer-spread (E, p<0.001) per injection (Mann-Whitney tests). Vertical lines indicate
median. Scale bar 100 ym in C, applies to B and C.
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Figure 6. Horizontal cell feature asymmetry supports a receptive field architecture adapted to the
visual environment.

Dendritic tree size and electrical coupling area of horizontal cells is roughly twice as large in the lower visual
field than in the upper. The feature asymmetries shown here are well suited to form the cellular substrate
underlying the global asymmetry of ganglion cell receptive field surrounds across the retina (right, brown
discs, blue discs represent receptive field centers, adopted from 2).

STAR Methods

RESOURCE AVAILABILITY
- Lead Contact
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Christian Puller, christian.puller@mpinb.mpg.de
- Data and code availability
» All data reported in this paper will be shared by the lead contact upon request.
» This paper does not report original code.
» Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.
- Material availability
All unique reagents generated in this study are available from the lead contact with a completed

materials transfer agreement.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Only mice were used and no new human participants were recruited for this study. All procedures
were performed in accordance with the law on animal protection (Tierschutzgesetz) issued by the
German Federal Government and approved by the local animal welfare committee. Mice of either
sex were used, including the wild-type (C57BL/6J), Cx57'aZ'3cZ and Cx57** animals on C57BL/6J
genetic background?®. Wild-type mice were used for all experiments except for the validation of
antibody specificity (Fig. S1). Animals were housed under standard conditions, including a 12-hr
light/dark cycle with water and food ad libitum.

Mice (ages: 2-4 months for quantification of the horizontal cell (HC) density, 3-5 months for
immunohistochemistry, 3-4 months for HC injections) were deeply anesthetized with carbon

dioxide and killed by cervical dislocation or decapitation.
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METHOD DETAILS

Tissue preparations

After ascertaining the death of the animal, eyes were immediately enucleated and lens and
vitreous were removed in a 0.01 M phosphate buffered saline (PBS, pH 7.4) or in a 0.1 M
phosphate buffer (PB, pH 7.4). For HC injections, animals have been dark adapted for at least 1
hour before they were sacrificed and the subsequent tissue preparation was performed under
infrared illumination using night vision goggles (No. G18597, Gutzeit-Gmbh). Retinal dissection
was performed in Ames medium (Sigma/Biomol) supplemented with sodium bicarbonate and
bubbled with carbogen at 30-32 °C, pH 7.4. Fixation of the tissues was performed at room
temperature (RT). Posterior eyecups were immersion-fixed in initially cold 2-4%
paraformaldehyde (PFA) diluted in PBS for 15-20 min. Injected retinas were fixed in 2% PFA
diluted in 0.1 M PB for 20 min.

For immunohistochemistry, retinas were cryoprotected after fixation in sucrose solution (30% w/v)
avernight at 4°C and then stored at -20°C until use. To keep track of the retinal orientation, the
choroid fissures were used to place marking cuts into the tissue®'. For cryosections, the tissue
was then embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek) and sectioned vertically
at 20 ym using a Leica CM1860 cryostat. For whole-mounted retinas, four radial relieving cuts
were made without compromising the initial marking. Then, the retinas were dissected in PBS or
in Ames depending on the following set of experiments. This was performed in a way that the
complete retina was preserved, including the most peripheral region (outer marginal zone).
Finally, the tissue was mounted on a black nitrocellulose filter membrane (Millipore) with the

ganglion cell side up, for immunohistochemistry or cell injections.

Immunohistochemistry

Immunohistochemical labeling was performed by an indirect fluorescence method. Vertical
sections were incubated overnight at RT with primary antibodies (Primary anfibodies table and
supplemental information, Fig. S1). Three different antibodies against Cx57 were used in this
study. They were tested extensively and yielded the same Cx57 staining patterns in the mouse
retina as previously published?83642 Thus, they were used interchangeably in this study. Two of
the polyclonal antibodies against C-terminal peptides of mouse Cx57 were newly raised in guinea
pigs (Davids Biotechnologie GmbH, Regensburg, Germany). They were termed CSM and PGS
(Fig. 1), and their amino acid sequences are listed in the Primary antibodies table. The specificity

of the antibodies was demonstrated by immunostainings in wild-type (WT, Cx57**) and Cx57-
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deficient mice (KO, Cx57'acZla0Zy28  The common Cx57 immunoreactivity of the two different
antibodies was readily observed in wild-type animals following standard protocols (see below) but
it was absent in retinal sections of Cx57-deficient mice using the same conditions (Fig. S1).
Antibodies were diluted in incubation solutions containing either 5% normal donkey serum (NDS),
1% bovine serum albumin (BSA), 0.5% Triton X-100 in PBS, or 5% Chemiblocker (Millipore) and
0.3% Triton X-100 in Tris-buffered saline (TBS, pH 7.6). Afterward, sections were incubated for
90 min with secondary antibodies diluted in the corresponding incubation solution. Whole-
mounted retinas were incubated at RT for 2-3 days in the primary antibody solution containing
5% NDS, 1% BSA, and 1% Triton X-100 in PBS. Secondary donkey antibodies were incubated
at RT for 2h or overnight in the same incubation solution. Type and dilution of secondary
antibodies was the same for vertical sections and whole-mounts (Alexa Fluor 488, 568, and 647,
1:500, Invitrogen; Alexa Fluor 405, 1:500, Abcam; CF568, 1:500, Sigma).

Retinas where HCs were injected with neurobiotin (see “"Horizontal cell injections” below), which
were intended for immunostaining of Cx57, were fixed and labeled using the same protocol as
described above. Alexa Fluor 568-conjugated streptavidin (1:250, Invitrogen) was used to
visualize neurobiotin during the secondary antibody incubation.

Retinas were mounted together with the filter paper on slides in Vectashield (Vector Laboratories).
Spacers between glass slides and coverslips were used to avoid squeezing the tissue. Dye-
injected specimens were directly mounted on glass slides with Vectashield and coverslipped with
spacers as described above. Neurobiotin-injected specimens for the tracer-coupling analysis of
HCs were first incubated overnight at 4°C with Alexa Fluor 568-conjugated streptavidin (1:250),
diluted in incubation buffer containing 10% NDS, 0.3% Triton X-100 in 0.1 M PB before mounting.

Primary antibodies

Antibody Host, type Working dilution Immunogen Source, Catalog #
Calbindin Rabbit, Polyclonal  1:2000 Recombinant rat calbindin ~ Swant CB-38A
D-28k
Cx57 Guinea pig, 1:500(w)/1:100(c) C-terminal peptide of This study
Polyclonal mouse Cx57
PGSRKASFLSRLMSEK
Cx57 Guinea pig, 1:200(w)/1:100(c) C-terminal peptide of This study
Polyclonal mouse Cx57
CSMSMILELSSIMKK
Cx57 Rabbit, Polyclonal  1:500 CSMSMILELSSIMKK Janssen-Bienhold
et al., 2009
GluK1 Mouse, 1:2000 aa 869-918 C-terminus of Santa Cruz Biot.
Monoclonal human GluK1 sc-393420
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S-opsin Goat, Polyclonal 1:10000 N-terminus of the of human Santa Cruz Biot.
OPN1SW sc-14363
Z0-1 Mouse, 1:100 aa 334-634 of human Zymed, 33-9100
Monoclonal recombinant ZO-1
Z0-1 Rabbit, Polyclonal ~ 1:100 aa 463-1109 of human Zymed, 61-7300

zonula occludens-1 cDNA

Dilutions used for labeling of cryosections (c) or whole-mounted retinas (w) if different depending on condition

Retina reconstructions

For the large-scale quantification of HC densities, the merged tile scans of image stacks from
whole retinas were used. The R package Retistruct’? was used to reconstruct the dissected
whole-mounts to the spherical cap shape of the intact retina. 3D reconstruction allowed a better
estimate especially at the cloverleaf outline and avoided some miscalculation introduced by stress
during flattening. In each retina, the tissue outline and the incisions were manually marked. In
rare cases of folded, damaged, or missing retinal tissue, the extent of the retina was manually
estimated. The rim angle of the reconstructed retina was set to 110° and the radius of the retina
to 1.5 mm, as measured from independent cryosections and in accordance with earlier reports®.
The reconstructed spherical caps were visualized as an azimuthal equal-distance projection.
Individual calbindin-positive HC bodies were manually marked using the CellCounter plugin in Fiji,
in 5 retinas. The boundary of the short-wavelength sensitive (S-)opsin gradient was manually
identified in the same 5 retinas and was represented as mean * standard deviation (SD, Fig. 1,
5, 82, 83). The local density of horizontal cells was calculated in spherical coordinates by counting
the number of cells in a 10 degree spherical cap. This radius corresponds to an arc length of ~260
pum and a counting disc area of 0.21 mm2. This counting area was corrected to reflect marked
regions where data was unattainable. The average density across different retinas was calculated
in a fixed regular grid.

Coverage factor was defined as the number of HCs within the dendritic field of one cell and
estimated by multiplication of density and convex hull area. Under the assumption of a constant

coverage factor, this relation was fitted in MATLAB using the data shown in Fig. 1K.

Horizontal cell injections

Cell nuclei in whole-mounted retinas of wild-type mice were visualized by prior incubation in Ames
medium containing 0.3 - 0.5 pM of DAPI (Abcam) for 60 min at 32 °C. Then the retinas were

mounted onto black nitrocellulose membrane (see above).
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Borosilicate glass electrodes were pulled with a micropipette puller (P-97, Sutter Instrument CO)
to obtain sharp electrodes with a resistance between 100 — 200 MQ. HCs were injected either
with a fluorescent dye alone (to analyze the morphology of the cells) or with a mixture of dye and
the gap junction tracer molecule neurobiotin (to analyze the electrical coupling).

For fluorescent dye injections, the electrodes were filled with 2 pl of 5 mM of Alexa Fluor 568
hydrazide (Invitrogen, diluted in 200 mM KCI) and backfiled with 10 pl of 200 mM KCI.
Epifluorescence light was used to identify DAPI-labeled HC bodies based on their location and
their relatively large size. Candidate cell bodies were targeted under visual control with
epiflucrescence illumination and impaled with sharp electrodes for dye iontophoresis using -0.5
nA square pulses of 500 ms at 1 Hz for 3 min. After injections, the retina was fixed in PFA as
described above.

Neurobiotin injections were restricted to the nasal side of a given retina. Electrodes were tip-filled
with 3 yl of a 1:1 mixture of 4% neurobiotin (SP1120, Biozol) diluted in 0.1 M Tris buffer (pH 7.3)
and 5 mM Alexa Fluor 568 Hydrazide, and back-filled with 10 yl of 200 mM KCI in Tris buffer. The
dye was injected as described above for 1-2 minutes before the current was reversed to inject
neurochiotin using +0.5 nA square pulses of 500 ms at 1 Hz for 5 min. Then, a neurobiotin diffusion
time of 10 min was granted before fixation. Only a single HC was injected per retina (dorsal n=7,

ventral n=7) to provide constant conditions for these experiments to quantify tracer coupling.

Image acquisition

High-resolution fluorescence image stacks were acquired using TC SP8 or TCS SL confocal laser
scanning microscopes (Leica). Scanning was performed with 63x/1.32 or with 63x/1.4 oil-
immersion objectives and z-axis increments between 0.1 and 0.3 ym. The SP8 confocal
microscope with either 40x/1.3 or 63x/1.4 oil-immersion objectives was also used to acquire
image stacks of HC dendritic trees. Image stacks of the coupled HCs were acquired using a
20x/0.70 oil-immersion objective.

Images of entire whole-mounted retinas were obtained with a Leica DM6B epifluorescence
microscope equipped with a motorized stage and a 20x/0.5 air objective. Individual image stacks
of a tile scan were automatically stitched together in the microscope software (LAS X, Leica).
Overviews of the entire retinas were used for the large-scale quantification of HC density and to
keep track of the precise location of the injected horizontal cells (see “retinal reconstruction”
section).

Images are presented as single optical sections or as maximum intensity projections of image

stacks. Some images were further processed with Fiji** using the “subtract background” (rolling
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ball) plugin and intensities were normalized using the “enhance contrast” plugin with 0.01%

saturation. Brightness and contrast of the final images were adjusted using Photoshop (Adobe).

QUANTIFICATION AND STATISTICAL ANALYSIS

Tracing and morphometric analysis

Tracer-coupled HCs were manually counted in Fiji using maximum intensity projections of
confocal image stacks. Area measurements were based on convex hulls either encompassing
dendritic trees of the HCs (Fig. 1) or all neurabiotin-positive cell bodies (Fig. 5).

Horizontal cell coupling was studied in 14 retinas and the positions and coupling strength were
shown along with the independently measured horizontal cell density. The dendritic area was
studied in 69 injected cells from 20 retinas (18 animals, either eye). The area was measured from
convex hulls of the manually marked dendritic tree. A Sholl analysis®® was used to compare the
dendritic branching pattern of traced HCs (n=23) across retinal regions. For this, HC skeletons
were traced through image stacks using Amira (Thermo Scientific). The number of intersections
of dendritic processes with concentric circles was divided by the area of the respective circle. In
Fig. 1M, each cell was normalized to equal convex hull area to focus only on the arborization
patterns, not on sizes. Cells with overlapping, co-injected cells or any interference from blood

vessels, which hindered accurate interpretation, were excluded.

Colocalization analysis

Immunoreactivity of Cx57 and ZO-1 was measured to assess spatial extent and colocalization.
Confocal stacks of cone pedicles from the mid-periphery and periphery of dorsal and ventral
regions from three retinas were analyzed (see boxed regions in Fig. 4). The total extent in z
direction was chosen to capture the entire thickness of the ZO-1 cluster beneath a given cone
pedicle®, which typically included 20-25 consecutive optical sections. For each cone pedicle, a
circular region of interest (ROI) with a diameter of 7 ym was selected around the ZO-1 cluster.
Background and contrast was adjusted as described above, and a global threshold was
independently applied. Colocalization of Cx57 and ZO-1 was analyzed with the “colocalization
highlighter” plugin in Fiji (MBF collection338). Areas of colocalization and areas of individual
immunaostaining per channel were measured in the same ROlIs with the “analyze particles” plugin
in Fiji. Colocalization areas smaller than 0.01 um? were excluded from the analysis. Colocalization
in images with one vertically flipped channel per ROI at a given cone pedicle position served as

control measurements®. For the quantification of the individual immunostainings, particles with a
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size smaller than 0.04 ym? were excluded from the analysis. This analysis was applied to 3
retinas. The area measurements were normalized (Fig. 4E-G) to account for differences between

the samples regarding staining intensity and the relative background staining levels.

Statistical analysis

The areas of convex hulls that encompassed the dendritic trees of injected cells were compared
with a tailed Wilcoxon rank sum test in MATLAB. Further statistical tests were performed using
Prism 9 (GraphPad Software) on normalized ZO-1 and Cx57 immunostaining data (Fig. 4). A one-
way ANOVA with a post-hoc Tukey test for multiple comparisons was used to compare the
colocalized area in the dorsal and ventral retina. Flip controls were used to account for randomly
cbserved colocalization. An unpaired, two-tailed Mann Whitney test was used to compare the
immunoreactive areas of Cx57 and ZO-1 between dorsal and ventral measurements. A potential
influence of the nasal-temporal axis and increased retinal eccentricity was assessed with a multi-
way ANOVA (MATLAB). A p-value < 0.025 was considered statistically significant. Quantitative
data was obtained from 3 retinas including 144 dorsal pedicles, 131 ventral pedicles presented
as median and quartiles.

A Mann-Whitney test (Prism 7, GraphPad Software) was performed to test for statistical
significance (p<0.05) between the number of coupled cell bodies and the area covered by them
(Fig. 5). Quantitative data was obtained from 14 retinas (7 retinas for each dorsal and ventral

sides) reported as mean = SD in the text description and the median is indicated in Fig. 5D, E.
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Horizontal cell size and electrical coupling Ganglion cell receptive field structure
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Horizontal cell properties are asymmetrically organized along the dorso-ventral axis
Dorsal cells are larger than ventral cells
Dorsal cells are more extensively coupled via gap junctions than ventral cells

Changes occur at the opsin transition zone of photoreceptors, i.e. the visual horizon
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