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ABSTRACT

ABSTRACT

Ribbon synapses are specialized chemical synapses that transmit a wide range of sensory information
in the visual and auditory systems. Ribbon synapses are tonically active and continuously release
neurotransmitters at the synapse in response to graded changes of membrane potential. Continuous
synaptic transmission at ribbon synapses requires a presynaptic electron-dense specialization, the
synaptic ribbon. The synaptic ribbons immobilize a large number of release-ready vesicles near the
release site (active zone) to promote continuous exocytosis. It is a large proteinaceous structure anchored

to the active zone of ribbon synapses.

The synaptic ribbon mainly consists of the RIBEYE protein (Schmitz et al., 2000). RIBEYE contains a
unique amino-terminal RIBEYE A-domain and a carboxy-terminal B-domain. The B-domain of
RIBEYE shows sequence identity to the transcriptional co-repressor CtBP2 and binds with NAD(H).
NAD(H) regulates the interaction between RIBEYE A- and RIBEYE B-domain (Schmitz et al., 2000;
Magupalli et al., 2008). NAD(H) also promotes the assembly of CtBP2 dimers into tetramers (Bellesis
et al., 2018). Transfection experiments suggested that the RIBEYE A-domain plays a structural role due
to the formation of electron-dense protein aggregates (Magupalli et al., 2008). Consequently, the
deletion of the RIBEYE A-domain in RIBEYE knock-out mice has revealed a complete loss of retinal
and inner ear synaptic ribbons (Maxeiner et al., 2016; Jean et al., 2018). To date, it is unclear whether
the RIBEYE A-domain alone is sufficient for synaptic ribbon formation or whether the RIBEYE B-

domain is also required for the assembly of synaptic ribbons.

To address the role of the RIBEYE B-domain in ribbon formation, | analyzed RIBEYE knock-in mice
(RBEXKN, In these RIBEYE knock-in mice, the RIBEYE B-domain was replaced with the calcium
sensor GCaMP3. RBEX"X' mice contain only the RIBEYE A-domain fused to GCaMP3 and
consequently lack the RIBEYE B-domain.

Morphological analysis of RBEX"X' by immunofluorescence microscopy and transmission electron
microscopy (TEM) showed the complete absence of synaptic ribbons in retinal synapses, both in rod
and cone photoreceptor synapses in the OPL as well as in ribbon synapses formed by bipolar cell
synapses in the IPL. Similarly, synaptic ribbons were completely absent in outer and inner hair cells of

the organ of Corti from homozygous RBEX"K! mice.

In heterozygous RIBEYE knock-in mice (RBEW™K!), the overall fluorescence intensity of RIBEYE A-
and RIBEYE B-domain immunosignals in the outer plexiform layer (OPL) was significantly reduced in

comparison to littermate wild-type mice. In contrast, the average number of RIBEYE (RIBEYE A- and
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ABSTRACT

RIBEYE B-domain) puncta was unaffected in the OPL. | investigated the reason for the decreased
RIBEYE fluorescence intensity in heterozygous RIBEYE knock-in mice by using super-resolution
structured illuminated microscopy (SR-SIM) to measure the contour length of synaptic ribbons. Using
transmission electron microscopy (TEM) | further assessed the height of synaptic ribbons. Both analyses
showed a significant reduction in the size of synaptic ribbons in RBEW™X! compared to littermate wild-
type control mice. Interestingly, | also observed a decreased expression of RIBEYE in heterozygous
RBEWTK! mice by quantitative western blot analyses raising the possibility that the level of RIBEYE

expression is important to control the size of the synaptic ribbon.

In the IPL, | observed a similar though slightly differing result. In the inner plexiform layer (IPL) of
RBEY™ ! mice, both average RIBEYE fluorescence intensity (RIBEYE A- and RIBEYE B-domain), as
well as average RIBEYE puncta, were significantly reduced compared to littermate wild-type control
mice. The reduction in IPL RIBEYE puncta was further analyzed by ultrastructural analysis of rod
bipolar cell synapses using TEM which showed the absence of synaptic ribbons in RBEX"K! mice. Thus,
the reduction in RIBEYE fluorescence intensity and RIBEYE puncta in the IPL of RBEW™! mice could
be due to a loss of synaptic ribbons in bipolar cell synapses. Synaptic ribbons in bipolar cell synapses
are smaller in size compared to photoreceptor synapses. Therefore, further reduction in ribbon size can
more easily lead to the disappearance of synaptic ribbons in bipolar cell synapses than in photoreceptor

synapses.

Collectively, the present data showed that the RIBEYE A-domain alone cannot form synaptic ribbons
in the retina and inner ear of RIBEYE knock-in mice (RBEX"K"). Therefore, these findings strongly
suggest that the RIBEYE B-domain is essential for the synaptic ribbon formation. Since RIBEYE B-
domain also binds to NAD(H), it can be speculated that RIBEYE B-domain forms a tetramer under the
control of NAD(H).
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Ribbonsynapsen/Bandsynapsen (engl.: ribbon synapse; im deutschen hdufig auch als ,,Bandsynapse*
bezeichnet) sind spezialisierte chemische Synapsen, die ein breites Spektrum sensorischer
Informationen im visuellen und akustischen System Ubermitteln. Ribbonsynapsen sind tonisch aktive
Synapsen und setzen an der prasynaptischen Endigung kontinuierlich Neurotransmitter als Antwort auf
abgestufte Anderungen des Membranpotentials frei. Die kontinuierliche Neurotransmitterausschiittung
mittels Exozytose bendétigt auffallige prasynaptische Strukturspezialisierungen, die als Synaptic
Ribbons bezeichnet werden. Synaptic Ribbons binden eine groRe Anzahl von Freisetzungs-bereiten
synaptischen Vesikeln und stellen sie der aktiven Zone fir eine kontinuierliche Vesikelexozytose zur
Verfugung. Der Synaptic Ribbon ist eine grofe, Protein-dichte Struktur, die an der aktiven Zone der
Ribbonsynapse/Bandsynapse verankert ist.

Der Synaptic Ribbon besteht im Wesentlichen aus dem Protein RIBEYE, das spezifisch fur die
Ribbonsynapsen/Bandsynapsen ist (Schmitz et al., 2000). RIBEYE besteht sich aus einer
charakteristischen aminoterminalen A-Domane und einer carboxyterminalen B-Doméne. Die B-
Doméne von RIBEYE ist von der Priméarstruktur weitgehend identisch mit dem ubiquitar exprimierten
transkriptionelle Co-Repressor CtBP2. CtBP2 und die B-Domane von RIBEYE binden NAD(H).
NAD(H) reguliert die Interaktion zwischen RIBEYE A-Doméne und RIBEYE B-Doméne (Magupalli
et al., 2008 et al., Schmitz et al., 2000). AuBerdem stimuliert NAD(H) die Assemblierung von CtBP2-
Dimeren zu Tetrameren (Bellesis et al., 2018). Heterologe Transfektionsexperimente legten nahe, dass
die RIBEYE A-Doméne eine wichtige Rolle bei der Ausbildung von elektronendichten
Proteinaggregaten besitzt. Diese Befunde deuten auf eine mdgliche strukturelle Bedeutung der A-
Doméne von RIBEYE hin (Magupalli et al., 2008). Folgerichtig fiihrt das Fehlen der RIBEYE A-
Doméne in RIBEYE Knock-out Mdusen zu einem kompletten Verlust der Synaptic Ribbons in der
Retina und im Innenohr (Maxeiner et al., 2016; Jean et al., 2018). Bis heute ist allerdings unklar, ob die
RIBEYE A-Domane alleine ausreichend ist, um Synaptic Ribbons entstehen zu lassen, oder ob auch die

RIBEYE B-Domaéne einen Beitrag fur die Assemblierung der Synaptic Ribbons leistet.

Um die Rolle der RIBEYE B-Domane fiir die Bildung der Synaptic Ribbons zu untersuchen, habe ich
RIBEYE Knock-In Mause (RBEX"K") verwendet. In diesen Knock-in Mausen wurde die RIBEYE B-
Domane durch den Calcium-sensor GCaMP3 ausgetauscht. RBEX/! Mause exprimieren anstelle von
RIBEYE ein Fusionsprotein, bestehend aus der aminoterminalen RIBEYE A-Doméne, welche mit
GCaMP3 fusioniert ist und folglich keine RIBEYE B-Doméne besitzt.

Page | 3



ZUSAMMENFASSUNG

Morphologische Untersuchungen der RBEK'K' Mause mittels Immunfluoreszenzmikroskopie und
Transmissionselektronenmikroskopie (TEM) zeigten ein vollstandiges Fehlen von Synaptic Ribbons in
den Ribbonsynapsen/Bandsynapsen der Retina (sowohl in Stabchen- und Zapfen-Photorezeptoren in der
auieren plexiformen Schicht, OPL als auch in den Ribbonsynapsen, die von den Bipolarzellen in der
inneren plexiformen Schicht, IPL, der Netzhaut gebildet werden). Weiterhin fehlen die Synaptic
Ribbons im homozygoten RIBEYE Knock-in (RBEX"K") auch in den &uBeren und inneren Haarzellen

des Innenohrs.

In heterozygoten Knock-in Mausen (RBEWTK!) war die Intensitat der Immunfluoreszenzsignale von
RIBEYE A- und B-Domine in den Photorezeptorsynapsen der OPL signifikant reduziert. Die
durchschnittliche Anzahl/Dichte von RIBEYE Signalen (Anzahl der Synaptic Ribbons in der &duf3eren
plexiformen Schicht) war allerdings zwischen Wildtyp-Kontrolle und heterozygoten Knock-In Mausen
unverdandert. Die Abnahme der Intensitdt der RIBEYE Immunfluoreszenzsignale in der OPL von
heterozygoten Knock-In Mausen wurde weiter mittels SR-SIM Mikroskopie (super-resolution
structured illuminated microscopy) untersucht, indem die Konturldnge der Synaptic Ribbons mit dieser
hochauflésenden Methode bestimmt wurde. Weiterhin wurde die HOhe der Synaptic Ribbons
(Ausdehnung des ,Bandes” von der aktiven Zone bis in die Zelle hinein) mittels
Transmissionselektronenmikroskopie ausgemessen. Beide Untersuchungen zeigten ubereinstimmend
eine signifikante Reduktion der GroRe der Synaptic Ribbons in Photorezeptorsynapsen von
heterozygoten RBEWTK' Mausen gegeniiber Wildtyp-Kontrollméausen aus dem gleichen Wurf.
Interessanterweise beobachtete ich mit Hilfe von quantitativen Western Blot-Untersuchungen, dass die
Menge an exprimiertem RIBEYE Protein in heterozygoten Knock-in-Tieren deutlich geringer war als
in Wildtypkontrollen. Dies deutet darauf hin, dass Expressionsspiegel von RIBEYE wichtig flr die

Steuerung der GroRe der Synaptic Ribbons sein kénnte.

Im Gegensatz zu den Ergebnissen, die in der duBeren plexiformen Schicht beobachtet wurden, zeigten
sich in der inneren plexiformen Schicht sowohl die Fluoreszenzintensitat als auch die Anzahl/Dichte der
fluoreszierenden Signale in heterozygoten RBEW™K!' Mausen gegeniiber Wildtyp-Kontrollméiusen
signifikant abgemindert. Die Reduktion der Immunfluoreszenzsignale in der inneren plexiformen
Schicht wurde weiter an Stidbchen-Bipolarzellen in homozygoten RBEK'K! Méausen ultrastrukturell
mittels TEM untersucht und festgestellt, dass dort Synaptic Ribbons komplett fehlten. Eine Reduktion
der RIBEYE Fluoreszenzintensitat und der Anzahl der RIBEYE Immunsignale kdnnte in heterozygoten
RBEWTKI Mausen durch die physiologischerweise kleineren Synaptic Ribbons in Bipolarzellsynapsen

bedingt sein. Die Ribbons in Bipolarzellen sind deutlich kleiner als in den Photorezeptoren. Folglich
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kdnnte daher eine weitere Reduktion der Ribbongréie in Bipolarzellen leichter zu einem kompletten

Verlust der Synaptic Ribbons fiihren als in den Photorezeptoren.

Zusammenfassend zeigen die hier présentierten Daten, dass die Ausbildung von Synaptic Ribbons in
der Netzhaut und im Innenohr nicht allein durch die RIBEYE A-Doméne bewerkstelligt werden kann.
Die A-Doméne ist ja noch in RIBEYE Knock-in (RBEX"K) Mausen vorhanden, die keine Synaptic
Ribbons ausbilden. Meine Ergebnisse zeigen, dass die RIBEYE B-Domane ebenfalls fur die Ausbildung
der Synaptic Ribbons essenziell ist. Ohne die Anwesenheit der B-Doméne von RIBEYE kommt es zu
keiner Ausbildung von Synaptic Ribbons. Die Bindung von NAD(H) an die RIBEYE B-Domane fihrt
wahrscheinlich zu oligomeren Komplexen (Tetrameren), die moglicherweise verschiedene RIBEYE

Untereinheiten zusammenhalten und damit die Ausbildung der Synaptic Ribbons erméglichen.
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1. INTRODUCTION

In humans, primates, and simpler organisms such as zebra fish, the visual system is extremely
developed, combining the sensory organ (the eye) and elements of the central nervous system (the
photoreceptor cells, the optic nerve, the optic tract, and the visual cortex). The visual system imparts the
ability to receive and process visual details. The eye, a sensory organ, receives visible radiation from its
environment then transmits and focuses onto the neural retina, where photoreceptors transduce the light
stimuli into electrical signals. Neuronal cells circuit processes the absorbed optical signals and
transmitted to the midbrain and thalamus by optical nerves for making the perception of vision (Sung
and Chuang, 2010).

1.1 The anatomy of the mammalian eye

The eyes of vertebrates are the main organ of the visual system. It is a fluid-filled, slightly asymmetrical
sphere and three-layered tissue. The outermost layer consists of the sclera at the posterior end, and it
turned into the light permissive cornea at the front of the eye. The middle layer is composed of two
parts: the anterior (iris and ciliary body) and posterior (choroid). The innermost layer is the retina, the

sensory part of the eye that processes light (Figure 1).
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Figure 1. Drawing of a sagittal section through the adult human eye
adapted from (virtual medical centre.com)
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The space of the eye is filled with two fluids: aqueous humor and vitreous humor. The aqueous humor
is located between the cornea and lens. It is produced by the ciliary processes which are located on the
posterior eye cup. The vitreous humor (a gelatinous substance) fills the cavity between the lens and the

retina which make up about 80 % of the volume of the eye (Figure 1).

When light rays strike the eyes, they are first received by the cornea then pass through the pupil, and the
crystalline lens, and finally reach the retina. The corneas refract, converse, and transmit the light onto
the retina via crystalline lens. The photon received by the photoreceptor of the retina is translated into
an electrical signal which stimulates all the succeeding neurons of the retina. These signals reach the
higher brain center via optic nerve where the final image is generated (Zhu et al., 2012; Kolb, 2005;
Purves et al., 2004).

1.2 Retinal anatomy and function

The mature mammalian retina is a thin, delicate, ~ 0.2 mm thick transparent sheet that is derived from
the neuroectoderm. The neuronal cells of the retina are organized in layers. The photoreceptors are
responsible for light reception and transmit signals via bipolar cells to ganglion cells then ganglion cells
transmit visual information to the brain (Purves et al., 2004; Kolb, 2005). The retina comprises the
retinal pigmented epithelium and five types of neuronal cells: Photoreceptors, bipolar cells, amacrine
cells, horizontal cells, and ganglion cells (Figure 2) that are arranged in a manner such as nuclei and
processes which are separated into an alternate and anatomically distinctive layer (Purves et al., 2004;
Kolb, 2005).

The retinal pigment epithelium (RPE) is a melanin-containing structure that absorbs scattered light or

light unabsorbed by the photoreceptors. The RPE is also important for photopigments regeneration.

The cell bodies of the photoreceptors (rods and cones) are located in the outer nuclear layer (ONL). The
cell bodies of the bipolar cell, horizontal cell, and amacrine cells as well as the cell bodies of the Miiller
glial cells are located in the inner nuclear layer (INL). The cell bodies of the ganglion cells and the
displaced amacrine cells are located in the ganglion cell layer. The first neuropil of the retina is the outer
plexiform layer (OPL) which has a synaptic connection between photoreceptors (rods and cons) and
vertically running bipolar cells and horizontal cells. The second neuropil of the retina is the inner
plexiform layer (IPL) where axons of bipolar cells synapse onto the ganglion cells and dendrites of the
amacrine cells also synapse in this zone (Figure 2). The IPL is responsible for processing visual
information, such as motion detection, changes in brightness and contrast (Gupta et al., 2016; Kolb,
2005; Purves et al., 2004; Mashige and Oduntan, 2016).
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ILM

Figure 2. Schematic illustration of major retinal layers and cells of the adult human retina
Three neuronal cells chain: photoreceptors (rod and cones), bipolar cells, and ganglion cells make a direct
route to transmitting visual information to the brain. Abbreviations: AC-amacrine cells, BC-bipolar cells,
Cone- cone photoreceptor cells, GC-ganglion cells, GCL-ganglion cell layer, HC-horizontal cells, ILM-Inner
limiting membrane, INL-inner nuclear layer, IPL-inner plexiform layer, MG-Midiller glial cells, NFL-nerve fiber
layer, ONL-outer nuclear layer, OPL-outer plexiform layer, OS-outer segments, OLM-outer limiting
membrane, Rod-rod photoreceptor cells, RPE-retinal pigment epithelium. Adapted from (Salman et al., 2021).

1.3 Photoreceptor cells

The retina of the eyes includes two kinds of photoreceptors: rod and cones. Rod photoreceptors are very
sensitive to light and operate in scotopic light (Figure 3A). Rod photoreceptors are very sensitive and
can activate a photon. Humans have ~ 130 million photoreceptors, approximately 120 million are
cylindrical rod photoreceptors which outnumber cones ~ 20-fold throughout the retina except for the
fovea. On the other hand, cone photoreceptors are shorter, thicker, and become active only in bright
light (larger number of a photon (photopic light)), including color vision (Zhu et al., 2012; Sung and
Chuang, 2010; Moser et al., 2020) (Figure 3B).

Rods and cones consist of the outer segment, inner segment, cell body, and synaptic terminal. The outer
segment is a modified cilium composed of a membranous disk that encloses light-sensitive
photopigment (rhodopsin in rods and cone opsin in cones) and is constantly renewed. In the inner
segment metabolism, biosynthesis and endocytosis take place (Sung and Chuang, 2010) (Figure 3A, B).
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Figure 3. Structural differences between rod and cone photoreceptors
(A) Rod and (B) cone, these photoreceptor cells differ in their shape, size, and arrangement of the membranous
disks in the outer segments. Adapted from (Purves et al., 2004).

Rhodopsin is a membranous protein composed of opsin and chromophore. It encompasses 95% of the
total disc proteins. The phototransduction process occurs in the outer segment, this cascade is initiated
by absorption of a photon by opsin (11- cis-retinal) which causes its isomerization (all-trans-retinal)
(Figure 4A). The photoactivated rhodopsin activates the G protein (transducin) by catalyzing the
exchange of GDP to GTP. Then a-subunit dissociates from transducin and activates cGMP (cyclic
guanosine monophosphate), phosphodiesterase which quickly hydrolyzes the cGMP of the cytoplasm.
This causes a decrease in cGMP concentration and closes cGMP gated channels. As a result,
photoreceptor cells become hyperpolarized and release fewer neurotransmitters to the secondary

neurons (bipolar cells) which leads to a decrease in the internal Ca?* concentration (Figure 4A).

After light activation, reversal of activation step is required for the photoreceptors to return to their
resting state. For this recovery, timely inactivation of activated rhodopsin and phosphodiesterase as well
as resynthesis of cGMP are required. Low Ca?* in the photoreceptor increases the activity of guanyl
cyclase (cCGMP synthesizing enzyme), leading to an increase in cGMP levels (Shichida and Matsuyama,
2009; Purves et al., 2004; Chen and Sampath, 2013). This triggers the opening of cGMP gated channels.
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The all-trans-retinal dissociated from opsin, which is converted to all-trans-retinol in OS, then diffuses
into the pigment epithelium, where it is converted to 11- cis retinal by appropriate enzymes (Sung and
Chuang, 2010; Shichida and Matsuyama, 2009; Purves et al., 2004; Chen and Sampath, 2013) (Figure
4B).
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Figure 4. The phototransduction cascade in vertebrate photoreceptors

(A)This cascade initiates in the outer segment when a photon of light strikes the visual pigment, rhodopsin in
rods, promotes conformational changes of 11-cis-retinals to all-trans-retinal (active state). The active
rhodopsin activates transducin which in turn activates PDE (phosphodiesterase). PDE hydrolyzes the cGMP
efficiently and lowers the concentration of cGMP, which leads to the closure of cyclic nucleotide-gated
channels. This interrupts the flow of Na*, Ca?* into the photoreceptor and hyperpolarizes the membrane
potential which stops the glutamate exocytosis. (B) In dark,11-cis retinal bounds to rhodopsin which is present
on the disc membrane of outer segments. As a consequence, inactivation of G-protein transducin and PDE
occurs. Resynthesized cGMP triggers the opening of CNG channels which mediates Na*, and Ca?* influx. This,
in turn, depolarizes the membrane potential of inner segments and triggers glutamate release from
photoreceptor synapses. Abbreviations: PDE- phosphodiesterase, cGMP- cyclic guanosine monophosphate, T-
transducin, OS-outer segment, 1S-inner segment, Na*-Sodium, Ca®*- calcium, Glu-glutamate. Adapted from
(Klapper et al., 2016)

1.4 Bipolar cells

The bipolar cells are the second-order neurons and link the outer retina (OPL) to the inner retina (IPL).
The 15 different types of bipolar cells make a parallel information pathway and transmit photoreceptor
signals to the IPL. The IPL is thicker than OPL and subdivided into five equal-thickness strata. The first
two strata (1, 2) are known as sublamina-a so-called OFF lamina while strata 3-5 are known as
sublamina-b so-called ON lamina (Kolb, 1997; Euler et al., 2014). The cell bodies of bipolar cells reside
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in the inner nuclear layer (INL). Whereas terminal of bipolar cells and process of amacrine, ganglion
cells are residing in the different strata of IPL (Figure 2 & 5). At the synapse, bipolar cell terminals
connect to processes of amacrine cells and dendrites of ganglion cells termed as a dyad (Dowling and
Werblm, 1971; Kolb, 1997; Euler et al., 2014).

Figure 5. Schematic representation of primary cells and their connection patterns in the mouse retina

In OPL rods (blue) and cones (yellowish) make synapse with horizontal cells (H, purple) and bipolar cells
(green). Amacrine cells also make synapse with bipolar cells as well as ganglion cells in the IPL. Bipolar cells
terminals make synapse with dendrites of ganglion cells in different stratified layers of the IPL. A solid black
line through the IPL indicates sublaminae, the upper layer (sublamina a) contains terminal of OFF bipolar
cells and dendrites of OFF ganglion cell, and lower layer (sublamina b) contains terminal of ON bipolar cells
and dendrites of ON ganglion cell. Abbreviation: R-rod, C-cone, OPL-outer plexiform layer, RB-rod bipolar
cells, CB-cone bipolar cells, H-horizontal cell, A-amacrine cells, G-ganglion cells. adapter from
(http://webvision.med.utah.edu/).

1.5 Horizontal cells and amacrine cells

Horizontal and amacrine cells are the interconnecting neurons. At the first synapse in the outer plexiform
layer (OPL), processes of horizontal cells and dendrites of ON-bipolar cells invaginate into
photoreceptor terminal and make triad where visual information transfers and processing initiates. The
horizontal cells make a lateral connection between the photoreceptor cells and the bipolar cells and
connect to the neighboring cells by gap junctions known as a triad (Masland, 2012).

A single horizontal cell connects to more than one photoreceptor. Therefore, bipolar cells receive the
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signal from several photoreceptor cells. These cells enhance the contrast between light and dark regions
and also lateral inhibitory feedback to the photoreceptors (Wassle and Boycott, 1991; Zhu et al., 2012).
Amacrine cells are laterally computing in the IPL. The IPL contains different types of amacrine cells
which conduct lots of different functions. Amacrine cells mediate ganglion cells activity likewise motion
and direction selectivity (Tsukamoto and Omi, 2017; Kolb, 1997) (Figure 2 & 5).

1.6 Ganglion cells

The ganglion cells are the last neuron of the network which are located in the ganglion cell layer of the
retina. This layer also contains displaced amacrine cells, Miller cell bodies, and astroglial cells (Mashige
et al., 2016) (Figure 2 & 5). Ganglion cells collect visual information from bipolar cells and amacrine
cells in the form of chemical messages. These chemical responses are transformed into an electrical
signal by the transmembrane receptor. After integration, this information is digitized in the ganglion
cells axons. The ganglion axons converge and form an optic nerve then this optic nerve transmits visual
information in the form of an electrical message to the visual centers of the brain (Zhu et al., 2012;
Nelson, 2021).

1.7 Glial cells

Glial cells are the supportive cells of the retinal neurons. There are some basic glial cells in the human
retina. The most important types are Miiller glia cells. However, microglia cells and astrocytes are also
present.

Miillers cells are the main support cells. They make an architectural support structure and limit the retina
at the outer (OLM) and the inner limiting membrane (ILM) (Figure 2). The outer limiting membrane is
formed from the adherent junctions between Miiller cells and photoreceptor inner segments and forms
a barrier between subretinal space. The inner limiting is formed by laterally contacting conical end feet
of Miiller cells and the basement membrane. The ILM serves as a diffusion barrier between the retina
and the vitreous humor. The cell bodies of the Miiller cells reside in the INL (Kolb, 2001; Zhu et al.,
2012).

Astrocytes are usually present in the vascular retina and enter from the brain through developing optic
nerve in developing retina. Astrocytes are functionally active in the GCL and the nerve fiber layer
(NFL). Astrocyte cells together with Miiller cells and blood vessels form ILM (Kolb, 2005 & 2001; Zhu
etal., 2012).

Microglial cells are mesodermal in origin. These cells infiltrate the retina via retinal vasculature during

late embryogenesis. These cells are found in all retinal layers. These cells are engaged in phagocytosis
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and tissue repair. After the injury, these cells can be stimulated to behave as macrophage cells (Kolb,

2005 & 2001; Zhu et al., 2012).

The nerve fiber layer (NFL) is unmyelinated and composed of axons of ganglion cells before conversing
at the optic disk. These nerve fibers are myelinated after exiting from the eyeball. NFL is thickest near

the optic disk (Airaksinen et al., 2008) (Figure 2).

1.8 Structure of the ribbon synapses
The ribbon synapse of a vertebrate is a specialized chemical synapse formed by the photoreceptors and

the bipolar cells. Ribbon synapses are found in the retina as well as in the sensory neurons such as hair
cells in the cochlea, vestibular organ, and pineal gland. The synaptic ribbons at the ribbon synapse are
responsible for the sustained and graded release of the vesicles at the active zone (Moser et al., 2020;

Lagnado and Schmitz, 2015) (Figure 6A, B).
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Figure 6. Schematic diagram of rod photoreceptor synapse
(A) Front view of bar-shaped synaptic ribbon in cross-sections, (B) side view of synaptic ribbon reveals
horseshoe-shaped plate-like structure with L-type Cav voltage-gated channel at the active zone. Adapted from

(Lagnado and Schmitz, 2015)

The synaptic ribbon is a specialized proteinaceous structure at the presynaptic active zone of the
photoreceptor cells and the bipolar cells (second-order neurons) which are linked with a large number
of vesicles. Synaptic ribbons are the electron-dense plate-like structure with a large surface area that
extends into the presynaptic cytoplasm from the site of neurotransmitter release (Figure 6A). The shape
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of the synaptic ribbons and the number of tethered vesicles are different in the photoreceptors and the
bipolar cells (tom Dieck and Brandstatter, 2006) (Figure 6A).

Microscopically, the cross-section of the synaptic ribbon at the photoreceptor synapse appeared bar-
shaped (Figure 6A). Form the 3D construction it looks like a planner structure (approximately 30 nm)
with a large surface area of approximately 0.77 um?2. The rod photoreceptor terminal is small (~ 2 pm
in length) and usually contains a large single ribbon that is perpendicular to the plasma membrane and
~ 200 nm — 1000 nm in length. Synaptic ribbon anchors at the plasma membrane by an electron-dense
arciform density. From the side view, the synaptic ribbon appears like a horseshoe shape (1-2 um)
because of banded arciform density (Figure 6B). The arciform density is approximately 50 nm in
diameter with a tough or ball-shaped structure (Moser et al., 2020; Sterling and Matthews, 2005) (Figure
6 A&TA).

The presynaptic membrane invaginating inside the presynaptic terminal forms a cavity called the
postsynaptic cavity which contains dendrites of horizontal cells (HC) and bipolar cells (BC) (Figure
7A). The dendritic tip of the invaginating rod bipolar cells contains metabotropic (mGIuR6) glutamate
receptor in rod bipolar cells and ionotropic AMPA glutamate receptors and kainate glutamate receptor
in horizontal cells (Lagnado and Schmitz, 2015) (Figure 9).

Synaptic vesicles (~ 40 nm diameter) are physically attached to the entire surface of the synaptic ribbon
by several fine filaments (~ 5 nm thick, 40 nm long) (Sterling and Matthews, 2005). These attached
vesicles are called tethered vesicles. The vesicles row at the base of the synaptic ribbon which is directly
contacted with the plasma membrane is called docked vesicles (Figure 7A, B). The docked vesicles
release first during exocytosis. The pool of these vesicles is making up a readily releasable pool (RRP).
The number of tethered vesicles to docked vesicles is roughly 5:1 for the rod-shaped ribbon and 10:1
for the spherical ribbon. The many vesicles which are attached to the ribbon at a more distant position
in the cytoplasm are called reserve pool vesicles that replenish the readily reserve pool upon its depletion
(Lagnado and Schmitz, 2015) (Figure 7A, B).

The number of vesicles attached to the ribbon in the presynaptic terminal depends on the number of
ribbons, size, and shape. The vesicles are loaded with the neurotransmitter glutamate. Mammalian rod
photoreceptor terminals (rod spherules) possess a single ribbon per terminal which has approximately
770 tethered vesicles and 130 docked vesicles (Lagnado and Schmitz, 2015; Wan and Heidelberger,
2011) (Figure 7A, B).
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Figure 7. Ultrastructure of rod photoreceptor ribbon synapse

(A) Rod photoreceptor synapse electron micrograph of goldfish retina. The bar-shaped synaptic ribbon (sr)
which is anchored at arciform density (ad) extends into the cytoplasm. Arciform density is located within small
synaptic ridge-like (sri) evagination of the presynaptic plasma membrane. The active zone which is a hot spot
for exocytosis (curved arrow) is found at the plasma membrane, anchored at the base of the ribbon (curved
arrow). A large number of vesicles (SV, arrow) are tethered to the synaptic ribbon and filled the synaptic
terminal. Opposite to the active zone, dendritic tips of bipolar cells (bc) pair sandwiched between pair of
horizontal cells (hc) and dendritic tips of bipolar cells are located in the postsynaptic cavity. Open black
arrowheads showed postsynaptic density. (B) Plate-like synaptic ribbon (sr) is tangentially cut. Tethered
vesicles are associated with it in a more distal position (black arrowhead). Docked vesicles physically connected
to the presynaptic plasma membrane (long black arrow). White arrowhead shows fusion vesicles docked at the
base of synaptic ribbons. Adapted from (Schmitz, 2009).

Cone terminals (cone pedicels) are usually bigger in size (3-5 um diameter) than rod spherules and
possess more synaptic ribbons (Figure 8b). The cone ribbons are shorter in length than rod ribbons, but
their total surface is larger in contrast to rods which allowed to tether more vesicles. Due to a large
number of vesicles cones encode light intensity with finer resolution than rods. Cone synapse also makes
triad synapse as rod photoreceptor (HC-ON-bipolar cell- HC processes) as described above. In addition,
cone photoreceptors make synapses with OFF-bipolar cells at the base of their terminal. This synapse
occurs at the other side of the HC processes. This synapse comprises two or five kinds of OFF-bipolar
cells, one or two ON-bipolar cells, and two HC (Moser et al., 2020; Lagnado and Schmitz, 2015) (Figure
8b).

The synaptic ribbon of the retinal bipolar cells is bar-shaped to ellipsoid and typically smaller than those
in rods and cones (Figure 8c). The bipolar cell ribbons are ~ 50 nm thick, 125 nm high and 175 nm long.
Bipolar cells terminal in the inner retina has different sizes. The goldfish rod bipolar cells terminal can
be 10 um diameter which contains 45-65 ribbons, ~ 110 tethers, and ~ 22 docked vesicles. Therefore,
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~ 6000 are the total ribbon-associated vesicles and ~ 1200 are the total docked vesicles (von Gersdorff,
2001).

The hair cell’s synaptic ribbons vary in, number, shape, and size. In a hair cell, the number of synaptic
ribbons is very few in outer hair cells (OHC) and dozens in inner hair cells (IHC). Synaptic ribbons
range from ~ 0.1 to ~ 0.4 um in length and can be ellipsoid, plate-like, spherical, or barrel-shaped. 20 to
400 vesicles tethered to it depending on the cell type. The ribbon synapses of hair cells are found to
differ in postsynaptic structure from retinal synapses (LoGuidice and Matthews, 2007; Moser et al.,
2020) (Figure 8a).

(a) Hair cell (b) Cone terminal (c) Bipolar terminal

Figure 8. Diversity of the ribbon synapse in the retina and the inner ear

() In hair cells, ribbons (red) are located at the basal pole with numerous tethered vesicles (white and yellow,
yellow are docked vesicles) near the presynaptic plasma membrane. A hair cell contains 10-20 ribbons. (b) The
Cone terminal contains more ribbons that are shorter than rod ribbons and makes a triad with postsynaptic
processes. (¢) Rod bipolar cells make many presynaptic boutons, containing multiple small ribbons, and make
a dyad, comprising of two ganglion cell dendrites (G), two amacrine cell processes, or one ganglion and
amacrine cell processes. Abbreviation: H-horizontal cells, B-bipolar cells, A-amacrine cells, G-ganglion cells.
Adapted from (Sterling and Matthews, 2005).

At the conventional synapse, approximately 100 vesicles are clustered at the active zone near the plasma
membrane. Therefore, the number of vesicles in the ribbon terminals are more than the conventional
synapses. The neurons of ribbon synapses are tonically active and transmit visual information as graded
changes in membrane potential. In contrast, in brain neurotransmitter release is sparked by an action
potential (Morgans, 2000; Lagnado and Schmitz, 2015; Heidelberger et al., 2005). The presynaptic
density connects to the postsynaptic intersection of a pair of amacrine cell processes (All and A17),
dendrites of bipolar, and processes of amacrine or rarely pair of ganglion cells (Matthews and Fuchs,
2010; Lagnado and Schmitz, 2015; Moser et al., 2020). In bipolar cells, the arciform density is lacking

at the synaptic ribbon in contrast to the photoreceptor which approaches the ribbon closer to the plasma
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membrane. Therefore, vesicles that are located at the base of the ribbon have contact with the plasma

membrane as well as the synaptic ribbon (Heidelberger et al., 2005) (Figure 8c).

1.9 Proteins associated with synaptic ribbons

The active zone is located as an electron-dense region beneath of plasma membrane. This electron-dense
structure is ultra-structurally composed of cytoskeleton meshwork (cytomatrix). The cytomatrix at the
active zone (CAZ) is extended into the cytoplasm as synaptic bouton and synaptic vesicles tethered to
it. Therefore, CAZ involves in the docking and priming of synaptic vesicles at the active zone (Deguchi-
Tawarada et al., 2006). CAZ is composed of a set of multidomain proteins which interact with other
proteins via protein-protein interaction or protein-lipid interaction (tom Dieck et al., 2005).

CAZ proteins are set apart into two presynaptic compartments at the ribbon synapse. The ribbon-
associated compartment comprises RIBEYE/CtBP2, CtBP1/BARS, RIM1, KIF3A (motor protein), and
Piccolo. The active zone compartment comprises RIM2, ubMunc 13-2, ERC2/CAST1 and L-type
calcium channel (Lagnado and Schmitz, 2015; tom Dieck et al., 2005; tom Dieck and Brandsttter, 2006;
Sterling and Matthews, 2005) (Figure 9).

RIBEYE (~ 120 kDa), a major component of the synaptic ribbon was first identified, characterized, and
cloned by Schmitz et al., 2000. It is composed of proline-rich RIBEYE A-domain and C-terminal B-
domain which is identical to CtBP2 (Figure 9). CtBP proteins have a role in transcriptional regulation.
RIBEYE is homologous to CtBP1/BARS (C- terminal binding protein/ brefeldin A adenosine
diphosphate ribosylated substrate) (Figure 9). These proteins are present at both photoreceptor synapses
and conventional synapses. These proteins play a role in the function and molecular assembly at
conventional synapses. CtBP2 Knock-out leads to embryonic lethality at embryonic day 10.5 because
of uncompensated CtBP2 nuclear function whereas CtBP1 null mice were viable and fertile (tom Dieck
et al., 2005; Hildebrand and Soriano, 2002; Vaithianathan et al., 2019).

Bassoon and piccolo/Aczonin are the large structural multidomain CAZ scaffolding protein (400 kDa
and 550 kDa respectively). These proteins are ubiquitously expressed at conventional synapses and work
as docking modules for CAZ proteins (Moser et al., 2020; tom Dieck and Brandstétter, 2006) (Figure
9).

Piccolino, a piccolo variant present at the ribbon synapse of the eye and the ear cannot interact with

other CAZ proteins due to c-terminal truncation. Therefore, piccolino is independent from the CAZ

protein network (Regus- Leidig et al., 2013; Moser et al., 2020). It is expressed at both the photoreceptor
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ribbons as well as bipolar ribbons. Piccolo knock-out mice led to severe visual problems but did not
cause any hearing problems. In the retina of piccolo knock-out mice floating ribbons and changes in
related proteins were observed (Li et al., 2021; Muller et al., 2019). Piccolo knock-out mice show the

phenotype of retinitis pigmentosa (Li et al., 2021).
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Figure 9. Retinal ribbon synapse associated proteins
CAZ (cytomatrix at the active zone) proteins are located on two presynaptic compartments at the ribbon
synapse. Ribbon associated compartment comprises RIBEYE/CtBP2, CtBP1/BARS, KIF3A, Piccolo, and RIM
1. While the active zone compartment comprises RIM2, ubMunc 13-2, ERC2/CAST1, and L-type calcium
channel. Bassoon localized at the border between two compartments at the photoreceptor synapse. Modified
image from (tom Dieck and Brandstatter, 2006).

The bassoon is located ultra-structurally to the arciform density at the active zone, which suggests its
crucial role in the anchoring of ribbons at the active zone (Figure 9). At ribbon synapse bassoon interacts
physically with both the ribbons and RIM binding proteins (Davydova et al., 2014; Dick et al., 2001 &
2003). The bassoon is expressed at the ribbon of the photoreceptors but not at the bipolar cells ribbon.
Whereas in IPL bassoon immunoreactivity was found only at conventional synapses made by amacrine
cells onto bipolar cell terminals (Brandstétter et al., 1999). In contrast to conventional synapse absence
of bassoon leads to a free-floating (non-anchored) ribbon in the cytoplasm of photoreceptor terminals,
deformed calcium channel clusters, and impaired vesicles attachment to the plasma membrane. The
absence of piccolo and bassoon does not affect the ultrastructure of the synaptic terminal (Moser et al.,
2020; Ackermann et al., 2015).
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Rab3 is a neuronal ATP binding protein that negatively regulates synaptic vesicles fusion (Heidelberger
et al., 2005). RIMs, a putative Rab3 effector protein, are the central element at the presynaptic active
zone in conventional synapses because they bind to other synaptic proteins. RIM proteins play a major
role in calcium channel immobilization, recruitments of synaptic vesicles, and vesicle priming
(Morgans, 2000; Lagnado and Schmitz, 2015; Siuidhof, 2014). RIM1 is localized to the ribbon body
whereas RIM2 is present at the active zone. Rim proteins interact with ubMunc13-2 in the photoreceptor
terminal and exert vesicle priming. ELKS has homology to CAST. CAST (cytomatrix associated
structural protein), a CAZ protein forms a ternary complex with RIM1 and ubMunc13-2 by direct
interaction with RIM1. CAST1/ERC2 also interacts with RIM2 at the base of the ribbon. CAST protein
also makes direct interaction with piccolo and bassoon (Deguchi-Tawarada et al., 2006). ERC2/CAST1
is also localized to the ribbon body where it interacts with RIM1. Therefore, the interaction of these
proteins regulates the size of the active zone at the photoreceptor synapse (Lagnado and Schmitz, 2015;
Mercer and Thoreson, 2011; Moser et al., 2020). ERC2/CAST1/ELKS2 proteins interact with several p

subunits of voltage-gated calcium channels (Laghado and Schmitz, 2015) (Figure 9).

KIF3A, a Kinesin motor protein enriched at the ribbon suggests the movement of vesicles along with
the ribbon by active transport to the release site at the plasma membrane (Morgans, 2000; Lagnado and
Schmitz, 2015; tom Dieck and Brandstatter, 2006).

Synapsin (synaptic vesicle-associated proteins), a synaptic vesicle membrane protein implicated in the
vesicle recruitment to the active zone of the conventional synapse is absent from ribbon synapse. But
ribbon synapse expresses synaptic vesicles proteins SV2 and synaptophysin (tom Dieck and
Brandstéatter, 2006; Mandell et al., 1990 & 1992).

Calcium binding protein 4 (CaBP4), a calmodulin-like calcium binding protein of photoreceptor which
colocalizes with L-type Cav1.4 calcium channel and modulates its activity (tom Dieck and Brandstatter,
2006).

1.10 L-type calcium channels

Calcium channels are ubiquitously express in nervous and non-nervous animal cells. The calcium
channel mediates calcium entry into the presynaptic nerve terminal which is essential for
neurotransmitter release (Zamponi, 2003; Davies and Zamponi, 2008; Matthews and Fuchs, 2010).
Voltage - activated calcium channel is a complex of heteromeric proteins which contains al pore-
forming subunit, regulatory B subunit, and 28 subunit. According to voltage range activation, high

voltage activated channels comprises L (Cavl), P/Q (Cav2.1), N (Cav2.2), and R (Cav2.3) whereas low
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voltage activated channel comprises T (Cav3). The Cav1.4 and Cavl.3, L- type voltage gated channels
are located at the ribbon synapse of photoreceptor cells and hair cells respectively (Pangrsic et al., 2018;
Ramakrishnan et al., 2012) (Figure 6A, B). In the photoreceptor active zone L-type Ca?* channels consist
of al pore-forming subunit, regulatory p2 subunit, and 284 subunit (Morgans, 2000; Lagnado and
Schmitz, 2015). These L-type channels are sensitive to dihydropyridine (DHP). These channels show
very less or no calcium dependent inactivation but undergo voltage dependent inactivation very slowly.
Therefore, voltage gated calcium channels open upon depolarization of the membrane and give rise to
calcium influx to the cells (Ramakrishnan et al., 2012; Lagnado and Schmitz, 2015; Heidelberger et al.,
2005).

The vesicle fusion machinery is similar to the conventional synapse in the retinal ribbon synapses. They
utilize the following SNARES (soluble N-ethylmaleimide-sensitive fusion protein attachment protein
receptor) protein receptors: v-SNAREs (vesicle-associated SNARE protein), t-SNAREs (presynaptic
plasma membrane protein) (Ramakrishnan et al., 2012; Mercer and Thoreson, 2011).

® _a |

Neuromuscular
synapse active zone  Ribbon synapse

Neuronal active zone

D Tethering
Docking

Steps in Vesicle Fusion

= SNAP-25
e SYNTAXIN {1 === SYNAPTOBREVIN

=« MUNCI18 @ COMPLEXIN

Figure 10. The vesicles fusion machinery in neuronal and sensory cells
The organization of vesicles in various types of synapses and steps in vesicle fusion. (A) Clustering of synaptic
vesicles in the presynaptic terminal of the neuronal active zone. (B) Organization of vesicles in ridge shaped at
the neuromuscular junction synapse. (C) Organization of synaptic vesicles around a ribbon like or spherical
structure at the presynaptic terminal of sensory cells ribbon synapse. (D) Steps of vesicle fusion, tethering,
docking, priming, fusion. Adapted from (Ramakrishnan et al. 2012).
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The t-SNAREs are syntaxin and SNAP-25. SNAP-25 may promote vesicle priming and compound
fusion before synaptic release. The difference between photoreceptors and neurons is the presence of
syntaxin 3 rather than syntaxin 1 and complexins 3 and 4 rather than complexins 1 and 2. The SNARE
and its associated proteins play a critical role in vesicle docking, priming, fusion, and synchronization

of neurotransmitter release (Ramakrishnan et al., 2012) (Figure 10).

1.11 Exocytosis and trafficking of vesicles

Synaptic transmission is initiated at the synaptic terminal because of neurotransmitter release triggered
by graded potential. The generation of graded potential causes the opening of calcium channels result
in Ca?* channel exocytosis. The sensory neurons of the visual, auditory and vestibular systems transmit
the signal to the neighboring cells by graded changes in neurotransmitter release. The rate of fusion of
vesicles increases and decreases with depolarizing and hyperpolarizing changes in membrane potential
(Lagnado and Schmitz, 2015) The ribbon, a specialized electron-dense structure increased the pool of
readily releasable pool which replenished rapidly.

Electrophysiological analysis demonstrates two different kinetic components of vesicle exocytosis: fast
and slow sustained components. The fast component of exocytosis releases docked vesicles at the base
of the ribbon in contact with the plasma membrane within a few milliseconds after the opening of the
calcium channel (Neves and Lagnado, 1999; Mennerick and Matthews, 1996). Upon strong
depolarization this rapidly releasable pool (RRP) can be exhausted within a few milliseconds then
vesicles move from the ribbon down to the docking site to limit the release rate (Zenisek et al., 2000;
Lagnado and Schmitz, 2015). The tethered vesicles which are attached to the ribbon at the distal position
are released with slower released kinetics within several hundreds of milliseconds at maximal
stimulation. The nonribbon attached vesicles are called reserve vesicles that could replenish empty
docking sites at the ribbon (Schmitz, 2009).

This high rate of exocytosis must be balanced by endocytosis. Therefore, after exocytosis, synaptic
vesicles subsequently undergo exocytosis, recycle and refill with neurotransmitters for another round of
exocytosis (Stdhof, 2004; LoGiudice and Matthews, 2007).

1.12 Endocytosis

A large amount of exocytosis due to sustained release of neurotransmitters requires balanced
endocytosis. Electrophysiological capacitance measurement in retinal bipolar cells revealed two modes
of endocytosis with different kinetics. Fast endocytosis occurs within 1-2 seconds and slow endocytosis
occurs in 10-20 seconds (von Gersdorff and Matthews,1994; Schmitz, 2009; LoGiudice and Matthews,

2007). The slow endocytosis occurs in clathrin and dynamin dependent but Ca?* independent manner
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after strong stimulation of presynaptic terminal (Jockusch et al., 2005). Whereas fast endocytosis is
clathrin independent, regulated by presynaptic Ca?*, and selectively inhibited by the high level of
intracellular chloride (Llobet et al., 2011).

1.13 RIBEYE- a major component of the synaptic ribbon

The RIBEYE is only the known ribbon specific protein which is the major component of the synaptic
ribbon (Schmitz et al., 2000). RIBEYE gene is located on chromosomes 7 and 10 in mice and humans
respectively. RIBEYE is composed of a unique amino-terminal proline-rich A-domain (563 residues)
specific for ribbon in all ribbon synapses and carboxy-terminal B-domain (425 residues) which is
identical to the nuclear protein CtBP2 (except for first 20 amino acids) together with transcriptional
repressor CtBP1 (Figure 11). RIBEYE A-domain is proposed to have a structural role whereas B-domain
on the ribbon facing towards the cytoplasm where it binds to NAD(H) (Schmitz., 2009; Schmitz et al.,
2000; Magupalli et al., 2008).

C RIBEYE
A-domain B-domain 988
> < > |
0m iR
CtBP2

i

Figure 11. Schematic domain structure of RIBEYE and CtBP2
RIBEYE consists of a proline-rich amino terminal A-domain and NADH binding B-domain. RIBEYE B- domain
is nearly identical to CtBP2 (C-terminal binding protein) except for unique 20 N-terminal amino acid. Adapted
from (Lagnado and Schmitz, 2015)

RIBEYE and CtBP2 are encoded in the same gene. N-terminal sequences of RIBEYE and CtBP2 are
encoded in a single 5° exon (exon 1) whereas their C-terminal sequences are encoded by eight common
exons (exon 2-9) (Figure 12a). In the retina, RIBEYE is expressed in the tissue specific promoter within
intron 1 of RIBEYE/CtBP2 whereas CtBP2 is ubiquitously expressed using different 5° promoters for
transcription control (Piatigorsky, 2001; Schmitz et al., 2000) (Figure 12a, b). Exon 1 which encoded
CtBP2 N-terminal sequence is not expressed when RIBEYE is produced by the RIBEYE/CtBP2 gene.
CtBP2 is produced by alternative RNA splicing of the RIBEYE A-domain.
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The 5’ intron which contains exon 1 of RIBEYE in the CtBP2 gene is absent from the Drosophila
genome sequence. Therefore, a protein similar to RIBEYE is not generated by an alternative promoter
in Drosophila which reveals that synaptic ribbons and RIBEYE are innovated in vertebrates
evolutionary (Schmitz et al., 2000). The structure of RIBEYE and its gene reveals that it is a hybrid
protein in which pre-existing CtBP2 and novel N-terminal RIBEYE domain was joined to make up a
fusion protein for a new function (Schmitz et al., 2000). RIBEYE A mRNA was detected only in the
retina, but RIBEYE B mRNA was detected ubiquitously in most of the tissues at variable levels (Schmitz
et al., 2000) (Figure 12b).

—--H—0—
4 5678 9
(b)
CtBP2 RIBEYE
ATG AlTG
mana [T mRANA [ [T
Exons 1C2 - 9 Exons 1R 2 - 9

TRENDS in Neurosciences

Figure 12. Diagrammatic representation of RIBEYE/CtBP2 gene
(a) RIBEYE and CtBP2 are transcribed from the independent promoter in the same gene by alternate RNA
splicing. The unique N-terminal sequence of each protein includes a 5’ exon (exon 1) is encoded by eight
common 3’ exons (exon 2-9). The CtBP2 promoter (pr) is ubiquitously active in most of the cells, whereas the
RIBEYE promoter (pr) is active only in neurons that make ribbon synapse and RIBEYE and CtBP2 differ in
their N-terminal regions. (b) Exon 1C is used exclusively for the expression of CtBP2 and exon 1R only for the
expression of RIBEYE. Adapted from (Piatigorsky, 2001).

RIBEYE A-domain and the RIBEYE B-domain contain five distinct sites for RIBEYE- RIBEYE
interactions. Three docking sites in the RIBEYE A-domain mediate homotypic interactions with other
RIBEYE molecules. This interaction is essential for the formation of synaptic ribbon scaffold
(Magupalli et al., 2008; Schmitz, 2009; Moser et al., 2020) (Figure 13). In addition, two docking sites
in RIBEYE B-domain mediate the homotypic interaction and the heterotypic interaction between
RIBEYE A- and RIBEYE B-domains which is regulated by NAD(H). Heterologous interaction between
RIBEYE A- and RIBEYE B-domains is inhibited by a low physiological concentration of NADH,
suggesting that inhibition of the heterotypic interaction is a potential mechanism for regulation synaptic
ribbon aggregation (Schmitz et al., 2000; Magupalli et al., 2008; Sheets et al., 2014) (Figure 13B, C).
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The RIBEYE B-domain is exposed on the ribbon surface towards the cytoplasm therefore it binds to

various cytosolic proteins.

A mecve B
[

C synaptic ribbon

RIBEYE(AB)

Figure 13. RIBEYE is a main structural protein of the synaptic ribbons

(A) RIBEYE B-domain/CtBP2 is structurally related to CtBP1 and binds to NAD(H). RIBEYE B-domain/CtBP2
and CtBP1 evolutionary developed from the D-isomer specific 2-hydroxy acid dehydrogenases (D2-HDH) (B)
Multiple interaction sites are present in RIBEYE A-(Al, A2, A3) and RIBEYE B-domain (B1, B2) which allows
multiple homotypic and heterotypic interaction shown by arrows. Heterotypic interactions (between RIBEYE
A- and RIBEYE B-domain) are inhibited by NAD(H). (C) A simplified hypothetical diagram elucidates the
formation of the synaptic ribbon by RIBEYE subunits. The model showing RIBEYE- RIBEYE interaction
together builds the RIBEYE scaffold. The L- type voltage gated calcium channel clustered at the base of ribbon
and Cav1l.4 subunit of these channels form pores in rod synapses. Adapted from (Schmitz, 2009).

CtBP (C-terminal binding protein) protein has been known as a 48 kDa cellular phosphoprotein that
binds to the C-terminal region of the adenovirus ELA oncoprotein known as CtBP1. CtBPs proteins bind
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with consensus pentapeptide motif PXDLS (X is generally leucine or valine) in DNA binding proteins.
CtBPs act as a protein bridge between histone deacetylases and DNA bound factor because it binds to
the PXDLS motif of histone deacetylases (Nardini et al., 2003; Chinnadurai, 2003 & 2002). CtBP has
multiple biological roles in development because it binds to a diverse array of transcriptional regulators
(Hildebrand and Soriano, 2002).

CtBP family proteins are conserved among vertebrates (CtBP1 and CtBP2) and invertebrates. CtBP1
proteins are present in higher amounts in the nucleus and with a significant amount in the cytosol
(Hildebrand and Soriano, 2002). CtBP1 gene is located on chromosomes 4 and 5 of humans and mice
respectively (Lagnado and Schmitz, 2015; Chinnadurai, 2007 & 2003) (Figure 13A).

The CtBP protein function as a transcriptional corepressor in the nucleus in conjugation with various
DNA binding repressors (Chinnadurai, 2007). Transcriptional regulatory activity of CtBP is regulated
by NADH and the cell’s metabolic status. Homology search states that CtBP1 has striking homology to
D-isomer-specific 2-hydroxy acid dehydrogenase, potentially showing another molecular enzymatic
strategy for repression (Chinnadurai, 2007; Kumar et al., 2002). CtBP proteins are ADP- ribosylated
by the fungal toxin brefeldin A and serve as a redox sensor that is metabolically regulated by NADH
(Fjeld et al., 2003; Chinnadurai, 2003; Moser et al., 2020). Human CtBP1 sequence (except for
approximately 90 N-terminal residues) are identical to NAD™ -dependent dehydrogenases which include
D-glycerate dehydrogenase and D-lactate dehydrogenase among others (Kumar et al., 2002; Goldberg
et al., 1994; Stoll et al., 1996). CtBP1 is not essential for the structure and function of the synaptic
ribbon, but it binds to the piccolo and bassoon. In the conventional synapses, CtBP1 proteins shuttle
between the presynaptic terminal and nucleus and regulate their gene expression in activity-dependent

manner (Moser et al., 2020).

CtBP consists of three domains: (i) substrate binding domain comprising PXDLS binding cleft. (ii)
central nucleotide binding domain that binds to NAD(H). (iii) C-terminal motif that is intrinsically
unsaturated (Nardini et al., 2009). In the presence of low NAD(H) level CtBP2 makes dimer whereas
an increasing level of NAD(H) leads to oligomerization of CtBP2 that is necessary for transcriptional
activities (Bellesis et al., 2018; Shi et al., 2003). Multi angle light scattering (MALS) studies have shown
that NAD(H) binding promotes the assembly of two CtBP dimers into tetramer which is stabilized by
hydrophilic and hydrophobic interactions (Bellesis et al.,, 2018). The absence of NAD(H),
conformational change induces the decline in homodimerization efficiency and repression activity of
CtBP (Nardini et al., 2009; Madison et al., 2013) (Figure 14).
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Figure 14. Schematic representation of CtBP tetramerization

The binding of NAD™ at nucleotide binding domain (NBD) within CtBP1 monomers leads to dimerization of
two CtBP1 monomers (dark gray-light gray; dark gray-black). Then each monomer binds with PXDLS
containing protein bound to DNA through its PXDLS-binding domain at the N-terminus (PxBD). Each
carboxyterminal domain (CTD) recruited additional CtBP1 dimer pairs to stabilize a homotetramer that can
attract multiple chromatin modifying enzymes (CME). Other proteins such as CtIP (C-terminal interacting
protein) can recruit additional PXDLS binding domains. The assembly order and activity of the dehydrogenase
domain are not known in this model. Adapted from (Madison et al., 2013)

1.14 Function of RIBEYE

Previous studies have examined the heterologous expression of RIBEYE(A) and RIBEYE(B) and
RIBEYE(AB) in R28 cells. The cells transfected with RIBEYE-A alone and with RIBEYE-AB make
ribbon like rounded punctate aggregates in contrast to a bar shaped or plate shaped ribbons. (Schmitz,
2009; Magupalli et al., 2008; Sheets et al., 2014). These rounded electron dense aggregates resemble
the spherical synaptic ribbon of inner hair cells revealing that spherical ribbons are the basal type of
synaptic ribbons and probably additional scaffolding proteins are needed for bar shapes ribbons.
RIBEYE-A alone transfection in cells forms spherical ribbon aggregates which supports the role of the
RIBEYE(A) domain as an aggregation domain. In contrast, RIBEYE(B) transfection showed a diffusely
distribution. Whereas co-transfection of RIBEYE(B) with RIBEYE(A) showed a redistribution of
RIBEYE(B) from diffuse to spot like distribution (Magupalli et al., 2008).

The teleosts fish, Fugu, and zebrafish have two homologs of mammalian RIBEYE A- and RIBEYE B-
domain. RIBEYE A-domain expression was found in photoreceptors, bipolar cells in the retina as well
as in the inner ear and pineal gland. Whereas RIBEYE B-domain expression was found in the inner ear,
but it is absent from the bipolar cells. Diminishing of RIBEYE (A) by morpholino antisense oligos in
embryos results in shorter photoreceptor ribbons, fewer bipolar ribbons, and smaller synaptic terminals.
RIBEYE A-domain deficiency in the teleosts fish inhibits ribbon assembly, impairs visual function,
arrest development, and induces apoptosis in bipolar cells (Wan et al., 2005).

The RIBEYE knock-out mice which are lacking RIBEYE A-domain showed a complete absence of

synaptic ribbon from the retina and inner ear (Maxeiner et al., 2016). In these RIBEYE KO mice, the
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presynaptic terminal of the retina was unaltered at the ultrastructural level except for the absence of
ribbon, and the number of synaptic vesicles present at and close to the active zone was reduced (Figure
15). Cav1.4 channels were also less enriched at AZ. The pre and postsynaptic recordings from the rod
bipolar cells/All amacrine cell synapses reveal that ablation of synaptic ribbons causes a strong
reduction in fast stimulus synchronous release, as well as slower, sustained release. This suggested that
synaptic ribbons are assembled from the RIBEYE and ribbon is required to establish the normal number
of the release ready vesicles (RRP) and to intact SV replenishment of RRP (Maxeiner et al., 2016).
Damage of the ribbon by fluorophore assisted light inactivation (FALI) also showed the role of synaptic

ribbon in vesicles priming (Snellman et al., 2011).
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Figure 15. Schematic diagram of the absence of synaptic ribbon in RIBEYE KO mice
Deletion of synaptic ribbon reduces the docked vesicles, causes loss of fast and sustained release, and distorted
nanodomain coupling in RIBEYE-KO mice. Adapted from (Maxeiner et al., 2016).

1.15 Generation of RIBEYE knock-in and RIBEYE knock-out mice

RIBEYE conventional Knock-in mice (KI) and knock-out mice (KO) were generated as described
previously (Maxeiner et al., 2016). The RIBEYE KO in which RIBEYE specific A-domain was deleted,
resulting in a complete absence of the synaptic ribbon in the retina compared with wildtype (WT)
(Maxeiner et al., 2016) (Figure 15). The RIBEYE WT mice contain both the RIBEYE A- and RIBEYE
B-domain (Figure 15 & 16A) in which synaptic ribbons with tethered vesicles are present.

In contrast, in RIBEYE knock-in mice RIBEYE B-domain is replaced by the calcium sensor GCaMP3
(Figure 16A). The RIBEYE knock-in mice express, a fusion protein of the amino terminal RIBEYE A-
domain with the genetically encoded GCaMP3 calcium indicator (Tian et al., 2009) as a reporter for
expression of RIBEYE via the endogenous RIBEYE promoter (Figure 16A). To investigate the function
of the RIBEYE B-domain RIBEYE knock-in mice were generated (Maxeiner et al., 2016).
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The strategy for generating mice is shown in Figure 16B. The targeting vector contains the RIBEYE A-
domain fused in frame to GCaMP3 calcium sensor cDNA, followed by stop codon (posttranscriptional
regulatory element WPRE of woodchuck hepatitis virus) (Lee et al., 2005) and a neomycin selection
cassette flanked by frt site. The neomycin selection cassette was removed after the homologous
recombination into the RIBEYE locus (RBEX! + neo) by flp recombinase. As a result, RIBEYE knock-
in was generated. This mouse constitutively expressed RIB-G3 fusion protein under the control of
endogenous RIBEYE promoter (Figure 16B). The entire RIBEYE A-domain with GCaMP3-Ca?* sensor
flanked by a loxP site was removed by Cre recombinase to generate RIBEYE KO mice (Figure 16B).

A RIBEYE Wildtype (RBEWTWT) RIBEYE Knockin (RBEK/K))

RIBEYE A-domain RIBEYE B-domain RIBEYE A-domain a

Knockin/knockout strat
B RBEWt 'T(r:nair‘l OCKout strategy kb
f T LRl | | |
Sac | BamHI Sacl  Sacl BamHI
Targeting Vector
A-domain] GE8 [WH{"NEO_j: 1 ™ ,
BamHI BamHI Sacl SaclBamHI Sacl Sacl BamHI
Kl+neo
Sacl BamHI BamHlI Sacl +_SaclBamHI Sacl Sacl BamHI
1",-" Flp-recombination
RBEK! , G
, : h—lA-domamI l(:‘|C3 IWIT’, r — ,
Sacl BamHI BamHI T BamHI Sacl Sacl BamHI
RBEKO : ...-:-'13133'-'-'- ......... Cre-recombination }loxP ste  [W] WPRE
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Figure 16. Schematic representation of targeting vector

(A) Schematic representation of RIBEYE wildtype and RIBEYE knock-in mice. (B) In targeting vector RIBEYE
A-domain (yellow) is fused with GCaMP3 Ca?* calcium sensor (green) followed by stop codon and woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE, blue) and frt flanked (red ovals) PGK-neomycin
selection cassette (orange). The loxP site (dark red triangle) flanked the entire DNA sequence. Flp-recombinase
excises neomycin cassette after homologous recombination in RIBEYE locus (RBEX!*™°) to generate RBEX',
Subsequently, the entire RIBEYE A-domain with a Ca?* calcium sensor is removed by Cre-recombinase to
generate RBEKC. Adapted from (Maxeiner et al., 2016).
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2. AIM OF THE STUDY

The ribbon synapses are unique chemical synapses with a specialized active zone that contains synaptic
ribbons. These synapses tonically release neurotransmitters, a process that is promoted by the synaptic
ribbon (Heidelberger et al., 2005; Schmitz, 2009; Sterling and Matthews, 2005; Matthews and Fuchs,
2010). In vertebrates, ribbon synapses are found in the retina, inner ear, and pineal gland (Lagnhado and
Schmitz, 2015; Moser et al., 2020).

The RIBEYE is the only known, major ribbon specific protein, which was first identified, characterized,
and cloned by Schmitz et al., 2000. This protein is present in the ribbon synapse of all vertebrates
(Schmitz et al., 2000; Zenisek et al., 2000; Khimich et al., 2005). The RIBEYE protein is composed of
novel aminoterminal, proline-rich A-domain, and carboxyterminal B-domain, which is identical to the
transcriptional repressor, C-terminal binding protein (CtBP2) except for 20 residues at aminoterminal
(Schmitz et al., 2000; Schmitz, 2009; Wan et al., 2005).

The synaptic ribbon is a large, plate-like three-dimensional presynaptic structure that is composed of
RIBEYE protein. Both RIBEYE A-domain and RIBEYE B-domain have multiple binding sites for other
RIBEYE proteins, but the contribution of both RIBEYE A- and RIBEYE B-domain in the assembly of
synaptic ribbon is still unclear. The results of RIBEYE transfection in cells suggest the structural role
of the RIBEYE A-domain in the building of scaffold of synaptic ribbon (Schmitz et al., 2000; Magupalli
et al., 2008). But it is unknown whether RIBEYE A-domain alone is sufficient for assembly of synaptic

ribbon in situ or whether the RIBEYE B-domain is required for it.

To address whether RIBEYE B-domain has a role in the assembly of synaptic ribbons, | used RIBEYE
knock-in mice (K1) made by Maxeiner et al., 2016. In these RIBEYE knock-in mice, RIBEYE B-domain
has been replaced with the GCaMP3 calcium sensor, therefore these mice are the ideal tool to understand

the role of RIBEYE B-domain in the assembly of synaptic ribbon.
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3. MATERIALS AND METHODS

3.1 Materials
3.1.1 Antibodies

3.1.1.1 Primary antibodies

rabbit polyclonal

Gottingen, Germany;
192103

Antibody Source Reference Dilution
RIBEYE  A-domain | Generated in the Raised againsta GST | 1:100 (IF, WB)
(6F4), mouse | present study fu5|on_ protein 1:500 (Cryo)
monoclonal IgG1 encoding mouse
antibody RIBEYE(A): amino | 1:50 (EM)
acids 83-211

tock~0.8mg/ml
(stock~0.8mg/mi) (NP001164215)
RIBEYE(A), rabbit Lab-made Maxeiner et al., 2016 | 1:500 (IF)
polyclonal (Tau)
RIBEYE(A)/ SySy, Synaptic Systems; Kerov et al., 2018 1:500 (Licor)

RIBEYE B-domain
(2D9), mouse
monoclonal 1gG2b
antibody

Lab-made

Dembla et al., 2018

1:200 (IF, Licor,WB)

Univ. lowa; lowa City,
IA, USA

Rhodopsin 1D4, Gift: Dr. RS Molday Hodges et al., 1988 1:100 (IF)
mouse monoclonal

PSD95, rabbit Gift; Dr. TC Sudhof Irie et al., 1997 1:500 (IF)
polyclonal (L667)

Calbindin-D-28K Sigma; Darmstadt; Park et al., 2019 1:100 (IF)
(KD-15), rabbit Germany; C7354

polyclonal

Glial Fibrillary Acidic | DaKo; Glostrup, Gruber et al., 2021 1:500 (IF)
Protein (GFAP), rabbit | Denmark; Z0334

polyclonal

SV2, mouse Develop. Studies Buckley and Kelly, 1:20 (IF)
monoclonal Hybridoma Bank; 1985

GFP, rabbit polyclonal

Abcam; Cambridge,
UK; ab290

Yuan et al., 2021

1:2,000 (Licor)

Page | 30



MATERIALS AND METHODS

Actin, mouse
monoclonal (clone C4)

Millipore; Molsheim,
France (MAB1501)

Lessard, 1988;

Mukherjee et al., 2020

1:3,000 (WB, Licor)

PMCAZ2 ATPase, Thermo Fisher; Linetal., 2021 1:500 (IF)
rabbit polyclonal Rockford, USA;
PA1-915
3.1.1.2 Secondary antibodies
Antibodies Souce Dilution
Donkey anti-mouse Alexa 568 | Invitrogen; Karlsruhe, 1:1,000 (IF)
Germany; A-10037
Chicken anti-rabbit Alexa 488 | Invitrogen; Karlsruhe, 1:500 (IF)

Germany; A-21441

Donkey anti-rabbit IRDye
800CW

LI-COR Biosciences; Bad
Homburg, Germany;
#92532213

1:5,000 (Licor)

Donkey anti-mouse IRDye
680LT

LI-COR Biosciences; Bad
Homburg, Germany;

1:5,000 (Licor)

10 nm colloidal gold

#92568022
Goat anti-mouse peroxidase- Sigma; Taufkirchen, Germany; | 1:3,000 (WB)
conjugate (POX) A3673
Goat anti-mouse conjugated to | Sigma; Taufkirchen, Germany; | 1:100 (EM)

G7652

Miscellaneous reagents: Chameleon pre-stained protein ladder (Li-Cor Biosciences; Bad Homburg,
Germany; #978-16526); Lectin PNA conjugated to Alexa 568 (Invitrogen; Karlsruhe, Germany;

1.32458).
3.1.2 Reagents and chemicals
Name Company
Absolute Ethanol Fischer Chemical
Acetic acid Roth
Acetone Roth
Amido Black Merck
APS Applichem
Agarose Genaxxon Bioscience
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Benzil Science Services
Betaine Sigma-Aldrich
Bovine serum albumin Sigma
Bromophenol blue Serva
Cacodylic acid Roth

Cellulose membrane for Peptide array

Intavis Bioanalytical Instruments

Cellulose acetate membrane for protein
quantification

GE Healthcare

Chameleon pre-stained protein ladder for Licor
blot

Li-Cor Biosciences

Coomassie Brilliant Blue R 250 TCI
Di Sodium hydrogen phosphate Roth
Dimethylsulfoxide (DMSO) Roth

Dodecenyl Succinic Anhydride (DDSA)

Electron Microscopy Sciences

dNTP’s PCR-grade

Roth

Ethidiumbromide

Roth

EDTA

Roth

Epoxy embedding medium (Epon 812)

Fluka-Sigma-Aldrich

Ethanol ZCHL
Formic acid Merck
Glutaraldehyde, 25 % Sigma Aldrich
Glycerol Sigma
Hydrogen peroxide Roth

Hydrochloric acid

VWR Chemicals

LR-Gold London Resin Company
Low range protein standard Roti marker Roth

Luminol Roth

Magnesium Chloride PCR Peglab

Maleic Acid Fulka

Mercaptoethanol Roth

Methanol ZCHL
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Methyl-5-Norbornene-2,3-Dicarboxylic Anhydride

Electron Microscopy Sciences

(MNA)

Methyl Butane Roth
Non-fat dry milk powder Supermarket
Nonidet P 50 NPG (n- Propylgallate) Sigma

dNTP

Meridian Bioscience

Nitrocellulose membrane Millipore
Osmium tetroxide Serva
Para-hydroxy Coumarin Acid (PCA) Roth
Paraformaldehyde Sigma-Aldrich
Posphotungustic acid VWR

Ponceau S-stain Roth

Potassium chloride

Grussing GmbH

Potassium dihydrogen phosphate Roth
Potassium ferrocyanide (K4) Merck
Propylene Oxide Aldrich

Proteinase K

Meridian Bioscience

Rotiphorese Gel30(29%acrylamide,0.8% Roth

bisacrylamide)

Roti-Mark protein Standard Roth

Sodium chloride VWR

Sodium hydroxide

Grussing GmbH

Sodium methylate Merck

TEMED Roth
Trichloroacetic acid Roth

Triton X-100 Sigma - Aldrich
TRIZMA BASE Roth

2,4,6-Tri(dimethylaminomethyl)phenol (DMP-30)

Electron Microscopy Sciences

Uranyl acetate Merck
Xylol Roth
Whatman filter paper Roth

Page | 33



MATERIALS AND METHODS

3.1.3 Buffers and solutions

Name Composition
Agarose gel electrophoresis buffer (TAE) 50X | 242.0 g Tris base
Stock 0.37 g EDTA

57.1 ml glacial acetic acid
Make up to 1 liter with ddH.O

Amido black staining solution (I stain)

0.5% Amido black
45% Methanol
45% Distilled water
10% Acetic acid

Amido black washing solution (I wash)

47 5% Methanol
47 5% Distilled water
5% Acetic acid

Amido black dissolution solution (I diss)

8% Formic acid
10% Acetic acid

10 g Trichloroacetic acid

Blocking and permeabilization buffer for

immunohistochemistry (inner ear)

0.5% BSA and 1% Triton-X100 in PBS

Binding buffer pepspot

50 mM Tris-HCI, pH 7.5
150 mM NacCl,
0.1% Triton X-100

Cacodylate buffer (100 mM)

21.4 g Cacodylic acid /L ddH.0 pH 7.4

Cacodylate buffer (200 mM)

42.8 g Cacodylic acid /L ddH.O pH 7.4

Coomassie staining solution for SDS gel

3 g/L Brilliant blue R250
45% Methanol
45% ddH.0

10% glacial acetic acid

Destaining Solution

50 ml Glacial acetic acid

75 ml Ethanol 100%

Make up volume up to 1000 ml with ddH.0O

ECL-solution

(Chemiluminescence detection system)

1:1v/ivECL land ECL Il
ECL I:
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5ml Tris 1M pH 8.5

0.5 ml Luminol stock

220 pl Para-hydroxy Coumarin acid (PCA)
Make up volume up to 50 ml with ddH,O
ECL II:

5ml Tris 1M pH 8.5

32 pl H:0;

Make up volume up to 50 ml with ddH,O

EPON embedding medium 6.5 g Epoxyembedding medium (Epon 812)
2.75 g Dodecenyl Succinic Anhydride (DDSA)
4 g Methyl-5-Norborene-2,3-Dicarboxylic
Anhydride (MNA)

0.1 g of 2,4,6-Tri (dimethyl aminomethyl)phenol

Laird buffer 12.1 g (0.1 M) Tris

1.86 g (5 mM) EDTA

11.69 g (0.2 M) NaCl

20 ml (0.2%) SDS solution (10%)
Make up volume 1 liter ddH,O, pH 8.5

Luminol stock 0.885 g Lum (3-Aminophthalhydrazide) (250
mM) in 20 ml Dimethyl sulfoxide (DMSO)
1 ml Aliquot stored at -20°C

Maleate buffer (0.05 M) 5.80 g Maleic Acid
42 ml of 0.2 NaOH, pH 5
Make up volume 1 liter with ddH,O

Osmium stock 2 % Osmium in ddH.O
5x PBS 40 g NaCl

1 g KCI

7.2 g NazHPO,

1.2 g KHoPO,

Make up volume 1 liter with ddH,O

p-Coumaric acid (PCA) stock 0.296 g p-Coumaric acid (90 mM) in 20 ml
DMSO
10x PCR buffer 500 mM KCI
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100 mM Tris-HCI, pH 9.0
1% Triton X-100

Polyacrylamide 10% Separating gel

1.5 ml ddH;0

1.9ml 1M Tris pH 8.8
2.5 ml 30% Acrylamide
75 pl 10% SDS

1.5 ml 50% glycerol

38 ul 10% APS

5 ul TEMED

Polyacrylamide Stacking gel

2.4 ml ddH,0

940 ul 0.5 M Tris pH 6.8
500 ul 30% Acrylamide
50 ul 10% SDS

50 ul 10% APS

10 pul TEMED

Ponceau S-stain

30 g Trichloroacetic acid
5 g Ponceau S
Make up volume 1 liter with ddH,0

SDS-PAGE electrophoresis buffer 3.03 g Tris

14.4 g Glycine

1.0g SDS

Make up volume 1 liter with ddH,O
SDS loading buffer 1.6 g SDS

4 ml B-mercaptoethanol
2 ml Glycerol

2ml 1M TrispH 7

4 mg Bromophenol Blue
2 ml ddH.O

Store at -20°C

Stripping buffer for pepspot

Buffer A:

8 M Urea

50 mM Tris-HCI, pH 7
1% SDS

0.5% Mercaptoethanol
Buffer B:
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50% Ethanol
10% Acetic acid
40% ddH,0

Stripping buffer of Western blot

110 pl B-mercaptoethanol
2 % Sodium dodecyl sulfate
0.1 M Tris-HCI, pH 8.5

Taq DNA Polymerase Lab made
Transfer buffer (Western blot) 15.125 g Tris
72.05 g Glycine

1 liter Methanol

Make up volume up to 5 liters with ddH,O

1 M Tris buffer, pH 8.8

12.11 g Tris dissolved in 50-60 ml ddHO, pH 8.8
Make up volume up to 100 ml with ddH>O

0.5 M Tris buffer, Ph 6.8

6.05 g Tris dissolved in 50-60 ml ddH-0, pH 6.8
Make up volume up to 100 ml with ddH,O

Xylol/Methanol

1 Xylol : 1 Methanol

3.1.4 Laboratory instruments and consumables

Name Company
Adjustable pipettes Eppendorf
Axiovert 200, AxioCam MRm (Camera) Carl Zeiss
Agarose gel electrophoresis Biozym

Autoclave Tuttnauer Systec5050ELCV
Biofuge fresco Heraeus

Biofuge primo R

Biofuge Stratos

Chemidoc XRSsystem Bio-Rad

Confocal laser scanning microscope Nikon

Dry bath system Star lab

Fluorescence microscope

Axiovert 200 M, Carl Zeiss

Freezer -80°C

Heraeus

Glass slides

Roth
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Glass coverslips Roth
Gold grid 100-mesh Plano, Wetzlar, Germany
Hot air oven Heraeus
Incubator for Epon resin Embedding (28°C) Heraeus
Incubator for polymerization of Epon resin (60 °C) | Memmert 854 Schwabach sterilisator
Magnetic stirrer (Complete Set) Neolab
pH meter Inolab
Mini Vertical Electrophoresis Unit (MiniVE) Hoefer
Powerpack for gel system Amersham Biosciences
Overhead rotator Neolab
PCR master cycler Bioer Genetouch
Refrigerated incubator shaker Innova 4320 New Brunswick Scientific
Super-resolution structured illumination Carl Zeiss
microscope
Thermomixer compact Eppendorf
Ultracut Microtome (UltraCut S) Leica
Ultrasound bandelin sonoplus Bandelin Electronic, Berlin
Vortex VWR International
Vacuum Pump Duran
24 well plate Greiner-CELLSTAR
Western blot transfer apparatus Hoefer Scientific Instruments
Weighing balance CP64 Sartorius

3.2 Methods

3.2.1 Animal care

All animal experiments were performed in accordance with German legislation for the protection of
animals. They were approved by the animal welfare and ethics committee of the Saarland’s Institutional
Animal Care and the local authorities. Mice were kept in a controlled and pathogen free environment.
The standard light/dark cycle and provision of standard food and water ad libitum. Littermate mice 4 to

20 weeks old were used in this study.
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3.2.2 RIBEYE knock-in mice

RIBEYE knock-in mice were generated by Maxeiner et al., 2016 (described in the introduction section,
see section 1.15). All genotypes RBEW™T RBEWTK! and RBEX"K! were used for comparative study as
indicated in the respective experiments. To get all resulting genotypes of mice used in this study
[RIBEYE Wildtype (RBEW™WT); RIBEYE heterozygous (RBEW™K!): and RIBEYE knock-in (RBEX"K)]
heterozygous breeding was performed (Figure 17A). All experimental studies were performed blindly
on littermate mice. Before organ collection, mice were anesthetized with isoflurane and Killed by

cervical dislocation in ambient light.

3.2.3 Genotyping of mice

3.2.3.1 Extraction of genomic DNA as PCR template for genotyping

For DNA extraction, ear or tail biopsy was taken from mice and digested for 2 hrs at 55°C in 400 pl
Laird buffer containing 5 ul of 20 mg/ml proteinase K solution (Bioline; BIO-37085). Samples were
centrifuged at 13,000 rpm, 4°C for 5 min. DNA was precipitated from the supernatant with 300 pl
isopropanol and centrifuged at 13,000 rpm, 4°C for 10 min. The precipitated DNA was washed with
300 pl of 70% ethanol and centrifuged again at 13,000 rpm, 4°C for 5 min. The pellet was dried at 65°C
for 15 minutes and resuspended in 50 pl dH,0.

3.2.3.2 Primer for genomic PCR
Specific primers (11611 and 11626) were used for genotyping by PCR. The following primers, PCR

reaction conditions, and PCR programs were used for genotyping.

Oligo 1: 11611
(5"-CTT GTG GCT GTG TAC AGT TAG CT -3")

Oligo 2: 11626
(5"- TAT GGG TTA GGA CCT GGA ATT CT -3")

Table 1. PCR reaction

PCR reaction ingredients Stock PCR reaction mixture for one
reaction (pl)
10x buffer 10x 12.32
MgCl, 25mM 2.5
BSA 10mg/mi 2
Betaine 5M in H.O 0.25
DMSO 100% 5
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dNTPs 25mM 0.83

Oligo 1 100uM 0.2

Oligo 2 100uM 0.2

Taq polymerase Lab made 0.5
DNA 50 -100 ng/ul 1

Total reaction volume 25

3.2.3.3 PCR program for genotyping
95°C for 5 min - initial denaturation of the template (and primers) plus activation of the Taq
polymerase

95°C for 30 sec - cycling denaturation step

63°C for 30 sec - primer annealing step 40 cycles

72°C for 45 sec - product extension step
72°C for 2 min - terminal extension step (to ensure all products are maximally extended)

12°C forever - storage step

3.2.3.4 Genomic PCR and agarose gel electrophoresis for genotyping

The PCR reaction product was separated by electrophoresis on 1% agarose gel containing EtBr to
distinguish the genotypes of the mice [homozygous Wildtype (RBEW™WT); heterozygous knock-in
(RBEWTK) and homozygous knock-in (RBEKX') allele].

The PCR reaction shown in Table 1 was used to discriminate between all RIBEYE genotypes. Wildtype
DNA produced a band at approximately 250 bp and a knock-in allele at 340 bp with the above mentioned
PCR conditions. Wildtype DNA was used as positive control and PCR reaction without DNA was used
as a negative control. PCR amplification was performed as described above (see section 3.2.3.3). After
completion of PCR reaction, 6x loading dye was added in each vial containing amplified DNA. Then
DNA samples were resolved at 100 volts, 1 hour on 1% agarose in 1 x TAE gel containing ethidium
bromide fluorescent dye. DNA fragment size was determined by comparison with known molecular
weight standards (DNA ladder, 0.1-10 kb). DNA bands were visualized under UV light and images were
captured by the Chemi Gel Doc XRS system. The resulting PCR gives the following product, RBEW™WT:
250 bp, RBEWTK!: 250 bp and 340 bp, RBEX"K!: 340 bp (Figure 17B).
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G x A

RBEWT/KI RBEWT/KI

RBEWT/WT RBEWT/KI RBEK]/KI

Figure 17. Diagrammatic representation of heterozygous mice breeding and genotyping
(A) Schematic diagram of breeding of heterozygous mice which gives all the three genotypes (RBEW™T,
RBEWTKI "and RBEKK), (B) Electrophoresis of PCR product for the comparison of genotypes. A single band
of 250 bp represents homozygous RIBEYE wildtype (lane 2,3,5,7), two bands of 250 bp and 340 bp represent
heterozygous knock-in (lane 6,8,9), and a single band of 340 bp represents homozygous knock-in (lane 4). Lane
10 is positive control and lane 11 is negative control. DNA ladder (0.1-10 kb) was loaded in lane 1.

3.2.4 Isolation of mouse retina

Mice were deeply anesthetized with isoflurane and sacrificed by cervical dislocation. Eyes were
enucleated within 5 min post-mortem and placed into cold PBS. Under the dissecting microscope, the
eye was positioned to see the posterior eyecup with the optic nerve pointing up. The eye was punctured
at the equatorial plane with a sharp needle and the anterior eye cup was removed (white ring separating
the posterior eye from the anterior) with spring scissors (Fine Science Tolls; F.S.T 15024-10). The lens
was removed from the posterior eyecup. For the preparation of Epon, E-PTA, LR-Gold embeddings,
posterior eyecup with attached retina was used and processed according to the embedding procedures
as described below (see section 3.2.5 & 3.2.6).
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3.2.5 Light microscopic analyses

3.2.5.1 Embedding of retinal samples for immunocytochemistry on semi-thin sections (0.5
pm and 1.5 pm)

Embedding of mice retinal tissue in Epon resin was performed as described by Wahl et al., 2013. This
procedure is a modification from the procedure described by Drenckhahn and Franz (1986). Eyes were
dissected as described above and for Epon embedding preparation, posterior eyecup with attached retina
was flash-frozen in liquid nitrogen-cooled isopentane. Then, as a modification from the original
procedure, lyophilization of the frozen tissue was performed for =~ 48 hrs. The lyophilization of the retina
tissue was performed in the vacuum of =107 mbar using a TCP270 turbo molecular pump (Arthur-
Pfeiffer-Vaccumtechnik, Wetzlar/ARlar) controlled by a PKG020 Pirani-gold cathode gauge control unit
and an oil diffusion pump as a prepumping unit (type DUO 004B, Arthur-Pfeiffer-Vaccumtechnik,
Wetzlar/ARlar). Next, Epon was added to the lyophilized tissue and allow to infiltrate on the rotor (=10
rpm) at 28°C for = 24 hrs. The infiltrated tissue was degassed for 30 min and transferred to silica mold

containing Epon then polymerized at 60°C for approximately 24 hrs.

3.2.5.2 Immunolabeling of 0.5 um and 1.5 pum thin retinal resin sections

Immunolabeling was performed on Epon resin retinal semithin sections. For this purpose, 0.5 um and
1.5 um semithin sections were collected on glass coverslips and heat fixed after cutting with a Reichert
ultramicrotome. The resolution of semithin sections is higher in comparison with paraffin sections and
cryosections (Punge et al., 2008). Before immunolabeling Epon resin was removed from the 0.5 um
semithin sections by incubating them in the following solutions: sodium methanolate (30% solution in
methanol; Sigma-Aldrich) for 10 minutes; xylol: methanol mixture (1:1) for 10 minutes each; acetone
two times 10 minutes each; H>O for 10 minutes; and PBS for 10 minutes.

For super-resolution microscopy (3D SR-SIM) (see section 3.2.5.4) 1.5 um Epon resin sections were
used. For removal of Epon resin 1.5 um, thin sections were incubated in sodium methanolate for 12
minutes instead of 10 minutes.

After removal of resin, 0.5 um semithin sections were double immunolabeled simultaneously with two
primary antibodies (generated from different species; mouse and rabbit) diluted in PBS. The primary
antibodies were added to the sections and incubated overnight at 4°C. The next day, sections were
washed several times with PBS and incubated with corresponding secondary antibodies for 3 hrs at RT.
Then sections were washed several times with PBS and mounted by antifade solution N-propyl gallate
(NPG). For the control immunofluorescence experiment, sections were incubated with secondary
antibodies, and the rest of the procedure was the same, no primary antibody was used in this case. No

immunofluorescence was observed in the control sections.
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3.2.5.3 Confocal Laser Scanning Microscopy

3.2.5.3.1 Principle and methodology

The basic principle of confocal laser scanning microscope (CLSM) was first introduced by Minsky
(1961, 1988). Confocal microscopy is a powerful tool that produces sharp images of fluorescent
specimens up to 100 um thick. Images produced by a conventional microscope appear blurry when
examined under the microscope. Unlike conventional wide-field microscopes, confocal microscopes
exclude most of the light from the specimen that is not from the microscope’s focal plane. In confocal
microscopes laser of light is adjusted by neutral density filters then reflected by a dichromatic mirror in
x-y direction and fully scanned the fluorescent specimen in a defined focal plane. The secondary
fluorescence emitted by the specimens passes back through the objective lens and dichromatic mirror to
the pinhole to reach the detector. A pinhole eliminates the fluorescence that befalls above and below the
focal plane (out-of-focus areas). Therefore, only the focused beam of the laser that passes through the
pinhole is detected by a photomultiplier tube (PMT). Photomultiplier tubes amplify the light signal and
convert it to an electrical signal without noise and the output from the PMT is built into an image and
displayed by the computer. In computers, analog electrical signals are converted the digital numbers.
Confocal microscopy was performed exactly as previously described using the Nikon setup (Wahl et
al., 2013). Images were taken with a 60x Plan-Apochromat oil immersion objective (numerical aperture
of 1.4), and a 60x water objective (Nikon NR Apo 60X/1.0W DIC N2) with excitation wavelengths of
488 nm, and 561 nm.

3.2.5.3.2 Confocal Microscopy Image Acquisition

The images of immunolabeled retinal semithin sections were acquired using confocal NIS Elements AR
3.2 software. Images were acquired with 60x/1.40 N.A. oil objective for semithin sections of the retina
and 60x water objective (Nikon NR Apo 60X/1.0W DIC N2) for the whole mount inner ear using laser
excitation lines 488 nm and 561 nm under the control of the NIS Elements software (NIS Elements AR
3.2, 64 bit; Nikon). The confocal images were acquired at identical settings and conditions using the
“‘re-use”’ settings option of NIS Elements software for the comparative analyses of the different
genotypes (RBEW™WT RBEWTK! and RBEK'K!). Image acquisition was performed in a blinded manner

without knowing the identity of the samples.

3.2.5.3.3 Quantification of RIBEYE immunofluorescence signals in the OPL

For quantification of RIBEYE immunofluorescence intensity, images acquired by confocal microscopy
were exported and analyzed by using Fiji Image J software.

The acquired confocal images of immunolabeled retinal semithin sections were analyzed with Fiji

ImageJ software. To analyze fluorescence intensity of RIBEYE immunosignals in the outer plexiform
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layer (OPL), images were opened in Fiji ImageJ software, and a rectangular region of interest (ROI)
was made around SV2 and PSD95 immunosignals as a reference for OPL. SV2 and PSD95 are well
known markers of photoreceptor synapses (Koulen et al., 1998; Maxeiner et al., 2016).

The ROI was drawn using Analyze-Tool-ROI Manager in Fiji ImageJ (NIH) software. The fluorescence
intensity of the immunostained synaptic ribbon was measured as integrated density. The identical ROI
was made in the OPL on all images from all genotypes. The average integrated density values were
normalized. For analysis wildtype (RBEW™T) integrated density values set to 100% and heterozygous
(RBEWTKY), and homozygous (RBEX"K) integrated values were compared with RBEW™T values.
Normalized integrated density of all genotypes was analyzed with Microsoft Excel and their individual
data points were plotted as box and whisker plots in Origin Pro 2019b software. Quantification was done
blindly.

The statistical analysis was performed as described below (see section 3.2.9) using Origin Pro 2019b
and GraphPad Prism 8.4.3 software. For comparison of RIBEYE B-domain immunosignals between
RBEW™T and RBEY™K' Student’s t-test was done because data was normally distributed. The
Kolmogorov-Smirnov test was done for comparison between RBEW™WT/ RBEK/K! and RBEW™K!/
RBEK'K! as data were non-normally distributed.

The RIBEYE A-domain immunosignals statistical analysis was performed by Mann-Whitney U-test and

Kolmogorov-Smirnov test because data were non-normally distributed.

3.2.5.3.4 RIBEYE puncta count in the OPL of 0.5 um immunolabeled retinal sections
The number of RIBEYE puncta was counted in the outer plexiform layer (OPL) in the acquired confocal
images of all genotypes. The RIBEYE puncta were counted per um of OPL for that OPL length was
derived from the confocal NIS Elements software. The confocal images were opened in Image J and the
same OPL-ROI that was used for integrated density was used and duplicated the image. Then automatic
counting of RIBEYE puncta was performed using Process/Find Maxima plugin (prominence 25,
output/point selection including edge maxima). The average number of RIBEYE puncta of RBEWTWT,
RBEWTK! and RBEX"K! mice sections were plotted per 100 pm of OPL in Microsoft Excel and their
individual data points were plotted as box and whisker plots in Origin Pro 2019b software.

The Mann-Whitney U-test and Kolmogorov-Smirnov test were performed for statistical significances
of RIBEYE B-domain puncta as data were non-normally distributed.

For the statistical significance of RIBEYE A-domain puncta, Student’s t-test was performed for
RBEWT™WT/RBEWTK! comparison (as data was normally distributed) and Kolmogorov-Smirnov test was
performed for RBEW™WT/ RBEX"K! and RBEW™X!/ RBEK"K' comparison (as data was non-normally

distributed).
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3.2.5.3.5 Quantification of RIBEYE immunofluorescence signals and RIBEYE puncta
count in the IPL

The RIBEYE immunofluorescence intensity in the inner plexiform layer (IPL) was measured as
integrated density on the acquired confocal images. To quantify the integrated density and puncta count,
the ROI of the IPL was selected by considering SV2 and PSD95 immunosignals as described above
(3.2.5.3.3). As a reference of IPL, rectangular ROl was drawn around the SV2/PSD95 immunosignals
and integrated density was calculated as described above. The same IPL-ROI was also used for the
RIBEYE puncta count in IPL. The IPL is thicker than the OPL because it has five equal-thickness strata
(Kolb, 1997; Euler et al., 2014). Therefore, RIBEYE puncta were counted per um? area of the IPL. For
this purpose, the area of IPL was calibrated using known distance length that is derived from the confocal
NIS Elements software. The same IPL ROI was used for all genotypes.

The values of average integrated densities of RIBEYE A- and RIBEYE B-domain immunosignals of all
genotypes were normalized. For analysis wildtype (RBEW™T) integrated values set to 100% and
heterozygous (RBEWTK!), and homozygous (RBEX"K!) integrated values were compared with RBEWTWT
values. Normalized integrated density of all genotypes was analyzed with Microsoft Excel and their
individual data points were plotted as box and whisker plots in Origin Pro 2019b software.
Quantification was done blindly.

The RIBEYE A- and RIBEYE B-domain immunostained puncta in the IPL were counted automatically
using the Process/Find Maxima plugin in Fiji ImageJ software as described above for the OPL. The
RIBEYE A/B puncta were counted in a 3,000 um? rectangular area of immunolabeled retina cross-
sections. The average RIBEYE puncta values of RBEW™T RBEWTK! and RBEK"X! retina sections were
analyzed with Microsoft Excel and their individual data points were plotted as box and whisker plots in
Origin Pro 2019b software.

The statistical analysis of the integrated density of all comparisons was performed by Mann-Whitney
U-test in Origin Pro 2019b or online Mann-Whitney U-test.

For statistical analysis of RIBEYE B-domain puncta count, Student’s t-test was performed for
RBEWTWT/RBEWTK! comparison (as data was normally distributed) and Mann-Whitney U-test was
performed for RBEW™T/ RBEX'K' and RBEW™K!/ RBEX"K! comparison (as data was non normally
distributed).

For statistical analysis of RIBEYE A-domain puncta count, Mann-Whitney U-test was performed for
RBEWTWT/RBEWTK! RBEW™WT/ RBEK"! comparisons, and Kolmogorov-Smirnov test was performed

for RBEWTKI/ RBEX/K! (because data was non normally distributed).
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3.2.5.4 Super-Resolution Structured Illuminated Microscopy (SR-SIM)

3.2.5.4.1 Principle and methodology

Fluorescence microscopy is widely used for fluorescently labeled samples but it has a limitation of
resolution of approximately 200 nm in the laterals (x,y) dimension and 500 nm in axial (z) dimension.
SR-SIM microscopy overcomes the limitation of spatial resolution by spatially structured illumination
light (Schermelleh et al., 2010).

SR-SIM microscopy utilizes the grating to generate three coherent beams, which is applied to the
sample. When it applies to sample, it makes an illumination pattern that varies axially and laterally. The
high-resolution information created by excitation intensity is encoded in images by mixing the spatial
frequency. The 3D-SR-SIM increases two-fold axial (z) resolution as well as lateral (x,y) resolution.
SR-SIM microscopy also increases the possibility of using standard protocols by using a wide range of
fluorescent dyes (Schermelleh et al., 2010).

The 3D SR-SIM microscopy resolves the objects beyond the diffraction limit of light (Schermelleh et
al., 2010). For the measurement of contour length of the synaptic ribbon by 3D SR-SIM, 1.5 um sections
of RIBEYEW™T and RIBEYE"™K!were prepared from the Epon embedded retina of these mice. Epon
removal and immunolabeling were performed as described above (see section 3.2.5.2).

The 1.5 um - thin sections, that were processed for 3D SR-SIM, were labeled only with a single primary
antibody [anti RIBEYE B-domain (2D9) or anti-RIBEYE A-domain (6F4)]. For detection of primary
antibodies fluorophore-conjugated donkey anti-mouse Alexa 568 secondary antibody was used as
described above (see section 3.2.5.2). The high-resolution images were acquired by structured
illuminated microscopy (SR-SIM) using the ELYRA PS1 setup (Carl Zeiss Microscopy GmbH).

OPL Images of synaptic ribbons labeled with RIBEYE antibodies were acquired with 63X/1.4 NA oil
(DIC) objective using excitation light 561 nm and collected through an Andor iXon EM-CCD camera
at 100 ms exposure time. The z-stack images of RIBEYE immunostained sections were taken at 125 nm
intervals, using Zen 2012 software (black version-Zeiss). The whole thickness of the retinal section was
scanned, and images were acquired. Afterward, images were processed for structured illumination for

better resolution (Gustafsson et al., 2008).

3.2.5.4.2 Measurement and quantification of ribbon contour length from 3D SR-SIM
images

The contour length of RIBEYE [anti RIBEYE B-domain (2D9) or anti-RIBEYE A-domain (6F4)]
immunostained synaptic ribbon was measured using ZEN 2.3 SP1 software (black version). The
RIBEYEW™Tand RIBEYEW™K! sections were used for this purpose. First, an individual synaptic ribbon
was cropped from the z-stack images and scanned completely to ensure the immunostained ribbon is

completely captured. Then the 3D image was created in transparent mode from z-stacks and 2D
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maximum projection images were made from the 3D image. The polyline tool was used to draw a line
along the contour length of the ribbon in ZEN 2.3 SP1 software. The given values were exported to
Microsoft Excel and average value of contour length was calculated. Their individual data points were
plotted as box and whisker plots in Origin Pro 2019b software.

For statistical analysis of RIBEYE B- and RIBEYE A-domain immunostained synaptic ribbon Mann-

Whitney U-test and Kolmogorov-Smirnov test was used respectively.

3.2.5.5 Preparation of cryostat sections from the mouse retina

Freshly isolated eyes of RBEY™T and RBEX"K! mice were flash-frozen in liquid nitrogen-cooled
isopentane. The frozen eyes were embedded in a tissue embedding medium (NEG-50) on a block for 5-
10 minutes inside precooled cryostat (-23°C). After solidification of the embedding medium, the block
of medium with the embedded eye was fixed on a specimen holder. Cryosectioning of the retina isolated
from RBEW™WT and RBEX"K! mice was done by Leica cryostat. 10 um-thick cryosections of the retina
were cut with a microtome and thawed on glass slides. Cryosections on the glass slides were heat fixed

at 50°C for 10 min. The heat fixed sections were kept at -20°C until used for immunostaining.

3.2.5.5.1 Immunolabeling of cryostat sections of the mouse retina

The fluorescent lectin PNA Alexa 568 was used on 10 um thick retinal cryosections of RBEW™T and
RBEKX"XI'mice for visualization of cone synapses as previously described (Grabner et al., 2015). For
immunolabeling, the first cryosections were heat fixed at 55°C for 10 mins. Then incubated with 0.5%
BSA in PBS (blocking buffer) for 1 hr, RT to block unspecific binding sites. Next, RIBEYE A-domain
(6F4, 1:500) primary antibody diluted in blocking buffer was applied on the retina sections and
incubated overnight at 4°C. The unbound primary antibody was removed by several washes with PBS
and simultaneously secondary antibody donkey anti-mouse Alexa 488 (1:1000) and PNA Alexa 568
(1:200) was applied to the sections and incubated for 3 hrs at RT. Then section was washed several times

and mounted with NPG as described above (see section 3.2.5.2).

3.2.5.6 Isolation of mouse cochlea

3.2.5.6.1 Isolation of mouse cochlea and whole-mount immunostaining of cochlear turn
4-8 weeks old RBEW™T and RBEX"K mice were used for the isolation of cochlea. Mice were deeply
anesthetized with isoflurane and sacrificed by cervical dislocation. Then, the mice were decapitated, and
head of the mice was cooled on ice for 15 mins. The cochlea was isolated as described previously
(Montgomery and Cox, 2016; Fang et al., 2019). First, mice skull bone was cut off by making cut along
the sagittal suture and brain tissue was removed. The cranial nerves were scrapped away using

anatomical forceps (Schreiber Instrument, Fridingen Germany; Sl Line; SI-14-1531) and manually
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removed the petrous part of the temporal bone. The isolated temporal bone was transferred to the 2 ml
microcentrifuge tube containing 4% cold PFA (PFA in PBS, pH 7.4) and incubated overnight for
fixation at 4°C on an orbital shaker. The next day, temporal bone was washed several times with PBS
and decalcified with 120 mM ethylene-diamine-tetraacetic acid (EDTA, in PBS, pH 7.4) at 4°C for 3
days. EDTA was changed two times, approximately after 8 hrs in a day. Decalcified temporal was
washed several times with PBS and transferred to a petri dish containing cold PBS for dissection under
a microscope. Hold the vestibular part of the temporal bone with a forcep and was cut away by making
cut along oval and round window. The cochlea was placed in another petri dish by placing basal turn
toward the bottom and cochlear turns were dissected. The dissected apical, middle, and basal turns of

the cochlea were placed in 24 well plates containing cold PBS for immunostaining and stored at 4°C.

3.2.5.6.2 Immunolabeling of whole mount organ of Corti

After dissection of RBEW™T and RBEKX'K! cochlea, for immunolabeling, cochlea samples were
incubated in 300 pl of blocking and permeabilization solution (0.5% BSA, 1% Triton in PBS) for 1 hr
30 min at RT on mild shaking. Then simultaneously two primary antibodies originating from different
species (mouse and rabbit) were applied to the samples and incubated overnight at 4°C for double
immunolabeling. The next day, samples were washed several times with PBS and incubated with
corresponding secondary antibodies for 3 hrs at RT. For immunolabeling antibodies were diluted in a
blocking/permeabilization solution. After secondary antibody incubation whole mount sections were
washed several times with PBS and z-stacks images were acquired with 60x water objective (Nikon NR
Apo 60X/1.0W DIC N2) using confocal microscopy. Afterward acquired images were processed for

maximum intensity projection.

3.2.6 Transmission Electron Microscopy

3.2.6.1 EM embedding procedure

For the comparative ultrastructural analyses of retinal synapses of all genotypes by transmission electron
microscopy (TEM), RBEW™T wild-type mice, RBEWTK! heterozygous, and RBEX"K' homozygous
littermate mice were used. The embedding was prepared as described by Maxeiner et al., 2016. For
embedding, retina was dissected as described above (see section 3.2.4) and the posterior cup with
attached retina was fixed with 4% paraformaldehyde (PFA in PBS, pH 7.4), and 2.5% glutaraldehyde
(in PBS) overnight at 4°C on mild shaking subsequently (12 hrs for each fixation). Next, retina samples
were postfixed in OsOs, 1.5 % (wt/vol) Ks[Fe(CN)s] x 3H.0 (1:1) in 100 mM cacodylate buffer (pH
7.4) for 1 hr at 4°C on rotating shaker. The samples were washed 3 times with 100 mM cacodylate buffer
(pH 7.4), H,0, and 50 mM Na-Maleate buffer (pH 5.0) subsequently. Next samples were contrasted
with 2% uranyl acetate (in 50 mM Na-Maleate buffer, pH 5.0) for 3 hrs at 4°C on a rotating shaker.
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After contrasting samples were washed several times with 50 mM Na-Maleate buffer (pH 5.0) and H,O
subsequently. Then samples were dehydrated with ascending series of ethanol (30%, 50%, 70%, 80%,
90%, 99%) and pure acetone for 15 min each at RT. Afterward, acetone was gradually replaced by
increasing volumes of Epon (3:1, 1:1, 1:3 (v/v)), 3 hrs each at RT. Finally, samples were infiltrated with
pure Epon overnight at RT. Then infiltrate samples were transferred to the silica embedding molds and
polymerized at 60°C for approximately 24 hrs. Ultrathin sections from the Epon embedding were used

for transmission electron microscopy.

3.2.6.2 Ethanolic Phosphotungstic Acid (E-PTA) staining of retina samples for TEM

Ethanolic phosphotungstic acid staining of retinal samples was performed as described previously
(Bloom and Aghajanian, 1968; Limbach et al., 2011) with some modification for ultrastructural analysis
by TEM. For E-PTA embedding, 4-5 months old littermate (RBEW™WT, RBEW™K! and RBEX"X") mice
were used. The posterior eyecup with retina was fixed in 4% paraformaldehyde, pH-7.4 overnight at
4°C. The next day, retina samples were washed several times with PBS and dehydrated with increasing
concentrations of ethanol (30%, 50%, 70%, 80%, 90%, 99%), 15 mins (each step) on rotator at RT.
Then samples were dehydrated with absolute ethanol (100%), 10 min at RT. After dehydration samples
were stained with 1% phosphotungstic acid (w/v) in absolute ethanol containing 5 drops of 95% absolute
ethanol for 10 ml of staining solution and kept on a rotator for 1.5 hrs, RT. After staining, E-PTA solution
was replaced with ice-cold propylene oxide to avoid strong exothermic reaction (Fry and Spira, 1980).
Propylene oxide was changed once and incubated the samples in propylene oxide for 30 mins at RT on
a rotator. Afterward, samples were infiltrated with pure Epon overnight and polymerized at 60°C, = 24

hrs as described above (see section 3.2.6.1).

3.2.6.3 London Resin (LR)- Gold post embedding immunogold microscopy

The LR Gold tissue embedding was performed as described previously (Schmitz et al., 2000; Wahl et
al., 2013) with some modification. For embedding preparation, RBEW™T wild-type, homozygous
RBEK'K!; heterozygous RBEW™KC, and homozygous RBEXYXC mice were used. The freshly isolated
posterior eyecup with attached retina was fixed in 2% paraformaldehyde (in PBS, pH 7.4) overnight at
4°C on the shaker. Next, sections were washed 3x with PBS then dehydrated with ascending series of
ethanol (30% ethanol 4°C for 10 min, pre-cooled 50%, 70%, 80%, 90%, 99% ethanol; 1 hr each at -
20°C on rotator). Afterward, ethanol was gradually replaced with the increasing volume of LR gold (2/1,
1/2 (v/v), 1 hr each, -20°C). Next, samples were infiltrated with pure London Resin (LR)-Gold overnight
at -20°C. Finally, LR-Gold resin solution was replaced with LR-Gold containing 0.1% benzil and

polymerized the samples under UV light ~ 48 hrs at -20°C. In post embedding protocols, no osmium
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tetroxide can be used to enhance membrane contrast. In LR-Gold method, lipid-rich membrane

compartments (i.e., synaptic vesicles) remain largely invisible.

3.2.6.4 Post embedding immunogold labeling

Ultrastructural analysis of immunogold labeling was performed on LR-Gold ultrathin sections of
RBEWTWT wild-type, homozygous RBEX"K!: heterozygous RBEY™KO, and homozygous RBEXC mice.
For immunogold staining, ultrathin sections were incubated in 0.5% Bovine serum albumin (BSA in
PBS pH 7.4) for 45 mins at RT to block unspecific binding. Then, RIBEYE A-domain (6F4) primary
antibody diluted (1:50) in 0.5% BSA was applied on the section and incubated overnight at 4°C. Next,
sections were washed several times with PBS and secondary antibody goat anti-mouse conjugated to 10
nm gold nanoparticles (1:100 in blocking buffer) was applied on the sections for 1 hr at RT. Then
sections were washed several times with PBS and immune complexes were post-fixed with 2.5%
glutaraldehyde (in PBS), 15 min, RT. Afterward, sections were washed several times with H,O and
contrasted with 2% uranyl acetate (in H20) 15 min, RT. Next, sections were washed several times with
H,O and dried at RT then analyzed by transmission electron microscopy. In negative control incubation,
all the labeling procedure was the same only primary antibody was omitted.

3.2.6.5 Preparation of ultrathin retina section for TEM

For ultrastructural analysis of ribbon synapse by transmission electron microscopy retinal ultrathin
sections were used. Ultrathin sections (=~ 70 nm thick) were cut from the Epon and LR Gold polymerized
tissue block of mice (RBEW™WT RBEWTK! RBEK'KI; RBEWTKO RBEKXK) retina. The retina tissue
blocks were trimmed in a trapezoid-shaped pyramid with a small area. For ultrathin sectioning, Reichert
ultramicrotome (Ultracut S, Leica Microsystem) with a diamond knife having a boat to fill with water
(Ultra diamond knife 45°, Diatome AG; Beil. Switzerland, 6° sectioning angle) was used. The ultrathin
sections = 70 nm were made with a diamond knife and picked carefully then mounted on 100 mesh
copper grids. The grid having sections was dried completely and stained with Reynold’s lead acetate
(Reynolds, 1963) for 2 mins at RT.

3.2.6.6 Transmission Electron Microscope

3.2.6.6.1 Principle and methodology

Transmission electron microscopy (TEM) is a very important tool in cell biology. This technique was
first used in the early 1940s. The TEM operates on the same basic principles as the light microscope but
uses electrons instead of light. The wavelength of the electron is much shorter than the light therefore
TEM achieves ~ 0.1 nm resolution that is a thousand times more in contrast to light microscopy. For

imaging of tissues ultrathin section, the electron beam produced from the electron gun is focused into a
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small, thin, coherent beam by a condenser lens. The condenser aperture excludes high angle electrons.
Then the focused beam is transmitted through a very thin specimen. The objective aperture that
absorbed, scattered, and transmitted the beam that is projected by projector lens after being corrected by
an intermediate lens on the phosphor screen. The image strikes on the phosphor screen produce light

therefore images are visible for users (Kannan, 2018; Winey et al., 2014).

3.2.6.7 Transmission electron microscope Image Acquisition

The images from the retinal ultrathin sections of RBEW™T, RBEWTK!, RBEK'K!; RBEWTKO, RBEKXO/KO
littermate mice were acquired with a Tecnai Biotwin12 digital transmission electron microscope (TEM)
equipped with a Megaview Il digital camera (Gatan) and controlled by iTEM acquisition software
(Olympus, Hamburg, Germany). The transmission electron microscope was operated at 100 kV. The
retinal rod photoreceptor synapse in the outer plexiform layer was clearly identified by their typical triad
ultrastructural appearance. In mice retina, 95% of synapses are rod photoreceptor synapses. The rod
photoreceptor synapses consist of a large synaptic ribbon anchored at the active zone. Cone synapses
are bigger in size and possess multiple active zones with smaller synaptic ribbons. The inner plexiform
layer also has presynaptic rod bipolar ribbon synapse. The rod bipolar ribbon synapses are larger in size
and also have multiple active zones with smaller synaptic ribbons.

The transmission electron micrograph of rod photoreceptor ribbon synapse in the outer plexiform layer
was acquired at 43,000x - 60,000x and the electron micrograph of the rod bipolar cell ribbon synapse in
IPL was acquired at 26,500x.

3.2.6.8 Quantification of the number of synaptic ribbons in rod photoreceptor synapses
and measurement of ribbon height using TEM

The quantification of the number of ribbons per rod terminal and ribbon height in the x-y direction was
performed on ultrastructural images acquired by transmission electron microscopy. The cross-sectioned
rod terminals of RBEW™T RBEWTKI RBEK'! with clearly visible active zone were used for the
analysis of ribbon per rod terminal. The average values of ribbon per rod terminal were calculated and
plotted in Microsoft Excel and their individual data points were plotted as box and whisker plots in
Origin Pro 2019b software. For ribbon per rod terminal analysis, RBE"™T values were normalized to
1, and RBEW™K! RBEX"K were compared with RBEY™ T values. For statistical significance, Mann-
Whitney U-test and Kolmogorov-Smirnov test was performed.

The ribbon height in the x-y direction was measured in the ultrastructural images of rod photoreceptor
synapses of RBEW™WT RBEWTX! retinas. The rod photoreceptor synapses in the outer plexiform layer
were clearly visualized by a typical postsynaptic configuration that comprises horizontal and bipolar

cells (triad or tetrad). The ribbon height was measured by drawing a straight line from the base to the
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top of the ribbon using iTEM software. The scale bar on the exported TEM images was used as a
reference to calibrate ribbon height. For statistical significance, Kolmogorov-Smirnov test was

performed.

3.2.7 SDS PAGE and western blotting

3.2.7.1 Preparation of retinal lysate for SDS page

For the preparation of retinal lysate of RBEY™WT, RBEW™ ! and RBEX"K! mice, the retina was isolated
as described above (see section 3.2.4). For western blot retina was gently detached from the posterior
eyecup by holding the posterior eyecup (sclera) with forceps and detached from the retina by rotating
the posterior eyecup intact with the retina. The retinal lysate was prepared by adding 200 pl of Laemmli
buffer into a pair of retinas of adult, age-matched mice. Retinal protein lysates were solubilized by
homogenization by up/down pipetting with the tip in Laemmli buffer and heated at 96°C for 10 mins.

The protein lysates were stored at -20°C until used for the western blot experiment.

3.2.7.2 Measurement of protein concentration

The classical, widely used protocols for protein determination, such as the Lowry (Lowry et al., 1951)
or Biuret (Weichselbaum, 1946) methods are limited to a few compatible buffers. In addition, these
methods suffer from the limitation of being incompatible with certain buffers, high salt concentrations,
and the presence of detergents. To avoid these difficulties the concept of staining protein spots on a solid
support with Amido Black followed by elution and photometric quantification of the dye was
introduced. Therefore, the concentration of protein dissolved in Laemmli buffer was estimated by an
Amido Black-based quantification method (Dieckmann-Schuppert and Schnittler, 1997).

In brief various pieces of ~1.5 cm?size cellulose acetate membrane were cut. Defined volumes, 10 pl of
BSA standard (0.25, 0.5, 1, 2, 3, 4 ug/ul), and protein samples were applied on the membrane. The
membrane only with PBS was served as the blank control. The membrane was dried for 15 min at room
temperature (RT) and subsequently immersed in the staining solution | stain [0.5% (w/v) amido black
10B, 45% (v/v) each of methanol and water, and 10% glacial acetic acid] for 15 min. After staining
membrane was washed three times with the solution | washed (47.5% each of methanol and water, and
5% glacial acetic acid) for 5 min each. Afterward, dissolution of the cellulose acetate pieces was
performed in 1 ml dissolution solution I diss (80% formic acid, and 10% each of glacial acetic acid and
trichloroacetic acid) by incubating at 50°C for 30 min under shaking. The absorbance of the resulting
blue solution was read photometrically at 620 nm against the corresponding blank reagent and

concentration was calculated using the absorbance of BSA standards.
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3.2.7.3 SDS-PAGE

3.2.7.3.1 Background

One dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is used to
separate proteins with relative molecular mass under denaturing conditions in the presence of 0.1 %
SDS (Laemmli, 1970). SDS, an anionic detergent that denatures the protein by breaking the disulfide
bonds of the polypeptide chain and imparts an even distribution of negative charge per unit mass so that
the proteins lose their secondary, tertiary, or quaternary structure, therefore the proteins being covered
by SDS are negatively charged. R-mercaptoethanol is also included in the sample buffer to cleave
disulfide bonds within or between molecules, allowing molecules to adopt an extended monomeric form.
When negatively charged protein is loaded onto a gel and placed in an electric field, it will migrate
towards the anode (positively charged electrode) and separated by a molecular sieving effect based on
size.

The polyacrylamide electrophoresis gel contains two layers: the lower running gel of higher
concentration of acrylamide (5% -10%), pH 8.8, and the upper stacking gel, pH 6.8 to separate the
proteins which run towards anode through a discontinuous Laemmli buffer. The proteins can be easily
visualized by staining with a protein specific stain such as Coomassie Brilliant R 250. The background
was subsequently reduced by soaking the gel in the acrylamide gel destaining solution to visualize the

protein bands.

3.2.7.3.2 SDS gel electrophoresis and electroblotting

Western blot analysis was performed for the examination of the expression of RIBEYE-A (SySy),
RIBEYE-B (2D9), GFP, and Actin antibody in the retina of RBEW™T, RBEW™K! and RBEX"X' mice.
For this purpose, retina lysate of all three genotypes was heated at 96°C for 10 min and 50 g protein
was loaded per well and separated by 10% acrylamide SDS PAGE. Solubilized protein components
were resolved electrophoretically by running the gel at 100V, 4 hr at RT. After electrophoresis, stacking
gel was discarded and the resolving gel proteins were electrotransferred to nitrocellulose membrane
(Protran 0.45 pm) at 50 V for 5 hrs (4°C). For fluorescence detection (Licor Blots) membrane was not
stained with ponceau-S staining.

For fluorescence immunoblotting, western blot (WB) membrane was blocked in 5% skimmed milk (in
PBS) for 1 hr at RT to block unspecific binding sites and washed several times with PBS. Then WB
membrane was incubated with primary antibodies (diluted in 3% skimmed milk in PBS) overnight at
4°C. The next day, membrane was washed several times with PBS and incubated for 3 hrs at RT in
secondary antibodies (donkey anti-rabbit IRDye 800 CW, donkey anti-mouse IRDye 680 LT), diluted
1: 5,000 in 3% skimmed milk in PBS. Following washing with PBS, western blot membrane was

scanned with Odyssey Infrared scanner using Odyseey software (Licor Biosciences, Bad Homburg,
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Germany) for detection of fluorescence signal. The size of the protein band was compared with a known
molecular weight chameleon pre-stained protein ladder (8 kDa - 260 kDa).

To perceive the expression of RIBEYE A- (6F4), RIBEYE B-domain, and Actin antibodies in the retina
of heterozygous knock-out RBEY™O and homozygous knock-out (RBEX®X9) mice, retinal lysate of
respective genotypes were run on 10% SDS gel and electrotransferred as described above. After
electroblotting nitrocellulose membrane was stained with ponceau-S dye to confirm the transfer of
proteins. The membrane was washed several times with PBS until complete removal of ponceau-S
staining. Then membrane was blocked and incubated with primary antibodies as described above. For
chemiluminescence detection, after primary antibody incubation membrane was washed several times
with PBS and incubated for 3 hrs at RT with HRP-conjugated goat anti-mouse secondary antibody
prepared in 3% skimmed milk. Then membrane was washed several times with PBS and incubated with
chemiluminescence’s detection solution (ECL1 and ECL2 mixture, 1:1 (v/v)), and the signals were
documented with the ChemiDoc™ XRS Gel Doc system (Bio-Rad; Feldkirchen, Germany) apparatus.
For chemiluminescence SDS gel Roti-Mark protein Standard (T851.2, Roth; 14 kDa - 212 kDa) was
used.

3.2.7.3.3 Western blot analysis

The band intensities of fluorescence blot were quantified by using densitometry in Image Studio Lite
software (Image Studio Lite 5.2 software: Li-Cor). To analyze the band signal of proteins on the blot, a
rectangle ROl was drawn to encompass the protein band in all the lanes which give the signal value
according to band intensity. Signal values were used for quantitative analysis.

To compensate for any loading errors, band intensities of the targeted proteins [RIBEYE-A (SySy),
RIBEYE-B (2D9), GFP] were normalized to the band signals of actin (housekeeping protein) in the
same lane and average values were calculated. For quantification, RBEW™T western blot signals were
set to 100% for RIBEYE-A (6F4) and RIBEYE-B band intensity, and RBEW™X" and RBEX"K! were
compared with respective wildtype values. For quantification of GFP band signals, RBEX"X! western
blot signals were set to 100%, and RBEW™WT, RBEW™K! were compared corresponding knock-in values.
The average values were plotted in Microsoft Excel and their data distribution was plotted in Origin
2019b software.

The Pearson’s correlation coefficient of all experimental incubations was calculated in Microsoft Excel.
The correlation coefficient was high (Pearson’s correlation coefficient (r) > 0.8) between two groups
therefore, according to De Winter, 2013 two sample Student’s t-test for non-equal variance were

performed to determine statistical significance.
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3.2.7.3.4 Stripping and reprobing of immunoblot

After the first detection, the membrane was washed with PBS five times and submerged in preheated
stripping buffer (110 pl B-mercaptoethanol, 2% sodium dodecyl sulfate, 20 ml 0.1 M Tris-HCI, pH 8.5)
at 55 °C for 30 min with occasional agitation manually. Then again washed with PBS and used for other

primary antibodies incubation then secondary antibody as described above.

3.2.7.3.5 Determination of concentration of 6F4 (RIBEYE A-domain) monoclonal
antibody

The concentration of 1gG cut 6F4 RIBEYE A-domain monoclonal antibody was determined by running
descending series of 10 ul BSA standard (0.5, 0.25, 0.1, 0.05, 0.04, 0.03 mg/ml) and 6F4 antibody on
10% polyacrylamide gel at 100V, RT. After gel electrophoresis, gel was stained with Coomassie
Brilliant R 250. Then gel was destained with the destaining solution to reduce the background for

visualization of protein band.

3.2.8 Peptide arrays for epitope mapping of 6F4 (RIBEYE A-domain) monoclonal
antibody

Peptide array screening is the approach for the analysis of the antibody binding site (epitope mapping).
It is a fast, easy, and inexpensive approach. (Amartely et al., 2014; Hilpert et al., 2007). For peptide
array process peptides are synthesized on cellulose membrane usually by 9fluorenylmethyloxycarbonyl
(Fmoc) chemistry for protection of amino group in which hydroxyl group of cellulose esterified with a
carboxyl group of Fmoc protected amino acid (Frank, 2002; Amartely et al., 2014; Hilpert et al., 2007).
The peptide synthesis includes mainly the following steps: preparation of cellulose membrane, synthesis
of overlapped peptides, and cleavage of the side chain protection group.

For peptide array screening of (6F4) RIBEYE A-domain monoclonal antibody, the peptide of RIBEYE
A-domain covering amino terminus (amino acid 83-211) with a length of 20 amino acids each containing
an overlap of 5 amino acids were synthesized on a cellulose membrane using ResPepSL-Synthesizer
(Intavis Bioanalytical Instruments; Cologne, Germany) as previously described (Frank, 2002; Hilpert et
al., 2007; Harsman et al., 2011).

For epitope mapping of 6F4 monoclonal antibody, the membrane with immobilized peptide was
activated by incubating the membrane in methanol for 1 min at RT. The membrane was washed two
times with H,O and equilibrated with binding buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.1%
Triton X-100) for 2 hrs at RT with mild shaking. Then membrane was blocked for 1 hr at RT with a
binding buffer containing 1 uM bovine serum albumin to block unspecific protein binding. Afterward,
membrane was incubated with 6F4 primary antibody (diluted 1:20,000 in binding buffer) overnight at

4°C. The next day, membrane was washed 3 times for 10 min each with binding buffer to remove the
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unbound antibody and probed the membrane with HRP-conjugated goat anti-mouse (diluted 1:10,000
in binding buffer) secondary antibody for 1 hr, RT. Then membrane was washed 3 x10 min with binding
buffer and visualized by chemiluminescence’s detection solution ECL1 and ECL2 mixture (1:1 v/v)),
and the signals were documented. To visualize all the spots, membrane was illuminated by UV light

with the ChemiDoc™ XRS Gel Doc system (Bio-Rad; Feldkirchen, Germany) apparatus.

3.2.8.1 Stripping of pepspot membrane
Pepspot membrane was washed 3 x 5 min with DMF (Dimethylformamide) in an ultrasonic bath then
washed with water. Afterward, membrane was washed 4 x with buffer A in an ultrasonic bath for 5 min.
Next, membrane was washed 3x with buffer B, and ethanol subsequently at RT on mild shaking. After
that membrane was dried and stored at -20°C.

3.2.9 Statistical analysis

Statistical analyses were done using OriginPro 2019b software and GraphPad Prism 8.4.3. For all
analyses, at least three independent experiments were performed for each experimental group, as
indicated in the respective experiments.

First, | checked whether data could be pooled from individual experiments, for this purpose | checked
normality using the Shapiro-Wilk test for the experimental group. According to the Shapiro-Wilk test
result, for multiple comparisons, ANOVA with Bonferroni’s post hoc tests was performed for normally
distributed, and Kruskal- Wallis ANOVA test with Dunn’s post hoc test was performed for non-
normally distributed data (significance level 0.05). After this verification data were pooled when
multiple comparisons within the same group were not significantly different. The mean values of the
individual experiment were used when multiple comparisons within the same group were significantly
different.

To check statistical significance between the two groups, the first normality was checked. When data of
two groups were normally distributed, two sample Student’s t-test was performed (with equal/non-equal
variance) while Mann-Whitney U-test or Kolmogorov-Smirnov test was performed for non-normally
distributed data. Online Mann-Whitney U-test was performed at (https://astatsa.com/WilcoxonTest/).
The difference was considered statistically different with p<0.05.
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4. RESULTS

RIBEYE is a central building block of the synaptic ribbon (Schmitz et al., 2000; Maxeiner et al., 2016).
Maxeiner et al., 2016 observed that deletion of RIBEYE A-domain abolished the formation of synaptic
ribbons in the retina. The role of RIBEYE B-domain in the formation of ribbons remained to be
elucidated. To answer this question, | made use of RIBEYE knock-in mice (Maxeiner et al., 2016). In
RIBEYE knock-in (KI) mice RIBEYE B-domain was replaced by the cDNA of GCaMP3 so that
RIBEYE knock-in mice consist of RIBEYE A-domain fused with Ca?* sensor, GCaMP3 (Maxeiner et
al., 2016). | first analyzed the overall organization of the retina in the RIBEYE knock-in mice.

4.1 RIBEYE deletion does not affect the overall organization of the retina

In the present study, | analyzed the RIBEYE KI mice in which RIBEYE B-domain is lacking. First, |
checked whether the expression of the RIBEYE knock-in allele might alter the overall cellular
organization of the retina. To check the consequence of RIBEYE B-domain deletion on the retina of
RBEX"XI'mice in comparison to littermate control mice. | double immunolabeled retina semithin sections
(0.5 um) of all RIBEYE genotypes (wildtype: RBEW™WT  heterozygous knock-in RBEWTK!| and
homozygous RBEX'K!) with following antibodies, including antibodies against opsin to label outer
segments of rod photoreceptors (Figure 18A), PSD95 (Figure 18A) and SV2 (Figure 18B, C) to label
photoreceptor synapse in the outer plexiform layer, calbindin (Figure 18B) to label horizontal cells, and
GFAP (Figure 18C) to label Muller glial cells.

RBE: RBE:
A-domain __ B-domain GCaMP3

RBE:A YaEpX::3d REEVM-C D RBEV RBE:A YGC3 TNl
REET-C: D RBEY AEISHNHES) RBEX EEYW®) RBEX

:

RBEWT/WT RBEWT/KI RBEKI/KI
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Figure 18. RIBEYE KI does not alter the organization of the retina

The top panel, schematic representation of analyzed all resulting genotypes (RBEW™T, RBEW™X! and
RBEXV/K (A) 0.5 um retinal semi-thin sections of RBEWWT RBEW'K and RBEX"K' mice double
immunolabeled with antibodies against anti-rhodopsin (red, to label photoreceptor outer segments) and
PSD95 (green, to label presynaptic photoreceptor terminals) in the OPL. (B) Retinal semithin sections of all
genotypes double immunolabeled with antibodies against SV2 (red, to label synaptic vesicles) and calbindin
(green, to label horizontal cells) in OPL. (C) Retinal semithin sections of all genotypes double immunolabeled
with antibodies against SV2 (red, to label synaptic vesicles in OPL) and GFAP (green, to label Miiller glial
cells). Abbreviations OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; RBE, RIBEYE. Scale bar: 5 um. Figure from
Shankhwar et al., 2022.

From the immunostaining with these protein markers of the retina, | did not observe any alterations in
the organization of the retina of RBEWV™T, RBEWTK! and RBEX"K' mice. This confirms that RIBEYE
knock-in allele does not affect the retinal organization. Likewise, RIBEYE knock-out mice retina in
which RIBEYE protein was completely removed, did not show alterations in the retinal organization
(Maxeiner et al., 2016).
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4.2 RIBEYE B-domain immunosignals are absent in the photoreceptor synapses of

RBEX"KI'mice

Next, | examined the expression of RIBEYE B-domain in RIBEYE knock-in mice (Figure 19). For this
purpose, | double immunolabeled 0.5 um retinal semithin sections of different RIBEYE genotypes
(wildtype: RBEVW™WT: heterozygous knock-in: RBEW™<!'and homozygous knock-in: RBEX") with well
characterized anti-RIBEYE B-domain monoclonal antibody (clone 2D9) (Dembla et al., 2018) and
PSD95 antibody to label presynaptic photoreceptor terminal. From the confocal images of RBEW™WT
and RBEW™X! | observed punctate ribbon-like immunostaining of RIBEYE B-domain in both the outer
plexiform layer (OPL) and inner plexiform layer (IPL) of the retina. RIBEYE B-domain immunosignals
were completely absent in both synaptic layers, OPL and IPL of RBEX"K! mice retina (Figure 19 C). The
absence of RIBEYE B-domain immunostaining was expected in RBEX"K! mice because RIBEYE B-
domain was replaced by an unrelated Ca?" sensor-GCaMP3. | observed strong RIBEYE B-domain
immunosignals particularly in the OPL of RBEW™T and RBEW™K! littermate mice because synaptic
ribbons of rod photoreceptor synapses of the outer plexiform layer are larger than the IPL synaptic
ribbon (Moser et al., 2020). Therefore, for quantitative analysis, | first focused on the OPL of the retina.
Immunostaining of the presynaptic markers was identical in all genotypes, indicating that retinal
synapses are unchanged in the RBEX"K! retina (Figure 19 A-C). In RIBEYE B-domain immunolabeled
(Figure 19 E1) 0.5 pum resin sections of RBEW™! GCaMP3 moiety does not generate any direct

fluorescence signals (Figure 19 E2).
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Figure 19. RIBEYE B-domain immunostaining is absent in the retinal semithin sections of RBEX"K! mice
(A-C) Double immunostaining of retinal semi-thin sections (0.5 pm) of RBEW™T RBEWTK! ‘and RBEX"K! mice
with mouse monoclonal antibody (2D9) against RIBEYE B-domain (red) and rabbit polyclonal antibody against
PSD95 to label postsynaptic body (green). (C1) Absence of RIBEYE B-domain immunosignals in both synaptic
layers (OPL and IPL) in the retinal section of RBEX"K! mice. (D1) Quantification of RIBEYE B-domain average
fluorescence integrated density in OPL, the bar graph represents mean + S.E.M (***P < 0.001). In RBEW™X!
RIBEYE B-domain immunosignals were significantly reduced than RBEW™T. (D2) The Box and whisker plots
of the data distribution from (D1), mean values, and median values are represented by yellow dotted line and
solid green line respectively. The median represents the 50 percentile, the box represents the 25" -75%
percentile, and whiskers represent 1.5 times of interquartile range. (E) Immunostaining of retinal semi-thin
sections (0.5 pm) of RBEWTK! mice with mouse monoclonal antibody (2D9) against RIBEYE B-domain (red).
Inset shows high magnified synaptic ribbons. GCaMP3 direct immunosignals were absent in the green channel
(E2) Abbreviations: OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer; RBE, RIBEYE; S.E.M., standard error of the mean; N = number of mice; n = number of
analyzed confocal images. Scale bar:5 um. Figure from Shankhwar et al., 2022.

In the OPL, RIBEYE B-domain immunofluorescence signals were quantified as integrated density from
4 independent embeddings of RBEW™T, RBEW™K and RBEX'K' mice (Figure 19D1, D2).
Quantification showed that in the outer plexiform layer of RBEW"X' mice, RIBEYE B-domain
immunosignals were weaker compared to littermate RBEW™T and ~ 21% reduction was evident (p-
value for RBEW™T /| RBEWTK! comparison: 2.0749E-8) (Students’s t-test). RIBEYE B-domain
immunosignals in the OPL were completely absent from RBEX'K!' mice (p-value for RBEW™T /
RBEKX"K! comparison: 1.0731E-47; for RBEW™K! / RBEX"K! comparison: 1.8220E-47) (Kolmogorov-
Smirnov test) (Figure 19D1, D2).
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4.3 RIBEYE B-domain puncta at high magnification in the OPL was unchanged between
RBEWTWT and RBEWTK! and absent from RBEX"X! mice

As mentioned, | observed weaker RIBEYE B-domain immunosignals in the retina of RBEW™K! mice in
comparison to littermate RBEY™T mice. To find the reason for this, | analyzed the puncta density of
RIBEYE B-domain immunolabeled synaptic ribbons in the outer plexiform layer at higher
magnification. I used 0.5 um retina resin sections of RBEW™ T, RBEWTK! and RBEX"K! mice for clear
identification of single puncta (Figure 20 A-C). The average RIBEYE B-domain positive puncta were
quantified in 4 different embeddings.
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Figure 20. RIBEYE B-domain puncta in the OPL are unchanged between RBEW™T and RBEW™K!
(A-C) Double immunostaining of retinal semi-thin sections (0.5 um) of RBEW™T, RBEWTK! and RBEX"K! mice
with mouse monoclonal antibody (2D9) against RIBEYE B-domain (red) and rabbit polyclonal antibody
against PSD95 to label postsynaptic terminal of photoreceptor (green). (D1) Quantification of RIBEYE (B)
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puncta per 100 um OPL showed puncta density is similar between RBEW™T and RBEW™K! but completely
absent in the OPL of RBEX"X! mice. The bar graph represents mean + S.E.M (n.s. P > 0.05, ***P < (.001).
(D2) The Box and whisker plots of the data distribution from (D1), means values are represented by yellow
dotted line and median values by green solid line. The median represents the 50" percentile, the box represents
the 25" -75" percentile, and whiskers represent 1.5 times of interquartile range. Abbreviations: OPL, outer
plexiform layer; RBE, RIBEYE; S.E.M., standard error of the mean; n.s. non-significant; N = number of mice;
n = number of analyzed confocal images. Scale bar: 5 um. Figure from Shankhwar et al., 2022.

Interestingly, | found that the number of RIBEYE B-domain positive puncta in the outer plexiform layer
were identical between RBEW™T and heterozygous RBEW™K! mice (p-value for RBEW™WT/ RBEWTK!
comparison: 0.0746) (Mann-Whitney U-test). (Figure 20D1, D2). Whereas RIBEYE B-domain puncta
were entirely absent from the OPL of RBEX"! mice (p-value for RBEW™T / RBEK'K! comparison:
7.9399E-47; for RBEWTK!/ RBEX"K! comparison: 1.0014E-47) (Kolmogorov-Smirnov test) as expected
(Figure 20D1, D2).

4.4 RIBEYE A-domain immunosignals are absent in the photoreceptor synapse of
RBEX"KI'mice

Next, | wanted to check whether the RIBEYE A-domain can still assemble into ribbons in the absence
of the RIBEYE B-domain in RIBEYE knock-in mice. To verify this, | double immunolabeled 0.5 pm
retinal semithin sections of RBEW™WT: RBEWTK! and RBEX"€' mice with a well-characterized
polyclonal antibody against RIBEYE A-domain (Tau) (Maxeiner et al., 2016) to label synaptic ribbons
and SV2 to label synaptic vesicles (Figure 21). As stated above, in RIBEYE knock-in mice RIBEYE A-
domain is well present in contrast to RIBEYE B-domain that was replaced by GCaMP3.

Therefore, to visualize the synaptic ribbons in the retina | performed confocal microscopy. From the
confocal imaging of RBEW™ T and RBEY™X! mice, | observed punctate ribbon like immunostaining of
RIBEYE A-domain in both OPL and IPL of the retina (Figure 21 A-C). Surprisingly, immunostaining
of RIBEYE A-domain was completely absent in both OPL and IPL of the RBEX"X! mice retina (Figure
21 C). Immunostaining of anti-SVV2 antibody in the OPL and IPL was similar in retina sections of all
genotypes revealed that RBEX"K! allele does not globally compromise ribbon synapses (Figure 21).
RIBEYE A-domain immunofluorescence signals in the OPL were quantified as integrated density from
3 different embeddings of RBEW™T, RBEW™K! and RBEX"K! mice (Figure 21D1, D2). RIBEYE A-
domain fluorescence signals were quantified as average integrated density. Quantification showed that
RIBEYE A-domain immunosignals in the OPL were weaker in heterozygous RBEY™ ' mice compared
to littermate wildtype RBEW™T, In the outer plexiform layer, where photoreceptor synapses are located
~ 19% reduction in RIBEYE A-domain integrated density was observed in RBEW™X! (p-value RBEW™WT
/ RBEWTK! comparison: 3.5333E-7) (Mann-Whitney U-test) when compared with RBEW™T mice.

RIBEYE A-domain immunosignals were completely lacking in the OPL of RBEX"K! mice (p-value for

Page | 62



RESULTS

RBEW™T | RBEX'K! comparison: 4.4408E-16; for RBEWTK! /| RBEK'K! comparison: 13.7651E-54)
(Kolmogorov-Smirnov test and Mann-Whitney U-test respectively) (Figure 21D1, D2).
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Figure 21. RIBEYE A-domain immunostaining is absent in the retina of RBEX"K!
(A-C) Double immunostaining of (0.5 pm) retinal semi-thin sections of RBEV™WT RBEWTK! ‘and RBEX"K! mice
with mouse monoclonal antibody against SV2 (red, to label synaptic vesicles) and rabbit polyclonal antibody
against Tau, Maxeiner et. al., 2016 (green, to label RIBEYE A-domain synaptic ribbon). (C1) Absence of
RIBEYE A-domain labeling in the retinal section of RBEX"X! mice. (D1) Quantification of RIBEYE A-domain
average integrated density in OPL, the bar graph represents mean + S.E.M (***P < 0.001). In RBEV™X!
RIBEYE A-domain immunosignals were significantly reduced than RBEW™T, (D2) The Box and whisker plots
of the data distribution from D1, mean values are represented by yellow dotted line and median values by green
solid line. The median represents the 50" percentile, the box represents the 25" -75™ percentile, and whiskers
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represent 1.5 times of interquartile range. Abbreviations: OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer; RBE, RIBEYE; S.E.M., standard error of the mean; N =
number of mice; n = number of analyzed confocal images. Scale bar: 5 um. Figure from Shankhwar et al.,
2022.

4.5 Corroboration of the absence of RIBEYE A-domain immunolabeling in RBEX/K!
retina using novel mouse monoclonal antibody against RIBEYE A-domain (6F4)
Next, | verified the result which is obtained with the RIBEYE A-domain polyclonal antibody (Figure
21 A-C) using novel RIBEYE A-domain monoclonal antibody, clone 6F4 (Figure 22). For that retinal
semithin sections of RBEW™WT RBEWTKI and RBEX"K! mice were double immunostained with 6F4
monoclonal antibody to label synaptic ribbons and PSD95 to label ribbon synapses. The immunostaining
of synaptic ribbons with 6F4 RIBEYE A-domain antibody in RBEW™T, and RBEW™K! retina sections
was similar to the RIBEYE A-domain polyclonal antibody (Figure 22A1-B3). In contrast, no ribbon
typical staining was observed in the OPL and IPL of RBEX"K! sections, which confirms the absence of
synaptic ribbons as confirmed in the above experiments by RIBEYE A-domain polyclonal antibody
(Tau) (Figure 22 C1).
The novel RIBEYE A-domain mouse monoclonal antibody 6F4 was directed against the peptide stretch
in RIBEYE A-domain (aa 83- aa211). The specific binding site of the 6F4 antibody was determined by
overlapping peptide array dot blot. The dot blot result showed that this antibody was raised against
peptide spots #15 and #16 (Figure 22 F). The positive peptide spots were highlighted red in Figure 22F3.
To further verify the specificity of the 6F4 monoclonal antibody, | performed western blotting (Figure
22D, E) and immunolabeling experiments (Figure 22G, H) on retina samples of RIBEYE heterozygous
knock-out RBEW™XO and homozygous knock-out RBEX®® mice in which RIBEYE A-domain was
completely removed (Maxeiner et al., 2016).

For western blotting RIBEYE A-domain 6F4 (Figure 22 D1) and RIBEYE B-domain 2D9 antibodies
(Figure 22 E1) were used to check the expression of RIBEYE protein. Both antibodies detect full length
RIBEYE protein ~ 120 kDa in retina lysates of RBEW™KC, But retina lysates of RBEX®XO do not detect
the RIBEYE band as expected because it is lacking RIBEYE A-domain. The expression of CtBP2 does
not affect by the deletion of RIBEYE A-domain in RBEX?XO mice (Figure 22 E1). Actin antibody was
used as loading control for retina lysates which gives band ~ 43 kDa. The expression of actin was similar
in both control and knock-out (Figure 22D2, E2). From the immunolabeling experiments, | found that a
ribbon like immunostaining pattern was clearly present in RBEW™ O retina sections (Figure 22 G1) but
absent from the RBEXXC samples (Figure 22 H1). Ribbon synapses labeled with PSD95 were unaltered
in both control and knock-out (Figure 22 G-H).
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Figure 22. Verification of absence of RIBEYE A-domain immunoreactivity in RBEX"K! retina, using novel

mouse monoclonal antibody (6F4) against RIBEYE A-domain
(A-C) Double immunostaining of (0.5 pm) retinal semi-thin sections of RBEV™T, RBEWTK! and RBEX"K! mice
with mouse monoclonal antibody (6F4) against RIBEYE A-domain (red) to label synaptic ribbon and rabbit
polyclonal antibody against PSD95 to label postsynaptic terminal of photoreceptor (green). (C1) RIBEYE A-
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domain immunoreactive signals were utterly absent in both synaptic layers (OPL and IPL) of RBEX"K! mice.
(D) Western blot of retinal lysates from RBEY™XC and RBEX/XC were probed with 6F4 mouse monoclonal
antibody against RIBEYE A-domain and anti-actin antibody. (E) Western blot of retinal lysates from RBEWTKO
and RBEKO/KO were probed with 2D9 mouse monoclonal antibody against RIBEYE B-domain for comparison
and anti-actin antibody as a loading control. (F1, F2) Cellulose membrane that contains synthetic overlapped
peptide of RIBEYE A-domain fusion protein against which 6F4 antibody was generated. The membrane was
probed with 6F4 monoclonal antibody for epitope mapping of 6F4 RIBEYE A-domain monoclonal antibody.
(F1) UV transilluminated image of peptide spot membrane for visualization of all peptide spots. (F2)
Immunodetection of peptide probed with anti-RIBEYE A-domain 6F4 antibody using enhanced
chemiluminescence (spot numbers: #15 and #16). (F3) Overlapping peptide sequence of reactive peptide spots
(spot: #15 and #16) displayed in red color. (G-H) Double immunostaining of (0.5um) retinal semi-thin sections
of RBEW™O and RBEKOXC with anti-RIBEYE A-domain 6F4 antibody and anti-PSD95. (G1) 6F4
immunolabeled synaptic ribbons were present in the OPL and IPL of RBEWTKC (H1) but not in the RBEKO/XO
similar to rabbit polyclonal antibody, Tau. (I) Post embedding immunogold labeling of synaptic ribbon
detected with goat anti-mouse conjugated 10 nm gold nanoparticles in rod photoreceptor synapses of (11)
RBEWTT hut absent from the rod photoreceptor synapses of (13) RBEK'K! and (14) RBEXOKC retina. (12)
wildtype negative control, no primary antibody. Arrow represents the active zone where the synaptic ribbon is
anchored. Abbreviations: OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer; RBE, RIBEYE; sr, synaptic ribbons; ho, horizontal cells; Scale bar: 5 um (A-C, G-
H); 300 nm (I). Figure from Shankhwar et al., 2022.

The uniqueness of the 6F4 monoclonal antibody was further confirmed by post embedding immunogold
labeling of RBEW™WT RBEX'KI and RBEX/XO yltrathin sections. This antibody labels synaptic ribbon
in rod photoreceptor control mice retina (Figure 22 11,), but synaptic ribbon immunogold labeling was
clearly absent from the rod photoreceptor synapses of both RIBEYE knock-in (Figure 22 13) and
RIBEYE knock-out mice (Figure 22 14). Negative control did not show any labeling (12). These results
confirm the specificity of 6F4 monoclonal antibody against RIBEYE A-domain.

4.6 RIBEYE A-domain puncta at high magnification in the OPL was unchanged between
RBEWTWT and RBEWTK! and absent from RBEX"X! mice

As | observed a decrease in RIBEYE A-domain fluorescent integrated intensity of RBEW™X! retina
sections in comparison to RBEW™T, To further corroborate these findings, | determined RIBEYE A-
domain puncta densities in the outer plexiform layer of RBEW™T RBEYTK! and RBEX"K' mice using
RIBEYE A-domain immunolabeled 0.5 pm retinal semithin sections at higher magnifications (Figure
23 A-C, E) as described above for RIBEYE B-domain.

From the quantification, |1 found that RIBEYE A-domain puncta were indistinguishable between
RBEW™T and RBEW™ ! (Figure 23D), and there was no significant difference between them (p-value
for RBEW™WT /| RBEWTK! comparison: 0.0725) (Student’s t-test). In contrast, RIBEYE A-domain
immunostained puncta were completely absent from the outer plexiform layer of RBEX"X! mice (p-value
for RBEW™WT / RBEKYK! comparison: 5.5511E-16; for RBEW™K! / RBEK/K! comparison: 7.7715E-16)
(Kolmogorov-Smirnov test) (Figure 23D1, D2). Immunolabeling result of RIBEYE A-domain
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polyclonal antibody (Tau) was further confirmed by immunolabeling of retinal semithin sections with
6F4 RIBEYE A-domain monoclonal antibody (Figure 23 E) that also show the absence of RIBEYE A-

domain puncta in the OPL of RBEX"K! mice.
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Figure 23. RIBEYE A-domain puncta in the OPL are unchanged between RBEW™T and RBEWTX!
(A-C) Double immunostaining of (0.5 um) retinal semi-thin sections of RBEW™T RBEY"X! and RBEX'! with
mouse monoclonal antibody SV2 (red, to label synaptic vesicles) and rabbit polyclonal antibody Tau (green, to
label RIBEYE A- domain synaptic ribbon). (D1) Quantification of RIBEYE A-domain puncta per 100 pm OPL
showed RIBEYE A-domain puncta density is similar between RBEW™T, RBEW"K! mice but completely absent
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from the OPL of RBEK"K! mice. The bar graph represents mean + S.E.M (n.s. P > 0.05, ***P < 0.001). (D2)
The Box and whisker plots of the data distribution from (D1), means values, and median values are represented
by yellow dotted line and green solid line respectively. The median represents the 50™ percentile, the box
represents the 25™ -75™ percentile, and whiskers represent 1.5 times of interquartile range. (E) Single
immunolabeling of (0.5 um) retina semithin sections of RBEW™T RBEWTK! and RBEX'X' mice with anti-
RIBEYE-A domain, 6F4 antibody. Abbreviations: OPL, outer plexiform layer; RBE, RIBEYE; S.E.M., standard
error of the mean; n.s. non-significant; N = number of mice; n = number of analyzed confocal images. Scale
bar: 5 um. Figure from Shankhwar et al., 2022.

4.7 Synaptic ribbon is absent from the ultrastructural rod photoreceptor synapse of
RBEKI/KI

The immunolabeling results consistently show the complete absence of RIBEYE A- and RIBEYE B-
domain immunolabeled puncta (Figure 19, 20 & Figure 21, 23) in the photoreceptor synapses of
RBEX"K! mice. To further corroborate these findings, | performed ultrastructural analyses of rod
photoreceptor synapses in OPL by transmission electron microscopy. For this purpose, | used the retinal
ultrathin section obtained from the retina of RBEW™T, RBEW™K! and RBEX"X! littermate mice.
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Figure 24. RIBEYE knock-in causes loss of synaptic ribbons at the active zone of rod photoreceptor
terminal determined by transmission electron microscopy

(A-C) Representative ultra-structure images of rod photoreceptor terminal of RBEWTWT RBEWTK! and RBEK/K!
mice. (C1, C2, C3) Demonstrate the absence of ribbon in presynaptic terminal of rod photoreceptor synapses
of RBEX"X! mice but ultrastructure is comparable with control. Arrows indicate an active zone where synaptic
ribbon is anchored. (Al, A2, B1, B2, C1, C2) Conventional TEM images, and (A3, B3, C3) E-PTA images of
rod photoreceptor synapses of RBEW™T RBEWTK! and RBEX"K' mice. (D1) Quantification of ribbon per rod
terminal (mean £ S.E.M, n.s. P > 0.05, ***P <0.001). (D2) The Box and whisker of the data from D1, mean
values, and median values are represented by yellow dotted line and green solid line respectively. The median
represents the 50™ percentile, the box represents the 25" -75" percentile, and whiskers represent 1.5 times of
interquartile range. Abbreviations: sr, synaptic ribbon; ho, horizontal cells; SV, synaptic vesicles; pre,
presynaptic; RBE, RIBEYE; S.E.M., standard error of the mean; n.s. non-significant; N = number of mice, n
= number of analyzed images. Scale bar 200 nm. Figure from Shankhwar et al., 2022.

From the ultrastructural examination, as expected, | found that synaptic ribbons were evidently present
in the rod photoreceptor synapses of RBEW™T (Figure 24 A1, A2) and RBE"™X! (Figure 24 B1, B2).
In contrast, synaptic ribbons were entirely absent from the active zone as well as from the presynaptic
cytosol (no floating ribbon) (Regus-Leidig et al., 2014; Miiller et al., 2019; Li et al., 2021) of rod
photoreceptor synapses in RBEX"K! retina (Figure 24 C1, C2).

These results were also confirmed by the ultrastructural analysis of E-PTA stained retina samples. E-

PTA stained synaptic ribbons were clearly present at the active zone (arrows) of rod photoreceptor
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synapse in RBEW™T (Figure 24 A3) and RBEW™X! (Figure 24 B3) but absent from the active zone of
RBEK"KI mice (Figure 24 C3). Analysis from the 5 different embedding reveals that the ribbon per rod
terminal (approximately 1 ribbon per terminal) was approximately similar between RBEY™T and
RBEWTK mice (p-value for RBEW™WT / RBEWTK! comparison: 0.5363) (Mann-Whitney U-test) (Figure
24D1, D2).

In randomly analyzed 415 rod photoreceptor terminals, | did not find a single ribbon in RIBEYE knock-
in retina (p-value for RBEW™T/ RBEXK! comparison: 9.5763E-180; RBEV™K!/ RBEX"K! comparison:
8.2383E-184) (Kolmogorov-Smirnov test) (Figure 24D1, D2). The ultrastructure of rod synapses
(cytosolic vesicles and postsynaptic triad) of RIBEYE knock-in was comparable with control. These
results confirm that RIBEYE B-domain is necessary for the formation of synaptic ribbons in

photoreceptor synapses.

4.8 Length of synaptic ribbons immunostained with RIBEYE B-domain antibody is
shorter in RBEWTK! retina (3D SR-SIM analyses)

As shown above, immunostaining of RIBEYE A- and RIBEYE B-domain in the outer plexiform layer
were consistently weaker in RBEW™X! (Figure 19, 21) while ribbon density was similar (RIBEYE
puncta) in the OPL (Figure 20, 23). To find the reason behind it | measured the contour length of
individual rod synaptic ribbon in the OPL by 3D SR-SIM microscopy. The 1.5 um thin Epon resin
sections of RBEW™T and RBEY™' mice were immunolabeled with RIBEYE B-domain (2D9)

monoclonal antibody and z-stack images were taken through 3D SR-SIM microscopy (Figure 25A, B).
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Figure 25. Contour length of synaptic ribbon labeled with anti-RIBEYE B-domain antibody is decreased in

the photoreceptor synapses of RBEW™X! mice in comparison to RBEY™T mice
(A, B) Single immunolabeling of (1.5 um) retinal semithin sections of RBEW™T and RBEV™K! with anti-RIBEYE
B-domain antibody (2D9) and processed for 3D SR-SIM. Representative 3D SR-SIM images of RIBEYE B-
domain immunostained synaptic ribbons in the OPL of (A) RBE"™T and (B) RBEW"X!, The yellow line in the
middle of the synaptic ribbon represents the measurement of contour length. (C1) Contour length analysis of
synaptic ribbons (mean = S.E.M, ***P <0.001). (C2) Box and whisker plots of the data distribution from (Cl),
horizontal yellow dotted line represents mean and green solid line represents median. The median represents
the 50™ percentile, the box represents the 251 -75t" percentile, and whiskers represent 1.5 times of interquartile
range. Abbreviations: RBE, RIBEYE; S.E.M., standard error of the mean; N = number of mice; n = number of
analyzed images. Figure from Shankhwar et al., 2022.

From the analysis of contour length of individual ribbon, | found that average contour length of RIBEYE
B-immunostained synaptic ribbon was approximately 1.5336 + 0.0281 pm in RBEY™T mice (Figure
25A), in case of RBEW™X! it was 1.2908 + 0.0258 um (Figure 25B). The reduction (~ 16%) of contour
length was highly significant (p-value for RBEW™T / RBEWTK! comparison: 1.3767E-9) (Mann-
Whitney U-test) (Figure 25C1, C2). Thus, a decrease in ribbon contour length appears to be the main
reason for the decreased RIBEYE B-domain immunofluorescence signals in the rod photoreceptor

synapses of RBEWTX! mice.

4.9 Length of synaptic ribbons immunostained with RIBEYE A-domain antibody is
shorter in RBEWTX! retina (3D SR-SIM analyses)

To further corroborate the above contour length results, 1.5 um thin Epon resin sections of RBEW™WT
and RBEWTK! were immunolabeled with RIBEYE A-domain (6F4) monoclonal antibody and z-stack
images were taken through 3D SR-SIM microscopy (Figure 26A, B). Analysis of 3D SR-SIM images
reveals that contour length of synaptic ribbon immunostained with RIBEYE A-domain antibody was
significantly reduced (~ 22%) in RBEW™X! (p-value for RBEY™WT/ RBEWTK! comparison: 4.2346E-17)
(Kolmogorov-Smirnov test) (Figure 26C1, C2). The average contour length of RBEY™T was observed
1.4569 + 0.0229 um whereas in RBEW"K!was observed 1.1343+ 0.0227 pum.
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Figure 26. Contour length of synaptic ribbon labeled with anti-RIBEYE A-domain antibody is decreased in

the photoreceptor synapses of RBEW™X! mice in comparison to RBEV™T mice
(A, B) Single immunolabeling of (1.5 pm) retinal semithin sections of RBEV™T and RBEW"X! with anti-RIBEYE
A-domain antibody (6F4) and processed for 3D SR-SIM. Representative 3D SR-SIM images of RIBEYE A-
domain immunostained synaptic ribbons in the OPL of (A) RBEW™T and (B) RBE"™!. The yellow line in the
middle of the synaptic ribbon represents the measurement of contour length. (C1) Contour length analysis of
synaptic ribbon (mean £ S.E.M, ***P <0.001). (C2) The Box and whisker plots of the data from (C1), the yellow
dotted line represents mean and green solid line represents median. The median represents the 50™ percentile,
the box represents the 25 -75" percentile, and whiskers represent 1.5 times of interquartile range.
Abbreviations: RBE, RIBEYE; S.E.M., standard error of the mean; N = number of mice; n = number of analyzed
images. Figure from Shankhwar et al., 2022.

The decrease in contour length of the synaptic ribbon in RBEW™K! was consistently observed from the
two RIBEYE antibodies (2D9, 6F4) (Figure 25, 26). Interestingly, these results reveal that decrease of
gene dosage of RIBEYE in RBEW™X!|eads to a decrease in ribbon size and also augments the exciting

possibilities that the size of ribbon depends on RIBEYE concentration among others.
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4.10 Synaptic ribbon height is shorter in the ultrastructure of rod photoreceptor synapses
of RBEWTKImice (TEM analyses)

To further investigate the light microscopic alteration of synaptic ribbon size in rod photoreceptor
synapses of RBEWTK! | performed ultrastructural analysis of RBEY™WT and RBEW™K! rod synapses by
transmission electron microscopy (TEM). The ribbon height was measured in the X-Y direction from
the acquired electron micrograph (Figure 27).
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Figure 27. The height of the synaptic ribbon in rod photoreceptor synapses is shorter in RBEWTX! mice

determined by transmission electron microscopy
(A, B) Representative ultrastructural micrographs of cross-sectioned rod photoreceptor synaptic ribbons from
the retina of (A1, A2) RBEV™T and (B1, B2) RBEY™ ! mice. The orange line represents an outline of the
measurement of ribbon height in the x-y direction. (C1) Quantification of ribbon height (mean + S.E.M, ***P
<0.001). (C2) The Box and whisker plot of data from (C1) mean values are marked by yellow dotted line and
median values by green solid line. The median represents the 50™ percentile, the box represents the 25™ -75%
percentile, and whiskers represent 1.5 times of interquartile range. Abbreviations: sr, synaptic ribbon; ho,
horizontal cells; sv, synaptic vesicles; pre, presynaptic; bi, bipolar cell; RBE, RIBEYE; S.E.M., standard error
of the mean; N = number of mice, n = number of analyzed images. Scale bar: 200 nm. Figure from Shankhwar
et al., 2022.

I measured the ribbon height in the cross-sectioned synaptic ribbon from the base (anchored site at active
zone) to the free cytosolic end of the synaptic ribbon. For examination of ribbon height, only rod
photoreceptor synaptic ribbons with clearly visible active zone, opposed by clearly visible postsynaptic
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triad (two lateral processes of horizontal cells and central one dendrite of bipolar cell) was used. The
ribbon height measured in RBEV™T and RBEW™X! was 304.6 nm * 4.3 nm and 219.1 nm + 2.9 nm
respectively (Figure 27 C1, C2). The ribbon height was reduced ~ 28% in rod photoreceptor synapse of
RBEWTK! than RBEW™T and the difference was significant (p-value for RBEW™WT / RBEWTK!

comparison: 2.3453E-39) (Kolmogorov-Smirnov test) (Figure 27 C1).

4.11 Synaptic ribbon is lacking from the cone synapses and bipolar cell synapses of
RBEKVKI'and RIBEYE immunofluorescence signals and RIBEYE puncta was reduced in
the IPL of RBEWTK! retina

In previous experiments consistently | observed RBEX"K!' mice lacking synaptic ribbons in rod
photoreceptor synapses in the outer plexiform layer (OPL). Therefore, | thought to investigate whether
synaptic ribbons are also absent in the cone synapses of RBEX"K! mice or not using confocal microscopy.
As mentioned above, the mice retina is rod dominating and less enriched in cone synapse. To verify the
cone synapses in the OPL, | double immunolabeled 10 pm retina cryosections of RBEW™WT and RBEX/K!
mice with RIBEYE A-domain antibody (6F4) to label synaptic ribbon and lectin PNA agglutinin to label
cone synapse in the OPL (Figure 28 A). From the confocal microscopy of RBEX"K! mice sections, |
found PNA stained cone synapses but no RIBEYE A-domain stained synaptic ribbons in the OPL
(Figure 28 B). In control (RBEW™"T) retina sections, ribbons are readily observed in cone synapses
(Figure 28 A). These results suggest that RBEX"K! abolish synaptic ribbons from the cone synapse, like
rod synapse in the retina of RBEX"K! mice.

Since | observed strong alteration in RIBEYE B-/RIBEYE A-domain immunostaining and RIBEYE B-
/RIBEYE A-domain puncta in the outer plexiform layer (Figure 19-23), | thought to analyze synaptic
ribbons in the inner retina (inner plexiform layer). To verify this, | made use of immunolabeled retinal
sections (0.5 um) that were used for the above immunofluorescence experiments (Figure 19, 21). As
expected, similar to the outer plexiform layer | found a complete lack of RIBEYE B-domain (p-value
for RBEWTK! | RBEX"K! comparison: 1.4089E-26; for RBEW™T /| RBEXK! comparison: 1.8930E-25)
(online Mann-Whitney U-test) and RIBEYE A-domain (p-value for RBEV™!'/ RBEX"K! comparison:
9.6304E-35; for RBEW™T / RBEX'K!' comparison: 2.4220E-41) (online Mann-Whitney U-test)
immunostained synaptic ribbon in the inner plexiform layer of RBEX"K! retina sections in comparison
to RBEW™WT and RBEW™X! (Figure 28B1-E2). The RIBEYE B-/RIBEYE A-domain immunosignals and
puncta were quantified from 3 different embeddings. Quantification of immunofluorescence signal in
IPL showed approximately 33% and 26% significant reduction of RIBEYE B-domain (p-value for
RBEW™T |/ RBEW™K! comparison: 7.9100E-13) (Mann-Whitney U-test) and RIBEYE A-domain
fluorescence integrated density respectively (p-value for RBEW™WT | RBEWTX! comparison: 9.5400E-4)
in the retina of RBEW™K! in comparison to RBEW™T (Figure 28B1, B2, D1, D2) (Mann-Whitney U-
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Figure 28. RIBEYE KI causes the absence of ribbons from the cone synapses and quantification of
RIBEYE A-/ RIBEYE B-domain immunosignals and puncta in the IPL and ultrastructural analysis of rod
bipolar cell terminals

(A-B) Immunolabeling of 10 um retinal cryosections of RBEW™T and RBEX'X!' mice with anti-RIBEYE A-
domain 6F4 monoclonal antibody to label synaptic ribbons and PNA lectin Alexa 568 to label cone synapses in
the OPL. (A2) RIBEYE immunoreactive synaptic ribbons were absent in RBEKK' sections even though cone
synapses were well present similar to (A1) control. (B-E) Quantification of RIBEYE B-/RIBEYE A-domain
fluorescence integrated density and RIBEYE B-/RIBEYE A-domain puncta. 0.5 pm retina semithin sections of
RBEWTWT RBEWTKI RBEKKI mice that were double immunolabeled with 2D9/PSD95 and Tau/SV2 (Figure 19,
20, 21, 23) respectively were used for analysis. (B-E) Immunosignals of RIBEYE B-/RIBEYE A-domain and
puncta were completely absent from the IPL of RBEX"K!, whereas levels were less in RBEWTK! than RBEWTWT,
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(B1, C1, D1, El) Represents mean bar graph (mean = S.E.M, **P <0.01, ***P <0.001). (B2, C2, D2, E2) The
Box and whisker plots of the data from (B1, C1, D1, E1), mean represented by yellow dotted line and median
by green solid line. The median represents the 50" percentile, the box represents the 251 -75™ percentile, and
whiskers represent 1.5 times of interquartile range. (F-G) Representative transmission electron micrograph of
cross-sectioned synaptic ribbon from presynaptic bipolar cell synapses of (F1, F2) RBEY™T and (G1, G2)
RBEK"I mice. (F2, G2) High magnified transmission electron micrograph of bipolar cells. Except for the
absence of ribbon ultrastructure of rod bipolar cell synapses is comparable with RBEY™T, Arrow indicates the
site where ribbon anchors. Abbreviations: OPL, outer plexiform layer; sr, synaptic ribbon; S.E.M., standard
error of the mean; N = number of mice, n = number of analyzed images. Scale bar: 500 nm. Figure from
Shankhwar et al., 2022.

Similar to immunofluorescence intensity in IPL, immunoreactive puncta of RIBEYE B-domain (p-value
for RBEW™T / RBEWTK! comparison: 0.0040) (Student’s t-test) and RIBEYE A-domain (p-value for
RBEWTWT | RBEWTK!' comparison: 0.0053) (Mann-Whitney U-test) were also less intense but
significantly reduced in RBEV™! retina in comparison to RBEW™T (Figure 28C1, C2, E1, E2).

In RBEX"K! retina sections, | did not find any traces of immunoreactive RIBEYE B-domain (p-value for
RBEWTK! | RBEK"K! comparison: 2.4745E-25; RBEW™T / RBEX'K! comparison: 5.1427E-25) (online
Mann-Whitney U-test) and RIBEYE A-domain (p-value for RBEWTK!/ RBEXX! comparison: 5.5511E-
16; for RBEW™T /| RBEK'K! comparison: 5.6117E-24) (Kolmogorov-Smirnov test and online Mann-
Whitney U-test respectively) puncta in comparison to RBEV™T and RBE"™K! mice (Figure 28C1, C2,
El, E2).

Hence, | did not detect any synaptic ribbons in photoreceptor synapses of RBEX"K!| | thought to examine
synaptic ribbons in the ultrastructure of rod bipolar cell synapses by transmission electron microscopy.
The inner plexiform layer of mice consists of 15 distinct types of bipolar cells. These bipolar cells make
a morphologically and functionally heterogeneous population of ribbon synapses (Shekhar et al., 2016;
Moser et al., 2020). The synaptic ribbons of the bipolar cell are smaller than the rod and cone ribbons
and vary in size bar-shaped to ovoid (Moser et al., 2020). From the ultrastructure analysis | found,
RBEKX"KI'mice rod bipolar cell synapses were lacking synaptic ribbons (Figure 28G1, G2). In contrast,
ribbons were present in rod bipolar cell synapses of RBEW™T mice (Figure 28 F1, F2). These results

confirmed the entire absence of synaptic ribbons from the retina of RBEX"<! mice.

4.12 Western blot analyses of RIBEYE expression

The above results depict, RIBEYE knock-in abolishes the synaptic ribbon in the retina. Further, |
examined the effect of RIBEYE B-domain deletion on global protein expression in RBEX/X! mice by
western blotting. | processed retina lysates of RBEW™ T, RBEWTK! and RBEX"X! mice for RIBEYE A-
domain, RIBEYE B-domain, GFP, and Actin primary antibodies for the Li-Cor system. Actin antibody
was used as a loading control and signal intensities of each antibody were normalized with actin signals.
The expression of RIBEYE A-GCaMP3 construct was detected by an antibody against GFP (Figure 29
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A arrowhead, E1, E2). The GFP band ~ 112 kDa was absent from the retina lysate of RBEW™T (p-value
for RBEW™T | RBEK'K! comparison: 4.7320E-11; p-value for RBEW™WT / RBEW™K! comparison:
0.0020) (Student’s t-test). In contrast, GFP band was observed in retina lysate of RBEV™K! and RBEX"K!
because these mice contain RIBEYE A-GCaMP3 allele, but the expression of GFP in RBEW™! retina
lysate was ~ 45% less than RBEX"X! mice expression (p-value for RBEWTK! | RBEK'K! comparison:
0.0039) (Student’s t-test).
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Figure 29. Licor blot analysis of retinal lysates from RBEW™WT RBEWTKI RBEXVKI
Retina lysates from all genotypes (RBEWWT RBEWTK! RBEK'K) were probed with (A) anti-EGFP, (B) anti-
RIBEYE B-domain, (C) anti-RIBEYE A-domain, and (D) anti-Actin for western blot analysis by Licor system.
The total fluorescent signals were normalized with actin signals and band intensity was quantified by Image
Studio Lite software. (E1, F1, G1) Quantification of EGFP, RIBEYE B-domain, and RIBEYE A-domain band
intensities (mean + S.E.M, **P <0.01, ***P <0.001). (E2, F2, G2) The Box and whisker plots of the data from
(E1, F1, G1), mean values are represented by yellow dotted line and median values by green solid line. The
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median represents the 50 percentile, the box represents 251 -75™ percentile, and whiskers represent 1.5 times
of interquartile range. Abbreviations: RBE, RIBEYE; S.E.M., standard error of the mean; N = number of
littermate mice “triples” of respective genotypes. Figure from Shankhwar et al., 2022.

As expected, using the RIBEYE B-domain antibody (2D9) | did not find the RIBEYE band
approximately 120 kDa in retina lysate of RBEX"K' mice because its lacked RIBEYE B-domain (p-value
for RBEW™T | RBEK'X' comparison: 4.8130E-8; for RBEW™' / RBEX'K! comparison: 0.0018)
(Student’s t-test). But RIBEYE band is clearly present in retina lysate of RBEW™T, and RBEW™! mice
although expression of RIBEYE B protein in RBEW™ ! was ~ 45% less than RBEW™T (p-value for
RBEW™T / RBEW™X! comparison: 0.0033) (Figure 29B arrowhead, F1, F2) (Student’s t-test). The
CtBP2 band was observed at ~55 kDa in all littermates and its expression did not differ significantly
(Figure 29 B arrowhead).

RIBEYE A-domain positive band ~120 kDa was clearly observed in the retinal lysate of RBEX"K! using
RIBEYE A-domain antibodies but the expression was less comparison to RBEV™T (~ 67 %) and
RBEWTK! (~36 %) (p-value for RBEW™T / RBEK"K! comparison: 4.1688E-8; for RBEWTK! /| RBEK/X!
comparison: 0.0034) (Student’s t-test). RIBEYE A-domain positive band in RBEW™X! retina lysate was
~31% less than RBEW™T (p-value for RBEW™T / RBEW™K! comparison: 0.0065) (Student’s t-test)
(Figure 12D arrowhead, G1, G2).

The western blot results indicate that RIBEYE A/GCaMP3 fusion protein may be unstable due to the
absence of RIBEYE B-domain, therefore RIBEYE A/GCaMP3 fusion protein cannot assemble into
synaptic ribbon. These outcomes reveal that RBEX"K! allele abolish synaptic ribbon in the retina not due

to lack of protein synthesis, but rather due to the absence of RIBEYE B-domain.

4.13 Synaptic ribbons are absent in the inner ear of RBEK"K! mice

All retinal experiments confirm the entire absence of synaptic ribbon from the retina of RIBEYE knock-
in mice. Further, | wanted to examine, is deletion of RIBEYE B-domain also causes loss of ribbon in
the inner ear? To address this question, | performed whole-mount staining of the organ of Corti of
RBEWTT and RBEX"K! mice with RIBEYE B-domain (2D9), and RIBEYE A-domain (6F4) antibodies
to label synaptic ribbons and PMCAZ2 to label stereocilia of outer hair cells (Figure 30) (Watson and
Temple, 2013; Bortolozzi and Mammano, 2018; Lin et al., 2021).

The confocal images showed, synaptic ribbons immunostained with RIBEYE B-domain (Figure 30 Al-
B4)/RIBEYE A-domain (Figure 30C1-D4) were clearly visible in inner hair cells (IHC) and outer hair
cells (OHC) of RBEW™T mice but completely absent from the IHC and OHC of RBEX"K' mice. PMCA2

labeling was appeared similar in both RBEY™WTand RBEK'K!,
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Figure 30. RIBEYE B-domain and RIBEYE A-domain immunosignal are absent in the inner ear of
RBEK"K! mice
(A-D) Whole-mount immunolabeling of organ of Corti (apical turn) of RBEW™T, RBEX"K mice with (A, B)
anti-RIBEYE B-domain 2D9, (C, D) anti-RIBEYE A-domain 6F4 to label synaptic ribbon (green) in outer hair
cells (OHC) and inner hair cells (IHC) and rabbit polyclonal against PMCA2 (red) to visualize stereocilia of
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outer hair cells. Immunolabeled synaptic ribbons were evident in OHC and IHC (arrows) of RIBEYE wildtype
mice but not in RIBYEYE knock-in mice. Abbreviations: OHC, outer hair cells; IHC, inner hair cells. Scale
bar:12 um. Figure from Shankhwar et al., 2022.

Hence, all the retinal and inner ear experiments showed the absence of synaptic ribbon constantly in the
OPL and IPL as well as in the ribbon synapses of OHC and IHCs. Therefore, these findings confirm that
RIBEYE A-domain alone is not sufficient to assemble into the synaptic ribbon, for that RIBEYE B-

domain is required.
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S. DISCUSSION

The synaptic ribbon, the name-giving characteristically presynaptic specialization of ribbon synapses
plays an important role in rapid sustained synaptic vesicles exocytosis. RIBEYE is the only known
ribbon-specific component that is essential for the scaffolding of synaptic ribbon (Schmitz et al. 2000;
Schmitz, 2009; Sterling and Mathews 2005; Maxeiner et al., 2016; Moser et al., 2020).

RIBEYE is a scaffold protein that is made up of a unique amino-terminal RIBEYE A-domain and
carboxyterminal B-domain that is identical to CtBP2, except for 20 amino acids. CtBP2 is a
transcriptional co-repressor that is ubiquitously expressed in most of the tissues (Schmitz et al., 2000;
Schmitz, 2009).

The role of RIBEYE in the scaffolding of synaptic ribbon was supported by the identification of multiple
binding sites in RIBEYE A-domain for interaction with other RIBEYE proteins (Magupalli et al., 2008;
Schmitz, 2009). It was shown that RIBEYE A-domain contains multiple binding sites for homolytic
interaction with other RIBEYE A-domain as well as with RIBEYE B-domain (heterotypic interaction)
and which may involve in the assembly of synaptic ribbon (Schmitz, 2000; Magupalli et al., 2008). From
the transfection experiments, RIBEYE A-domain appears to serve as a structural component of the
synaptic ribbon and RIBEYE B-domain interacts with cytoplasmic proteins (Schmitz, 2000; Magupalli
etal., 2008). Moreover, it was shown NAD(H) binding promotes tetrameric assembly of CtBP (identical
to RIBEYE B-domain) by an interaction between two dimers. Oligomerization of CtBP depends on
NAD(H) interaction (Nardini et al., 2009; Madison et al., 2013; Bellesis et al., 2018; Kumar et al., 2002;
Jecrois et al., 2021).

The central function of the RIBEYE in the assembly of synaptic ribbon has been finally shown with
RIBEYE knock-out mice in which the exon that encodes RIBEYE A-domain was completely removed
by genetic manipulation (Maxeiner et al., 2016). This study has shown that deletion of RIBEYE A-
domain leads to complete loss of synaptic ribbon as well as impairment of neurotransmitter release in
RIBEYE knock-out mice (Maxeiner et al., 2016; Jean et al., 2018; Becker et al., 2018). However, the

role of RIBEYE B-domain in the assembly of synaptic ribbons remained unclear.

In the present study, | asked whether RIBEYE B-domain has a function in the assembly of the synaptic
ribbons using RIBEYE knock-in mice in which RIBEYE B-domain is replaced by the calcium sensor
GCaMP3.

5.1 RIBEYE knock-in causes loss of synaptic ribbons
My work was focusing on examining the consequences of deletion of RIBEYE B-domain in the retina
of RIBEYE knock-in mice (RBEX"K). From the immunostaining of synaptic ribbons with RIBEYE B-
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/RIBEYE A-domain antibody, | did not observe any ribbon in the synaptic layers OPL and IPL of the
retina of RBEX"K! mice in comparison to RIBEYE wildtype mice (RBEW™T) and heterozygous
RIBEYE knock-in mice (RBEW™K!) (Figure 19-23). Synaptic ribbons were also absent from the cone
synapses of the RBEX"K' mice (Figure 28 A). Similarly, no RIBEYE immunostaining was observed in
outer hair cells and inner hair cells of the organ of Corti in RBEX"K! mice (Figure 30). In contrast,

immunostaining of all retinal markers was unchanged (Figure 18).

I confirmed the light microscopical findings by ultrastructural analyses of rod photoreceptor terminals
by TEM analyses of photoreceptor ribbon synapses and other ribbon synapses. The ultrastructural
analysis also confirmed the absence of synaptic ribbon from the rod photoreceptor synapses of RBEX"K!
mice in comparison to RBEW™T and RBEY™K! mice. The ribbon per rod terminal was similar in
RBEW™T and RBEW™K! mice (Figure 24).

Therefore, my finding demonstrates that deletion of the RIBEYE B-domain abolishes synaptic ribbon
globally not only from the retina but also from the inner ear but does not alter the pre-and postsynaptic
organization of ribbon synapses in RIBEYE knock-in mice. Hence, these outcomes confirm that
RIBEYE functions universally in all ribbon synapses as suggested previously (Schmitz, 2009; Maxeiner
et al., 2016; Jean et al., 2018; Becker et al., 2018). RIBEYE B-domain deletion in the RIBEYE knock-
in causes a similar effect as complete RIBEYE A-domain deletion in RIBEYE knock-out mice
(Maxeiner et al., 2016). Thus, these findings validate that RIBEYE B-domain is essential for ribbon

assembly.

5.2 Synaptic ribbon was smaller in the OPL of heterozygous RIBEYE knock-in mice
Interestingly | found that a single genomic copy of the RIBEYE B-domain is sufficient for the assembly
of synaptic ribbon using heterozygous RIBEYE knock-in mice (RBEW™X!. In the outer plexiform layer
of RBEWTK! mice, | observed a significant reduction in immunosignals of RIBEYE B-domain and
RIBEYE A-domain whereas immunolabeled puncta of RIBEYE B-domain and RIBEYE A-domain
were unchanged (Figure 19, 20, 21, 23).

To find the reason behind it | measured the contour length of the synaptic ribbon by SR-SIM microscopy.
The contour length of the RIBEYE B-domain and RIBEYE A-domain immunolabeled synaptic ribbon

was significantly reduced in RBEY™X! mice in comparison to RBEW™WT mice (Figure 25, 26).

To further support these results, I measured the height of synaptic ribbons in rod photoreceptor terminal

of RBEWTK! mice at the ultrastructural level by transmission electron microscopy. TEM analysis showed
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that ribbon height in the X-Y direction was significantly reduced in RBEY™K! mice in comparison to
RBEW™WT mice (Figure 27).

The possible reason for the decreased ribbon size in RBEY™K! mice could be decreased expression of
RIBEYE protein that translates into different ribbon sizes. Likewise, smaller synaptic ribbons were also
reported in heterozygous RIBEYE knock-out mice (RBEW™K®) in comparison to wildtype mice
(RBEW™T) (Jean et al., 2018), and fish deficient in RIBEYE A-domain also have shorter ribbons (Wan
et al., 2005)

5.3 RIBEYE immunofluorescence and puncta was less in the IPL of RBEWTK! mice in
comparison to RBEWT™T and bipolar cells of RBEKX"K! mice lacking synaptic ribbons

In the inner plexiform layer of heterozygous RIBEYE knock-in (RBEW™X') mice | also observed a
decrease in immunosignals of RIBEYE B-domain and RIBEYE A-domain in comparison to RBEWTWT
mice (Figure 28B, D). | also analyzed RIBEYE B-/ RIBEYE A-domain puncta per um? IPL at high
magnification. | found RIBEYE puncta was significantly reduced in RBEW™X' mice in comparison to
RBEW™T mice (Figure 28C, E).

To further corroborate the reduction of RIBEYE puncta in IPL, | analyzed the ultrastructure of rod
bipolar cell synapses in IPL by transmission electron microscopy, | found synaptic ribbons were
completely absent from the rod bipolar synapses of RIBEYE knock-in mice in comparison to control

mice (Figure 28F, G) whereas ultrastructure was comparable with control mice (RBEWTWT),

The reduction of RIBEYE puncta in the IPL of RBEW™K! mice could be because, the size of synaptic
ribbons of bipolar cell synapses are smaller than the ribbons of rod photoreceptor synapses (Moser et
al., 2020). Thus, further reduction in ribbon size of RBEW™X! can leads to complete disappearance of the

synaptic ribbons from the rod bipolar cell synapses than rod photoreceptor synapses.

5.4 RIBEYE expression was downregulated in RIBEYE knock-in retina

From the immunofluorescence and transmission electron microscopy experiments, | found that RIBEYE
B-domain is essential for the ribbon assembly. To further verify this, | checked the expression of
RIBEYE by western blotting. | did not find expression of RIBEYE B-domain in the retina of RBEK/X!
mice in comparison to RBEW™T and RBE"™K' mice because it's lacking RIBEYE B-domain, but CtBP2
was expressing constantly (Figure 29 B). Although, RIBEYE A-domain is continuously expressed as a
GCaMP3 fusion protein in the retina of RBEXK! because it contains RIBEYE A/GCaMP3 allele (Figure
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29 C). In contrast, immunofluorescence analysis shows a complete absence of synaptic ribbons in
RIBEYE knock-in mice.

Hence, these results confirm that RIBEYE A-domain alone is not sufficient for assembly of ribbon, for
that RIBEYE B-domain is required and reveals that phenotype caused by deletion of RIBEYE B-domain

is as severe as complete RIBEYE deletion.

6. CONCLUSION

In conclusion, my findings determine that RIBEYE A-domain alone cannot make synaptic ribbons. This
was shown by analyses of ribbon synapses of RIBEYE knock-in mice. | found that RIBEYE B-domain
is also essential for the making of the synaptic ribbon in retinal and inner ear ribbon synapses. In the
complete absence of RIBEYE B-domain, no ribbons were formed both in the retina as well as in the
inner ear. Further analyses are needed to further validate how RIBEYE B-domain endorses the assembly
of the synaptic ribbon. RIBEYE B-domain is nearly identical to the transcriptional co-repressor CtBP2.
Recent studies have shown that CtBP1 and CtBP2 assembled into tetrameric complexes in a NAD(H)-
dependent manner. These stable tetrameric complexes are assembled by two dimeric pairs of CtBP
(Nardini et al., 2009; Madison et al., 2013; Bellesis et al., 2018; Kumar et al., 2002; Jecrois et al., 2021).
Similar assemblies are likely formed at the synaptic ribbon by RIBEYE B-domain. Similar to CtBP1
and CtBP2, RIBEYE B-domain also binds with NAD(H) (Schmitz et al., 2000). Thus, RIBEYE B-
domain also can be speculated to form tetrameric structures that can be controlled by the binding of
NAD(H). During ribbon assembly, these oligomeric RIBEYE B-complexes could hold RIBEYE
proteins together to promote assembly and the stability of the synaptic ribbon. Interestingly, the addition
of NAD(H) has an impact on the size of synaptic ribbon in sensory hair cells (Wong et al., 2019; Okur
et al., 2020). Also, the increase in the size of synaptic ribbons in inner hair cells was observed due to
disruption of NAD*/ NADH homeostasis with aging in C57BL/6J mice (Peineau et al., 2021; Xiong et
al., 2020). Hidden hearing loss (cochlear synaptopathy) causes damage of the sensory synapses between
IHCs and spiral ganglion neurons (Wei et al., 2020). Hence, this RIBEYE knock-in mice (RBEX"X) is
an ideal mouse model for future analysis to study the physiological consequences of RIBEYE B-domain

deletion on vision and hearing.
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Synaptic ribbons are presynaptic specializations that define eponymous ribbon
synapses. Synaptic ribbons are largely composed of RIBEYE, a protein containing an
N-terminal A-domain and a carboxyterminal B-domain that is identical with CtBP2,
a NAD(H)-binding transcriptional co-repressor. Previously we showed that synaptic
ribbons are completely absent in RIBEYE knockout mice in which the RIBEYE A-
domain-encoding exon had been deleted, but CtBP2 is still made, demonstrating
that the A-domain is required for synaptic ribbon assembly. In the present study, we
asked whether the RIBEYE B-domain also has an essential role in the assembly of
synaptic ribbons. For this purpose, we made use of RIBEYE knockin mice in which the
RIBEYE B-domain was replaced by a fluorescent protein domain, whereas the RIBEYE
A-domain was retained unchanged. We found that replacing the RIBEYE B-domain
with a fluorescent protein module destabilizes the resulting hybrid protein and causes
a complete loss of synaptic ribbons. Our results thus demonstrate an essential role of
the RIBEYE B-domain in enabling RIBEYE assembly into synaptic ribbons, reinforcing
the notion that RIBEYE is the central organizer of synaptic ribbons.

Keywords: retina, inner ear, ribbon synapse, synaptic ribbon, RIBEYE A-domain, RIBEYE B-domain, CtBP2,
presynaptic active zone

INTRODUCTION

Ribbon synapses are specialized chemical synapses found in the retina, inner ear, and pineal gland
(Matthews and Fuchs, 2010; Moser et al., 2020). These synapses are continuously active and possess
specialized active zones that allow fast, precisely timed signaling for prolonged periods of time.
Exocytosis of synaptic vesicles occurs at the active zones close to the voltage-gated Ca?*-channels
(Cav-channels) (Zenisek et al., 2000; Grabner and Moser, 2021). The active zones of ribbon
synapses associate with large, electron-dense presynaptic specializations, the synaptic ribbons, that
tether and deliver large numbers of synaptic vesicles to the active zone similar to an assembly line
(Vaithianathan et al., 2019; Joselevitch and Zenisek, 2020). The ribbon-associated docked vesicles
close to the active zone represent the vesicle pool that fuses with the fastest release kinetics (Moser
et al,, 2020; Grabner and Moser, 2021). Synaptic vesicles associated with more distant parts of the
ribbon away from the active zone refill vacated release sites and promote continuous signaling
(Zenisek et al., 2000; Vaithianathan et al., 2019; Joselevitch and Zenisek, 2020).

Synaptic ribbons are large presynaptic structures with a complex three-
dimensional (3D) shape (Moser et al, 2020). The 3D shape and size of the
ribbon are relevant for synaptic transmission/signaling because the ribbon geometry
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determines the pool size of ribbon-associated vesicles (Moser
et al, 2020; Kesharwani et al, 2021). The photoreceptor
synapse as the first synapse in the visual system transmits
light stimuli to the inner retina. In the mouse retina, rod
photoreceptors represent the major type of photoreceptors
(95% of photoreceptors; Moser et al., 2020). Rod photoreceptor
synapses are built in a fairly uniform manner. They contain a
single, large active zone with a single large, horseshoe-shaped
synaptic ribbon (Schmitz, 2009; Moser et al.,, 2020). Due to
their large size and conspicuous horseshoe-shaped morphology,
rod ribbons are particularly suitable for imaging analyses. In
the inner retina, bipolar cell terminals possess multiple active
zones with smaller synaptic ribbons that are morphologically and
functionally more diverse than rod photoreceptor synapses in the
outer retina (Moser et al., 2020).

Despite differences in size and shape, all ribbons contain
the ribbon-specific protein RIBEYE (Schmitz et al., 2000; Moser
et al., 2020), the core protein of all synaptic ribbons (Schmitz
et al., 2000; Maxeiner et al., 2016; Becker et al., 2018; Jean
et al., 2018). RIBEYE is evolutionarily conserved in vertebrates,
and also serves as a major building block of synaptic ribbons
in zebrafish (Lv et al,, 2016; Sheets et al., 2017). Structurally,
RIBEYE consists of a unique N-terminal, proline-rich A-domain,
and a carboxyterminal B-domain that is identical (except for
the N-terminal 20 amino acids) to the nuclear transcriptional
co-repressor CtBP2 (Schmitz et al., 2000; Piatigorski, 2001). The
RIBEYE B-domain/CtBP2 emerged from a family of D isomer-
specific 2-hydroxyacid dehydrogenases (Goldberg et al., 1994).
RIBEYE has multiple binding sites for other RIBEYE proteins
both in the A- and B-domain of RIBEYE (Magupalli et al., 2008;
Madison et al., 2013; Bellesis et al., 2018; Jecrois et al., 2021).
However, the contribution of the RIBEYE A- and B-domains
to the formation of synaptic ribbons remains unclear. Based on
cell transfection experiments, the RIBEYE A-domain appears to
serve mainly as a structural component of the synaptic ribbon
scaffold (Schmitz et al., 2000; Magupalli et al., 2008), but it is
unknown whether the RIBEYE A-domain alone is sufficient for
the assembly of synaptic ribbons in-situ or whether this process
also depends on RIBEYE B-domain.

In order to understand whether RIBEYE B-domain plays
a role in the assembly of synaptic ribbons, we made use of
RIBEYEX! knockin (KI) mice (Maxeiner et al., 2016). In these KI
mice, RIBEYE B-domain has been replaced by GCaMP3 in the
KI allele, thus making these animals an ideal tool to study the
role of the RIBEYE B-domain. We found that in the absence of
the RIBEYE B-domain, synaptic ribbons are not assembled and
the RIBEYE A-domain/GCaMP3 fusion protein is destabilized.
Thus, the RIBEYE B-domain is essential for the assembly of
synaptic ribbons.

MATERIALS AND METHODS

Mice

All animal care and use procedures were reviewed and
approved by the local animal authorities (Landesamt fiir
Verbraucherschutz; Geschiftsbereich 3; 66115 Saarbriicken,

Germany; GB 3-2.4.1.1-K110/180-07). Mice were anesthetized
with isoflurane and killed by cervical dislocation in ambient light
before organ collection. The RIBEYE knockin (KI) mice that
were analyzed in the present study were generated by Maxeiner
et al. (2016). In the RIBEYE KI, the alternative exon 1b of
the mouse CtBP2/RIBEYE gene encoding RIBEYE A-domain
was fused in frame with cDNA encoding for the Ca**-indicator
GCaMP3 (Tian et al.,, 2009) concluded by a STOP codon. As a
consequence, the RIBEYE B-domain was replaced by GCaMP3 in
the recombinant RIBEYE KI allele (Maxeiner et al., 2016). All
possible genotypes at the recombinant RIBEYE locus (WT:
RBEWTWT; heterozygous KI: RBEWTX! and homozygous KI:
RBEXVKD) were analyzed in the RIBEYE KI mice as indicated in
the respective experiments/figures. The genotypes were obtained
by breeding heterozygous mice with each other (RBEWT/KI X
RBEWT/KI) Mice were kept under standard light/dark cycle and
supported with standard food and water ad libitum.

Methods

Embedding of Retinas and Immunocytochemistry on
Semi-thin Retina Sections

Retina samples were processed for immunofluorescence
microscopy (on resin sections) as previously described (Wahl
et al.,, 2013, 2016; Dembla et al., 2014, 2018, 2020; Mukherjee
et al., 2020). In brief, mice were anesthetized with isoflurane
and killed by cervical dislocation. Eyes were enucleated within
5 min post-mortem. The anterior eyecup including the lens
was removed by puncturing the isolated eye at the equatorial
plane of the eye with a 20 Gauge needle and cutting along the
equatorial plane with fine dissection scissors (FST, Heidelberg,
Germany; No. 15024-10). The posterior eyecup with the
attached retina was flash-frozen in liquid nitrogen-cooled
isopentane. Lyophilization of the tissue was performed for
~48 h with the tissue being continuously cooled by liquid
nitrogen. Lyophilization of the samples was performed at a
vacuum of ~10~7 mbar using a TCP270 turbomolecular pump
(Arthur-Pfeiffer-Vacuumtechnik, Wetzlar/Afllar, Germany)
controlled by a PKG020 Pirani-gold cathode gauge control unit
and an oil diffusion pump (type DUO 004B; Arthur-Pfeiffer-
Vacuumtechnik, Wetzlar/Afllar, Germany). After lyophilization,
samples were equilibrated to room temperature and infiltrated
with Epon resin. For better infiltration with Epon, samples were
equilibrated with Epon on a rotor (=10 rpm) at 28°C for ~24 h.
Afterward, samples were degassed for 30 min in a vacuum
chamber and were polymerized at 60°C for ~24 h.

From the polymerized tissue blocks, 0.5 pm-thin (semi-thin)
sections were cut with a Reichert ultramicrotome and collected
on glass cover-slips, as previously described (Wahl et al., 2013,
2016). 0.5 wm-thin sections provide higher resolution compared
to paraffin-embedded sections and cryosections (Punge et al.,
2008). Epon resin was removed as described previously (Wahl
et al,, 2013, 2016; Dembla et al., 2018, 2020; Mukherjee et al.,
2020). In brief, the Epon was removed from the 0.5 pum-thin resin
sections by incubating the sections in the following solutions:
sodium methanolate (30% solution in methanol; Sigma-Aldrich
#8.18194) for 10 min; 1:1 mixture of xylol/methanol (10 min);

Frontiers in Molecular Neuroscience | www.frontiersin.org

January 2022 | Volume 15 | Article 838311


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Shankhwar et al.

RIBEYE B-Domain Is Essential for Assembly of Synaptic Ribbons

Antibodies
Primary Antibodies
Antibody Source Reference Dilution
RIBEYE A-domain (6F4), mouse monoclonal Generated in the present study Raised against a GST 1:100 (IF, WB)
IgG1 antibody(stock~0.8 mg/ml) fusion protein encoding 1:500 (Cryo)
mouse RIBEYE(A): 1:50 (EM)
amino acids 83-211
(NPO01164215)
RIBEYE(A), rabbit polyclonal (tau) Lab-made Maxeiner et al. (2016) 1:500 (IF)
RIBEYE(A)/ SySy, rabbit polyclonal Synaptic Systems; Goéttingen, Germany; Kerov et al. (2018) 1:500 (Licor)
192103
RIBEYE B-domain (2D9), mouse monoclonal IgG2b Lab-made Dembla et al. (2018) 1:200 (IF, Licor,
antibody WB)
Rhodopsin 1D4, mouse monoclonal Gift: Dr. R.S. Molday Hodges et al. (1988) 1:100 (IF)
PSD95, rabbit polyclonal (L667) Dr. T.C. Stdhof Irie et al. (1997) 1:500 (IF)
Calbindin-D-28K (KD-15), rabbit polyclonal Sigma; Darmstadt, Germany; C7354 Park et al. (2019) 1:100 (IF)
Glial Fibrillary Acidic Protein (GFAP), rabbit polyclonal DaKo; Glostrup, Denmark; Z0334 Gruber et al. (2021) 1:500 (IF)
SV2, mouse monoclonal Develop. Studies Hybridoma Bank; Univ. lowa; Buckley and Kelly 1:20 (IF)
lowa City, 1A, USA (1985)
GFP, rabbit polyclonal Abcam; Cambridge, UK; ab290 Yuan et al. (2021) 1:2,000 (Licor)
Actin, mouse monoclonal (clone C4) Millipore; Molsheim, France (MAB1501) Lessard (1988) and 1:3,000 (WB,
Mukherijee et al. (2020) Licor)
PMCA2 ATPase, rabbit polyclonal Thermo Fisher; Lin et al. (2021) 1:500 (IF)
Rockford, USA; PA1-915
Secondary Antibodies
Antibody Souce Dilution
Donkey anti-mouse Alexa 568 Invitrogen; Karlsruhe, Germany; A-10037 1:1,000 (IF)
Donkey anti-mouse Alexa 488 Invitrogen; Karlsruhe, Germany; A-21202 1:1,000 (Cryo)
Chicken anti-rabbit Alexa 488 Invitrogen; Karlsruhe, Germany; A-21441 1:500 (IF)

Donkey anti-rabbit IRDye 800CW
Donkey anti-mouse IRDye 680LT

Goat anti-mouse peroxidase-conjugate (POX)

LI-COR Biosciences; Bad Homburg, Germany;

1:5,000 (Licor)

#92532213

LI-COR Biosciences; Bad Homburg, Germany; 1:5,000 (Licor)
#92568022

Sigma; Taufkirchen, Germany; A3673 1:3,000 (WB)
Sigma; Taufkirchen, Germany; G7652 1:100 (EM)

Goat anti-mouse conjugated to 10 nm colloidal gold

Abbreviations: IF, Immunofluorescence on semi-thin resin sections, Cryo, Immunofluorescence on cryostat sections; Licor, Li-Cor Western blot; ECL, Western blot with
enhanced chemiluminescence detection, EM, Electron microscopy. Miscellaneous reagents: Chameleon pre-stained protein ladder (Li-Cor Biosciences; Bad Homburg,
Germany; #978-16526); Lectin PNA conjugated to Alexa 568 (Invitrogen; Karlsruhe, Germany; L32458).

acetone (2 x 10 min), tap water (1 min, 5x), PBS (1 min,
5x). For 3D SR-SIM analyses, 1.5 pm-thick sections instead of
0.5 wm-thin were used. The 1.5 wm-thick sections were treated
for 12 min with sodium methanolate (instead of 10 min).

After resin removal, 0.5 pwm-thin sections were incubated
simultaneously with the indicated two primary antibodies
that were generated in different animal species (mouse and
rabbit) overnight at 4°C, as previously described (Wahl et al,
2013, 2016; Dembla et al., 2014, 2018). The next day, sections
were washed several times with PBS to remove unbound
primary antibodies and incubated with the corresponding
fluorophore-conjugated secondary antibodies for 3 h at RT.
After this incubation, sections were washed several times
with PBS and mounted with an anti-fading solution, as
previously described (Wahl et al., 2013, 2016; Dembla et al.,
2018, 2020; Mukherjee et al,, 2020). In control incubations,
sections were incubated without primary antibody with

the rest of the immunolabeling procedure remaining the
same. Further controls were performed for the double
immunolabeling experiments by setting individual laser
power lines to zero with unchanged detection settings. These
controls were done to make sure that the immunosignal in
the channel of interest does not result from the neighboring
detection channels (“bleed through controls”). Immunolabeled
sections were analyzed by confocal microscopy, as described
below.

Confocal Microscopy and Quantification of RIBEYE
Immunofluorescence Signals and RIBEYE Puncta in
the OPL

Confocal microscopy was performed with an A1R confocal
microscope (Nikon), as previously described (Wahl et al., 2013,
2016; Eich et al.,, 2017; Dembla et al.,, 2018; Mukherjee et al,,
2020). Image acquisition was performed in a blinded manner
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with the experimenter not knowing the identity (genotype) of the
samples. Images were acquired with 60x/1.40 N.A. oil objective
using laser excitation lines 488 nm and 561 nm under the control
of the NIS Elements software (NIS Elements AR 3.2, 64 bit;
Nikon). Identical conditions were maintained for confocal image
acquisition using the “re-use” settings option of NIS Elements
software for the comparative analyses of the different genotypes
(RBEWTWT | RBEWT/KL and RBEKVKT), For quantification of
immunolabeled sections, NIH Image] software (“Fiji”) was used
(Schindelin et al., 2012; Schneider et al., 2012).

For quantification of fluorescence intensities, the OPL
was marked as the region of interest (ROI) by using the
SV2- and PSD95 immunosignals as reference for the correct
placement of the ROL SV2 and PSD95 are well-characterized
markers for photoreceptor synapses and produce a very typical
staining pattern in the OPL (Buckley and Kelly, 1985; Koulen
et al., 1998; Maxeiner et al., 2016). ROIs were managed with
the Analyze-Tools-ROI Manager in NIH Image]. To analyze
the fluorescence integrated density, a rectangular ROI was
drawn around the entire OPL. The fluorescence intensity of
the immunolabeled synaptic protein of OPL was determined
as integrated density. The identical OPL-ROI was used for
the analysis of immunolabeled sections of all genotypes.
Quantifications were done blindly. Average integrated values
were normalized. For this purpose, wild-type [RBEWT/WT] values
were set to 100%, and heterozygous mice [RBEWTXI], and
homozygous knockin mice [RBEX/KI] were related to wildtype
values. Integrated density data were analyzed with Microsoft
Excel. Individual datapoints were plotted as box and whisker
plots in Origin Pro 2019b software. Statistical analyses for
significance were performed as described below.

For counting the number of immunolabeled RIBEYE puncta
per pm OPL, the length of OPL was derived from confocal
NIS Elements software by using a known length distance
for calibration. Confocal images were opened in Image] and
the same OPL ROI was used for the integrated density
measurements. After that, the image was duplicated (using the
Image-Duplicate option of ImageJ) and puncta were counted
automatically using the Process/Find Maxima-Point selection
plugin (prominence 25, output/point selection including edge
maxima), as described (Dembla et al., 2018). The average number
of RIBEYE puncta was plotted as RIBEYE puncta per 100 pm
length of OPL. Average puncta values for RBEWT/WT RBEWT/KI,
and RBEXVKI were plotted in Excel and data distribution was
plotted in a box and whisker plot in Origin Pro 2019b software.
Statistical analyses for significance were performed as described
below.

Quantification of RIBEYE Immunosignals and
RIBEYE Puncta Count in the IPL

For the analysis of fluorescence intensity of RIBEYE
immunosignals in the IPL, integrated density measurements
were performed on the acquired confocal images using Fiji
NIH Image] (Schindelin et al., 2012; Schneider et al., 2012).
The region of interest (ROI), i.e., the IPL, was selected with
the help of the SV2- and PSD95 immunosignals (as described
above for the OPL). A rectangular ROI was drawn around the

SV2/PSD95 immunosignals in the IPL that served as a reference
for the outline of the IPL. The size of the rectangular ROI was
calibrated by using known distances that were measured by the
confocal imaging and NIS Elements software. The same ROI
was used for determining the RIBEYE puncta in the respective
double-immunolabeled sections. The size of the IPL ROIs was
kept identical for all genotypes. Integrated density was measured
as described above for the OPL.

The average integrated values of RIBEYE A-domain and
RIBEYE B-domain immunosignals in the IPL were normalized.
The mean of the RBEWTWT values was set to 100% and
RBEWTKL and RBEXVK! yere compared with RBEWT/WT
wildtype values. Integrated density values were calculated in
Microsoft Excel and individual data distribution was plotted as
box and whisker plot with Origin Pro 2019b software. Statistical
analysis was performed using Mann-Whitney U-test in Origin
Pro 2019b or online Mann-Whitney U-test! because data were
non-normally distributed.

The number of immunolabeled RIBEYE A- and RIBEYE
B-puncta in the IPL were counted automatically using the point
selection plugin of Image], as described above for the OPL. The
puncta were counted in a rectangular area of 3,000 pm? of an
immunolabeled retina cross-section. Average RIBEYE puncta of
RBEWTWT RBEWT/KI and RBEXVK! retinas were plotted in Excel
and individual data distribution was plotted in a box and whisker
plot in Origin Pro 2019b software. Statistical analyses were done
as described below.

3D Super-Resolution Structured llluminated
Microscopy (3D SR-SIM) and Measurement and
Quantification of Ribbon Contour Length

3D SR-SIM microscopy resolves immunolabeled objects beyond
the diffraction limit of light (Schermelleh et al, 2010). For
3D SR-SIM microscopy, images were acquired from 1.5 pm-
thick immunolabeled retina sections using the ELYRA PS1 setup
(Carl Zeiss Microscopy GmbH), largely as previously described
(Dembla et al., 2020; Mukherjee et al., 2020; Kesharwani et al.,
2021). The 1.5 pwm-thick sections, which were processed for
3D SR-SIM, were labeled only with a single primary antibody
(anti-RIBEYE A-domain: 6F4 or anti-RIBEYE B-domain: 2D9,
as described in the respective figures) and processed for indirect
immunofluorescence microscopy as described above. Images
were acquired with a 63x/1.4 NA oil (DIC) objective using
the 561 nm laser line collected by an Andor iXon EM-CCD
camera (100 ms exposure time), as previously described (Wahl
et al, 2013, 2016; Dembla et al., 2020; Mukherjee et al., 2020;
Kesharwani et al., 2021). For obtaining 3D SR-SIM images,
z-stack images were taken at 125 nm intervals by using Zen
2012 software (black version). The entire thickness of the
retinal section was scanned, and images were then processed
for 3D SR-SIM. Single cropped anti-RIBEYE-immunolabeled
synaptic ribbons were iteratively scanned to ensure that the
entire immunolabeled synaptic ribbon was completely captured
by the scans using ZEN 2.3 SP1 software (black version). From
the z-stacks, the 3D views were created in transparent mode

Uhttps://astatsa.com/WilcoxonTest/
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with ZEN 2.3 SP1 software. Maximum 2D projection images
were generated from the 3D images of single, cropped synaptic
ribbons, as previously described (Dembla et al., 2020; Mukherjee
etal., 2020). The contour length of the maximum 2D projections
was measured using the open polyline tool (Dembla et al., 2020;
Mukherjee et al., 2020; Kesharwani et al., 2021). Average values
were calculated and plotted in Microsoft Excel. Box and whisker
plots were generated using Origin Pro 2019b software. Statistical
analyses were performed as described below.

Immunolabeling of PNA-Stained Cone Synapses on
Cryostat Sections of the Mouse Retina

Visualization of cone synapses with the fluorescent lectin
PNA Alexa 568 and immunostaining of cone synapses was
performed on ~10 pwm-thick cryostat sections, as previously
described (Grabner et al., 2015). Cryostat sections were obtained
from the retinas of RBEWTWT and RBEXVK mice. For
immunostaining/cone staining, cryo-sections were first heat
fixed (10 min, 50°C) and then incubated with blocking buffer
(0.5% BSA in PBS), for 1 h at RT. Next, sections were
incubated with primary antibodies 6F4 (1:500 in blocking buffer,
overnight, 4°C). Sections were washed three-four times with PBS
and incubated simultaneously with donkey anti-mouse Alexa
488 secondary antibody (1:1,000 in blocking buffer) and PNA
Alexa 568 (1:200 in blocking buffer) for 3 h at RT. After
several washes with PBS, sections were mounted with anti-fading
solution, as described above.

Isolation of the Mouse Inner Ear and Whole-Mount
Immunostaining of the Organ of Corti

For the dissection of the mouse cochlea, 4-8 weeks old
RBEWTWT and RBEXVK mice were used. Mice were anesthetized
with isoflurane and killed by cervical dislocation/decapitation.
After decapitation, mice heads were chilled for 15 min on ice.
Isolation of the cochlea was performed, largely as described
previously (Montgomery and Cox, 2016; Fang et al., 2019). In
brief, first, the skull bone was removed after making a cut
along the sagittal suture. The brain was removed and the cranial
nerves were scrapped away from the temporal bone with an
anatomical forceps (Schreiber Instrument, Fridingen Germany;
SI Line; SI-14-1531). The petrous part of the temporal bone
was transferred to a 2 ml microcentrifuge tube containing 4%
PFA in PBS (pH 7.4) and incubated overnight at 4°C on a
shaker. After several washes with PBS, the temporal bone was
decalcified with a solution containing 120 mM ethylenediamine-
tetraacetic acid (EDTA) in PBS, pH 7.4 (for 3 days, 4°C). EDTA
solution was changed two times a day (after ~8 h) (Montgomery
and Cox, 2016). After decalcification, the temporal bone was
washed again four-five times with PBS. The organ of Corti
was isolated from the decalcified temporal bone as described
previously (Montgomery and Cox, 2016; Fang et al., 2019). In
brief, the vestibular portion of the petrous part of the temporal
bone was held with forceps and cut away from the cochlea by a
cut through the oval window and round window with a scalpel.
After that, the bony capsule was removed and the cochlear turns
were dissected. The isolated organs of Corti dissected from the

basal, middle, and apical turn were placed in 24-well plates filled
with PBS.

For immunostaining, samples were incubated with 300 pl
blocking/permeabilization solution (0.5% BSA, 1% Triton X-100
in PBS; 1 h 30 min, RT, rotary shaker). Afterward, samples
of the cochlea were double-immunolabeled with the indicated
primary antibodies overnight at 4°C on a shaker. Antibodies
were diluted in 0.5% BSA, 1%, Triton X-100 in PBS. After
removing the unbound primary antibody with several washes
in PBS, samples were incubated with corresponding secondary
antibodies diluted in PBS containing 0.5% BSA and 1% Triton
X-100 (3 h at RT on a shaker). After several washes with PBS, the
immunolabeled cochleas were analyzed by confocal microscopy
using a 60x water objective (Nikon NR Apo 60x/1.0W DIC
N2). Z-stacks were acquired from the immunolabeled inner
ear wholemounts and processed for maximum projection.
Representative maximum projections are shown in Figure 13.

Transmission Electron Microscopy (TEM)

Embedding of Retinas for Transmission Electron
Microscopy
RBEWTWT wild-type, heterozygous RB , and homozygous
RBEKVKL Jittermate mice were used for the comparative
ultrastructural analyses of retinal synapses by transmission
electron microscopy (TEM). Retina samples were processed and
embedded for TEM, largely as previously described (Maxeiner
et al., 2016). In brief, eyes were enucleated within 5 min
post-mortem. Isolated eyes were hemisected coronally and
the anterior eyecup, including the lens, was removed. The
posterior eyecups with the attached retina were fixed with 4%
(wt/vol) paraformaldehyde (in PBS, pH 7.4) and 2.5% (vol/vol)
glutaraldehyde (in PBS) for 12 h each (at 4°C with constant
gentle shaking). Retina samples were postfixed with 1% (wt/vol)
0504, 1.5% (wt/vol) K4[Fe(CN)g] x 3H,0 in 100 mM cacodylate
buffer, pH 7.4 for 1 h (at 4°C on a rotating shaker). After
three washes with 100 mM cacodylate buffer, pH 7.4, H,O and
50 mM Na-maleate in H,O (pH 5.0), samples were contrasted
with 2% (wt/vol) uranyl acetate (UA) in 50 mM Na-maleate
(pH 5.0) for 3 h (at 4°C on an orbital shaker). After several
washes with maleate buffer and H,O, samples were dehydrated
in an ascending, graded series of ethanol (30%, 50%, 70%,
80%, 90%, 99%) and pure acetone (15 min, each step at RT).
Acetone was gradually replaced by a mixture of acetone and
increasing volumes of Epon resin (3/1, 1/1, 1/3 (v/v); 1 h
each, RT). Finally, samples were infiltrated with pure Epon
resin overnight (RT, mild agitation). Epon-infiltrated samples
were transferred to Silica embedding molds for polymerization.
Polymerization was performed at ~60°C for ~24 h. Ultrathin
sections (=70 nm in thickness) were cut with a Reichert UCT
ultramicrotome (Reichert-Jung). Sections were analyzed with
a Tecnai Biotwinl2 digital transmission electron microscope
(FEI) equipped with a Megaview III digital camera (Gatan) and
controlled by iTEM acquisition software (Olympus, Hamburg,
Germany). The TEM microscope was operated at 100 kV.

Rod photoreceptor synapses in the outer plexiform layer
(OPL) of the retina have a very typical ultrastructural appearance

EWT/ KI
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and can be clearly identified in the OPL by their typical
appearance (Lagnado and Schmitz, 2015; Moser et al., 2020).
The mouse retina is a rod-dominated retina. About 95% of
photoreceptor synapses are made by rod photoreceptors. Rod
photoreceptors possess a single large active zone that is typically
occupied by a single large synaptic ribbon (Lagnado and Schmitz,
2015; Moser et al, 2020). Cone synapses are larger in size
and possess multiple active zones with smaller synaptic ribbons
(Lagnado and Schmitz, 2015; Moser et al, 2020). Ribbon
synapses are also present in the inner plexiform layer (IPL) of the
retina. Ribbons are present in most of the presynaptic terminals
of retinal bipolar cells (Okawa et al., 2019). In general, synaptic
ribbons in the IPL are smaller in size than in the OPL (Moser
et al., 2020).

Staining of Retina Samples With Ethanolic
Phosphotungstic Acid (E-PTA) for TEM

Ethanolic phosphotungstic acid (E-PTA) staining for TEM was
performed as previously described (Bloom and Aghajanian,
1968; Limbach et al, 2011). For E-PTA electron microscopy,
4-5 months old littermate mice (RBEWT/WT RBEWTKI and
RBEKVKD) were used for the analyses. The posterior eye-cups
with the attached retina were immersed in 4% paraformaldehyde
(PFA) in PBS (pH 7.4) (overnight at 4°C with mild shaking).
After several washes with PBS, samples were dehydrated with
an ascending ethanol concentration series (30%, 50%, 70%, 80%,
90%, 99%), 15 mins each step at RT. Next, samples were treated
for 10 mins with absolute ethanol (100%) before samples were
stained for 1.5 h in 1% phosphotungstic acid (w/v) in absolute
ethanol that contained 5 drops of 95% absolute ethanol per 10 ml
of staining solution (Bloom and Aghajanian, 1968; Limbach
et al., 2011). Staining with E-PTA solution was performed for
1.5 h at RT on an orbital shaker. After removal of the E-PTA
solution, retina samples were treated with ice-cold propylene
oxide to avoid a strong exothermic reaction (Fry and Spira,
1980; Limbach et al., 2011). Propylene oxide was changed once
and samples were subsequently incubated in propylene oxide for
30 min. Tissue was immersed in Epon solutions and embedded
in Epon, as described above. Ultrathin sections were cut from the
polymerized sample blocks and mounted on 100 mesh copper
grids. Sections from E-PTA-stained samples were not further
contrasted with UA or lead citrate and viewed with a Tecnai
Biotwin12 (FEI) transmission electron microscope, as described
above.

Quantification of the Presence of Synaptic Ribbons
in Rod Photoreceptor Synapses and Determination
of Ribbon Height Using TEM

The number of ribbons per rod terminal and ribbon height
measurement in RBEWT/WT RBEWT/KL and RBEKVK! Jittermates
were analyzed with TEM images from rod terminals acquired at
a magnification of 43,000 x. Only cross-sectioned rod terminals
with a clearly visible active zone were included in the analyses.
The average ratios of ribbon per rod terminal and ribbon height
of RBEWTWT RBEWT/KI and RBEXVK! mice were calculated and
plotted in Microsoft Excel. For the analyses of ribbon number
per rod terminal, RBEWTWT values were normalized to 1, and

RBEWT/KIL RBEKVKI yalues were compared with RBEWT/WT, Box
and whiskers were plotted in OriginPro 2019b software.

For measurement of synaptic ribbon height in rod
photoreceptor synapses, only rod photoreceptor synapses
of RBEWTWT and RBEW/K! mice were analyzed in which the
active zone could be clearly visualized and in which the typical
postsynaptic configuration consisting of horizontal and bipolar
cells was visible (postsynaptic triad/tetrad). Ribbon height in the
rod photoreceptor terminal was measured at a magnification of
43,000 by drawing a straight line from the base of the ribbon
to the top of the ribbon using iTEM software. The length of the
scale bar on the exported TEM images was used as a reference
for length calibration.

Embedding of Retina Samples in LR Gold for
Post-embedding Immunogold Electron Microscopy
Embedding of mouse retina and processing for immunogold
labeling was performed as previously described (Schmitz et al.,
2000; Wahl et al., 2013) with some modifications. Briefly, freshly
isolated retinas were overnight fixed in 2% paraformaldehyde
(in PBS, pH 7.4) at 4°C then 3x washed with PBS. Afterward,
samples were dehydrated with increasing concentration of
ethanol (30% ethanol 4°C, 10 min; pre-cooled 50%, 70%, 80%
to 99% ethanol, 1 h at —20°C with mild agitation using
a spinning wheel rotator). Samples were infiltrated with an
increasing volume of LR gold (2/1, 1/2 (v/v); 1 h each, at
—20°C) and then with pure LR gold overnight —20°C. After
infiltrating samples with LR Gold that contained 0.1% benzil
(w/v), samples were polymerized under UV light for 48 h at
—20°C. After polymerization, ultrathin sections (=70 nm in
thickness) were cut with a Reichert-Jung ultramicrotome and
collected on 100 mesh gold grids.

Post-embedding Immunogold Labeling
Post-embedding immunogold labeling was performed largely as
previously described (Schmitz et al., 2000; Wahl et al., 2013). For
immunolabeling, ultrathin sections of LR Gold-embedded tissue
were first treated with 0.5% bovine serum albumin (BSA) in PBS,
pH 7.4 (45 min, RT) to block nonspecific protein binding sites
(Wahl et al., 2013). Then, sections were incubated with RIBEYE
A-domain (6F4) primary antibody diluted 1:50 in blocking buffer
(overnight at 4°C). After several washes with PBS, sections were
incubated with goat anti-mouse secondary antibody conjugated
to 10 nm gold particles (1:100 in blocking buffer, 1 h, RT).
After several washes with PBS, immune complexes were fixed
with 2.5% glutaraldehyde in PBS (15 min, RT). After removal
of the PBS, sections were contrasted with 2% uranyl acetate (in
H,0, 15 min, RT). As negative controls, primary antibodies were
omitted with the rest of the immunogold labeling procedure
remaining the same. Immunolabeled ultrathin sections were
analyzed with a Tecnai Biotwin digital transmission electron
microscope (FEI/ThermoFisher; Eindhoven, Netherlands), as
described above.

Western Blot Analyses

Retinas from littermate mice of the indicated genotypes
were isolated within 5 min post-mortem and dissolved in
200 pl Laemmli buffer. Protein lysates were solubilized by
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homogenization by up-/down pipetting in a 100 pl tip in
Laemmli buffer and heated at 96°C for 10 min. The protein
concentration of retina samples dissolved in the Laemmli
buffer was determined with an amido black-based quantification
method, as described (Dieckmann-Schuppert and Schnittler,
1997). Fifty microgram of retinal lysate was loaded per lane
and separated by 10% acrylamide SDS PAGE. Proteins were
electrotransferred to nitrocellulose membrane (Protran 0.45 jtm)
at 50 V for 5 h (4°C). For quantitative immunoblotting, the
Li-Cor Western blot (WB) fluorescence detection system was
used because of its wide dynamic range and high accuracy of
quantitative WB measurements (Pillai-Kastoori et al., 2020). WB
membranes were treated with 5% skimmed milk in PBS (blocking
buffer) for 1 h at RT to block unspecific protein binding sites.
The indicated primary antibodies were incubated overnight (at
4°C) at the indicated dilutions (in 3% skimmed milk in PBS).
After several washes with PBS, WB membranes were probed with
secondary antibody (donkey anti-rabbit IRDye 800CW, donkey
anti-mouse IRDye 680 LT) diluted 1:5,000 in 3% skimmed milk
in PBS (3 h, RT). After several washes, fluorescence signals
were detected with Odyssey Infrared scanner and Odyssey
software (Li-Cor Biosciences; Bad Homburg, Germany). The
band intensities were quantified by using densitometry in Image
Studio Lite software (Image Studio Lite 5.2 software; Li-Cor).
The band density of the protein of interest was normalized
to the actin signal density, that served as a loading control,
in the same lane. For the quantitative analysis of RIBEYE
A-domain and RIBEYE B-domain WB signals, RBEWT/WT
wild-type values were set to 100%, and RBEW/Kl and RBEKVKI
were compared to the respective wild-type values. For the
analysis of GFP WB signals, RIBEYEX/K! values were set to
100%, and RBEWK! and RBEWTWT values were related to
this reference. The correlation coefficient of the results in
the different experiments was calculated in Microsoft Excel.
The correlation coefficient was high (r > 0.8). Therefore,
according to De Winter (2013), two-sample Student's t-test
for non-equal variance was performed for determining the
statistical significance. Normalized band signal graph was plotted
in Microsoft Exel and statistical analysis was performed with
OriginPro 2019b. In indicated experiments, Western blots
were also processed for enhanced chemoluminescence (ECL)
detection. In these cases, HRP-conjugated secondary antibodies
were used (as summarized above). The respective ECL signals
were scanned with a ChemiDoc™ XRS Gel Doc system (Bio-
Rad; Feldkirchen, Germany).

Peptide Arrays for Epitope Mapping

For antibody epitope mapping of RIBEYE A-domain monoclonal
antibody 6F4, peptides of RIBEYE A-domain covering the
N-terminus (amino acids 83-211 of mouse RIBEYE) with a
length of 20 amino acids each and an overlap of five amino
acids were synthesized on a hardened cellulose membrane with
a ResPepSL-Synthesizer (Intavis Bioanalytical Instruments;
Cologne, Germany), as described (Frank, 2002; Hilpert
et al., 2007; Harsman et al, 2011). The membrane with the
immobilized peptides was activated with methanol for 1 min
at RT. After two brief washes with H,O, the membrane was

equilibrated for 2 h with binding buffer (50 mM Tris-HCI, pH
7.5, 150 mM NaCl, 0.1% Triton X-100) with mild shaking at RT.
Unspecific protein binding sites of the membrane were blocked
by incubating membranes in a binding buffer containing 1 pM
BSA (1 h, RT). Next, the membrane was incubated with primary
antibody (6F4; 1:20,000 dilution in binding buffer, overnight,
4°C). Thereafter, the membrane was washed 3 x 10 min
with binding buffer and incubated with HRP-conjugated
goat anti-mouse antibody (1:10,000 in binding buffer) for
1 h at RT on a shaker. The bound antibody was visualized
by enhanced chemoluminescence using a ChemiDoc™ XRS
Gel Doc apparatus (Bio-Rad, Feldkirchen, Germany). For the
visualization of all peptide spots, the membrane was illuminated
by UV light on the Bio-Rad GelDoc system.

Statistical Methods

Statistical analyses were performed using OriginPro 2019b
software and GraphPad Prism 8.4.3. For all analyses, at least three
independent experiments were performed for each experimental
group, as indicated in the respective experiments. First, we tested
whether the data from individual experiments could be pooled.
For this purpose, data from the individual experiments of an
experimental group were checked for normality test using the
Shapiro-Wilk test. Depending on the results of the Shapiro-Wilk
tests, data from the individual experiments were processed for
different multiple comparison analyses. For normally distributed
data, ANOVA with Bonferroni’s post hoc tests were performed;
Kruskal-Wallis ANOVA test with Dunn’s post-hoc tests were
performed for non-normally distributed data at a significance
level of 0.05. When multiple comparisons within the same
group did not differ significantly, the data within the same
was pooled. If the data within the groups were significantly
different, the mean values of the individual experiments were
kept and used for comparison between groups. Then data were
tested for significance test between two groups. When data
were normally distributed, a two-sample Student's ¢-test (with
equal/non-equal variance) was used. Variance was analyzed with
a two sample test for variances (OriginPro) in order to select the
appropriate Student’s t-test (equal or non-equal variances). For
non-normally distributed data, nonparametric Mann-Whitney
U-test and the two-sample Kolmogorov-Smirnov test were used,
as indicated in the respective figures. Online Mann-Whitney
U-test was performed at https://astatsa.com/WilcoxonTest/.
Differences were considered to be statistically different with
p < 0.05.

RESULTS

In the current study, we analyzed RIBEYE knockin (KI) mice,
RBEK! (Maxeiner et al, 2016) to study whether RIBEYE
B-domain has a role in the assembly of synaptic ribbons. In the
RIBEYE KI mice, RIBEYE B-domain has been replaced by the
cDNA of GCaMP3 in the knockin (KI) allele (Maxeiner et al.,
2016), making these KI mice an ideal model to study the function
of the RIBEYE B-domain.

First, we checked whether the overall organization of the
RBEXVKL retina is altered in comparison to littermate control
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A-domain__ B-domain GCaMP3
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FIGURE 1 | Normal organization of the retina in RIBEYE knockin (KI) mice. The top panel schematically depicts the analyzed genotypes (with the resulting RIBEYE
proteins). (A1-A3) Semi-thin sections from the indicated littermate mice (RBEVWT, RBEWX, and RBEX/X') were double-immunolabeled with anti-rhodopsin (red, to
label photoreceptor outer segments) and anti-PSD95 antibody (green, to label photoreceptor synapses in the OPL. (B1-B3) Retinal semi-thin sections of the
indicated genotypes double-immunolabeled with anti-SV2 (red, to label synaptic vesicles in OPL) and anti-calbindin (green, to label horizontal cells in the OPL).
(C1-C3) Retinal semi-thin sections of the indicated genotypes double-immunolabeled with anti-SV2 (red, to label synaptic vesicles in OPL) and anti-GFAP (green, to
label Mdller glia cells). Abbreviations: OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; RBE, RIBEYE. Scale bar: 5 pm.
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FIGURE 2 | RIBEYE B-domain immunosignals are absent in photoreceptor synapses of RBEX/K' mice. (A1-A3,B1-B3,C1-C3) 0.5 um-thin retina sections from the
indicated littermate mice (RBEW™WT RBEWTK and RBEX/X) were double-immunolabeled with mouse monoclonal anti RIBEYE B-domain (2D9) and rabbit polyclonal
antibody against PSD95 (L667). (C1) RIBEYE B-domain immunosignals were completely absent in the OPL and IPL of RBEK/K! mice. (D1) Quantification of RIBEYE
B-domain immunofluorescence signals in the OPL (as integrated density). Quantification confirmed the absence of RIBEYE B-domain immunosignals in the OPL of
RBEX"KI mice. RIBEYE B-domain immunosignals in the OPL of RBEWTX mice were reduced in comparison to RBEW™WT wild-type mice. Bar graphs show
means + S.E.M (*p < 0.001). In the box and whisker plots (D2) of the data from (D1), mean values are labeled by horizontal dotted yellow lines and median values
by horizontal solid green lines. The boxes represent 25th-75th percentiles, and whiskers 1.5 times IQR. The statistical analysis was performed by Student’s t-test (for
(Continued)
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FIGURE 2 | Continued

comparison of significance between RBEW™WT and RBEWK because data
were normally distributed) and Kolmogorov-Smirnov test (for comparison
between RBEVK' and RBEX/K' and between RBEVT and RBEX/K
because RBEKX data were non-normally distributed). (E1-E3) 0.5 pm-thin
retina sections from heterozygous RBEV"K! mice immunolabeled with
anti-RIBEYE B-domain and visualized in the red channel (E1). No

GCaMP3 signal (direct fluorescence) is visible in the green channel in the
immunolabeled semi-thin sections (E2). Red and green channels were
merged in (E3). The insets show magnified regions of the OPL and confirm
the absence of GCaMP3 signals at the ribbons in the OPL in semi-thin resin
sections of the retina. Abbreviations: OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; RBE,
RIBEYE; S.E.M., standard error of the mean; IQR, interquartile range;

N = number of mice; n = number of analyzed confocal images. Scale bar: 5
wm.

mice. For this purpose, we double-immunostained retina
sections obtained from mice with different RIBEYE genotypes
(wildtype: RBEWT'WT; heterozygous knockin: RBEWT/K! and
homozygous knockin RBEXVK!) with various antibodies,
including antibodies against opsin, to label photoreceptor
outer segments (Figure 1A), SV2 (Figures 1B,C) and PSD95
(Figure 1A) to label retinal synapses, GFAP (Figure 1C) to
label retinal Miiller glia cells, and calbindin (Figure 1B) to
mark horizontal cells. Using these markers, we did not observe
gross alterations/differences in the retinal organization in
mice with different RIBEYE genotypes (RBEWT/WT; RBEWT/KL,
and RBEXVX), arguing that the RBEX! allele does not grossly
affect the retinal organization. Similarly, the retinas of RIBEYE
knockout mice, in which the RIBEYE protein was completely
deleted, did not show gross alterations in retinal morphology
and organization (Maxeiner et al., 2016).

Next, we checked for the expression of the RIBEYE B-domain
in the RBEX! mice (Figure 2) using a well-characterized mouse
monoclonal antibody (clone 2D9) against the RIBEYE B-domain
(Dembla et al., 2018). Both in wild-type RBEWTWT mice and
in heterozygous RBEWT/X! littermate mice, we observed strong
punctate, ribbon-typical RIBEYE B-domain immunosignals in
both synaptic layers (OPL and IPL) of the retina (Figure 2).
The RIBEYE B-domain immunosignal was completely absent in
the OPL and IPL of homozygous RBEXVK! mice (Figure 2Cl1).
The absence of RIBEYE B-domain immunosignals in the
homozygous RBEX'K! was expected because the RIBEYE
B-domain was replaced in the RIBEYE KI allele by GCaMP3.
Particularly strong RIBEYE B-domain immunosignals were
observed in the OPL (Figure 2) of wildtype RBEWTWT mice and
heterozygous RBEW/K! Jittermate mice because synaptic ribbons
in rod synapses of the OPL are particularly large (Moser et al.,
2020). For quantitative analyses, we thus first focused on the
OPL of the retina in which the photoreceptor ribbon synapses
are located.

Quantification of immunosignals in the OPL revealed that the
RIBEYE B-domain immunosignals in the OPL were weaker in
heterozygous RBEW/KI mice compared to littermate wildtype
RBEWTWTand confirmed the complete absence of RIBEYE
B-domain immuno-signals in RBEXVKT mice (Figure 2D). Of
note, the GCaMP3 moiety in the RIBEYE KI allele does
not generate any fluorescence signals in resin sections of

the immunolabeled retinas as shown by control incubations
(Figure 2E).

The number and density of RIBEYE B-domain positive
puncta in the OPL were determined on RIBEYE B-domain
immunolabeled sections at higher magnifications that allow clear
identification of single puncta (Figures 3A-C). Quantitative
analyses revealed that the number of RIBEYE B-domain-
positive puncta in the OPL were indistinguishable between
RBEWTWT and heterozygous RBEW/K! mice (Figure 3D), but
were completely absent from the OPL of homozygous RBEXKVK!
mice as expected (Figure 3D).

The RIBEYE B-domain antibody 2D9 also detects CtBP2 that
is ubiquitously expressed as a nuclear co-repressor (Dembla
et al,, 2018). In the 0.5 wm thin retina sections, we did not
observe a nuclear staining, similar to other studies (Dembla et al.,
2018; Kesharwani et al.,, 2021), most likely because the focal
concentration of CtBP2 in the nucleus is too low.

Is the RIBEYE A-domain still assembled into ribbon-like
structures in RBEX! mice? To address this question, we stained
retinal sections with a polyclonal antibody against RIBEYE
A-domain (Maxeiner et al., 2016). As mentioned above, the
RIBEYE A-domain is still present on the RBE KI allele, in
contrast to the RIBEYE B-domain that has been replaced.
In wildtype RBEWTWT mice and heterozygous RBEWT/KI
littermate mice, we observed a strong punctate ribbon-typical
RIBEYE A-domain immunosignal in both synaptic layers of
the retina (OPL and IPL) (Figures 4A-C). Surprisingly, the
RIBEYE A-domain signal was completely absent in the OPL
of RBEXVKI mice (Figures 4C,D). Immunolabeling with an
anti-SV2 antibody served as a control (Figure 4), demonstrating
that synapses were still present as the SV2 immunosignals were
unchanged in all genotypes (Figure 4).

The results obtained with the rabbit polyclonal antibody
against the RIBEYE A-domain (Figures 4A-C) were confirmed
with a newly generated mouse monoclonal RIBEYE A-domain
antibody, clone 6F4 (Figure 5). The immunostaining pattern
obtained with this antibody was indistinguishable from that
produced with the polyclonal RIBEYE A-domain antibody,
validating the absence of RIBEYE A-domain-positive puncta
in the OPL and IPL of RBEKVKl mice (Figure 5C). In
contrast, the RIBEYE A-domain immunostaining in the OPL and
IPL of heterozygous RBEWT/Xl and wildtype RBEWTWT mice
appeared unchanged. The newly generated mouse monoclonal
RIBEYE A-domain antibody 6F4 is directed against a peptide
stretch in the A-domain of RIBEYE (amino acid 83-amino
acid 211 of mouse RIBEYE). The precise binding site of
the antibody was determined by overlapping peptide dot blot
experiments (Figure 5F). The specificity of the 6F4 antibody
for RIBEYE was further demonstrated by Western blotting
and immunofluorescence experiments on RIBEYE knockout
mouse retina samples (Figures 5D,G,H). For the Western
blotting experiments, the RIBEYE B-domain 2D9 monoclonal
antibody was used for comparison. Both antibodies detected
the full-length RIBEYE band at ~120 kDa in control retinas,
but not in retinas obtained from RIBEYE knockout mice
(Figures 5D1,E1). The RIBEYE B-domain antibody 2D9 also
detected CtBP2 at ~50kDa in control and RIBEYE knockout
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FIGURE 3 | Quantification of RIBEYE B-domain puncta in the OPL of RBEWV™WT, RBEVTK and RBEX/X mice. (A1-A3,B1-B3,C1-C3) 0.5 jum-thin retina sections
of RBEVWT RBEWTK | and RBEK/X mice were double-immunolabeled with mouse monoclonal antibody (2D9) against RIBEYE B-domain domain and rabbit
polyclonal antibody against PSD95. The OPL was analyzed at high magnification to determine RIBEYE B-domain puncta number/density in the OPL. (D1,D2)
Quantification of RIBEYE B-domain puncta in OPL in (D1,D2) demonstrates that the number of RIBEYE B-domain puncta is unchanged between RBEVWT and
RBEWTK RIBEYE B-domain puncta were completely absent in the OPL of RBEX/K' mice. The bar graphs in (D1) show means + S.E.M. (n.s., p > 0.05; **p <
0.001). In the box and whisker plots (D2) of the data from (D1), means values are shown as horizontal yellow dotted line and median values by horizontal green solid
line. The boxes represent the 25th-75th percentiles and whiskers represent 1.5 times IQR. The statistical analyses were performed by Mann-Whitney U-tests and
Kolmogorov-Smirnov tests. Abbreviations: OPL, outer plexiform layer; RBE, RIBEYE; S.E.M., standard error of the mean; n.s. non-significant; IQR, interquartile
range; N = number of mice; n = number of analyzed confocal images. Scale bar: 5 pm.

retinas (Figure 5E1). CtBP2 is largely unaffected by the but not in photoreceptor synapses of RIBEYE knockout retinas
RIBEYE deletion in the RIBEYE knockout mice, as previously  (Figure 5I4).

demonstrated (Dembla et al, 2018). The specificity of the RIBEYE A-domain puncta densities in the OPL were
RIBEYE A-domain antibody 6F4 was further confirmed by  determined using RIBEYE A-domain immunolabeled sections
post-embedding immunogold labeling (Figure 5I). 6F4 antibody  at higher magnifications that allow clear identification of
labeled synaptic ribbons in the control retina (Figure 5I1),  single, immunolabeled puncta (Figures 6A-C,E), as described
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FIGURE 4 | Absence of RIBEYE A-domain immunosignals in the retina of RBEK"X mice. (A1-A3,B1-B3,C1-C3) 0.5 um-thin retina sections from the indicated
littermate mice (RBEW™WT, RBEWTK! | and RBEX/K') with mouse anti-SV2 and rabbit anti-RIBEYE A-domain (“tau”, Maxeiner et al., 2016). (C1) RIBEYE A-domain
immunosignals were completely absent in the OPL and IPL of RBEX/K! mice. (D1,D2) Quantification of RIBEYE A-domain immunofluorescence signals (as integrated
density). Quantification of the immunofluorescence signals in the OPL confirmed the absence of RIBEYE A-domain immunosignals in the OPL of RBEXK! mice (D1).
RIBEYE A-domain immunosignals in the OPL of RBEVT/X mice were significantly reduced in comparison to RBEVWT wild-type mice. Bar graphs in (D1) show
means + S.E.M. (**p < 0.001). In the box and whisker plots (D2) of the data from (D1), means values are shown as horizontal yellow dotted line and median values
by horizontal green solid line. The boxes represent 25th-75th percentiles and whiskers represent 1.5 times IQR. The statistical analyses were performed with
Mann-Whitney U-test and Kolmogorov-Smirnov tests because data were non-normally distributed. Abbreviations: OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer; RBE, RIBEYE; S.E.M., standard error of the mean; IQR, interquartile range; N = number of mice; n = number
of analyzed confocal images. Scale bar: 5 um.
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FIGURE 5 | Confirmation of absence of RIBEYE A-domain immunosignals in the retina of RBEX"X' mice with a novel mouse monoclonal antibody against RIBEYE
A-domain (6F4). (A1-A3,B1-B3,C1-C3) 0.5 um-thin retina sections from the indicated littermate mice (RBEW™WT, RBEVT/K | and RBEX/N) with mouse anti-RIBEYE
A-domain (clone 6F4) and rabbit anti-PSD95. (C1) RIBEYE A-domain immunosignals were completely absent in the OPL and IPL of RBEK"X mice. The specificity of
the novel anti-RIBEYE A-domain antibody 6F4 was verified by different experiments. (D1,D2) Retinal lysate from RBEVTKO and RBEXY/KO mice were probed by WB
analyses with anti-RIBEYE A-domain antibody 6F4 (D1) and anti-actin (D2). Anti-actin signals were used as a loading control. (E1,E2) For comparison, retinal lysate
from RBEWT/KO and RBEXOKO mice were also probed by WB analyses with anti-RIBEYE B-domain antibody 2D9 (E1) and anti-actin (E2), as previously described
(Dembla et al., 2018). The anti-actin signals were used as loading controls. (F1,F2) Overlapping peptide spots, that cover the RIBEYE A-domain fusion protein
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FIGURE 5 | Continued

against which the antibody was generated, were probed with RIBEYE
A-domain 6F4 monoclonal antibody to map the precise binding site. (F1)
Peptide spot array trans-illuminated with UV light to visualize the location of all
peptide spots. (F2) Peptide spot array immunolabeled with anti-RIBEYE
A-domain 6F4 antibody. The binding of the antibody was visualized by
enhanced chemiluminescence. Peptide spots #15 and #16 were strongly
immunoreactive with 6F4 antibodies. (F3) Peptide sequence of peptide spots
#15 and #16 that strongly reacts with 6F4 antibody are highlighted in red in
(F3). (G1-G3,H1-H3) 0.5 um-thin retina sections from RIBEYE knockout
mice (RBEX?/X0) and control mice (RBEVTKO) with mouse anti-RIBEYE
A-domain (clone 6F4) and rabbit anti-PSD95. The 6F4 RIBEYE antibody
generated a ribbon-typical immunostaining pattern only in the retina of the
control mouse (G1) but not in the RIBEYE knockout mouse (H1)
demonstrating the specificity of the 6F4 monoclonal antibody for RIBEYE.
The PSD95 immunostaining is unchanged in both genotypes (G2,H2,G3,H3).
(I1-14) Post-embedding immunogold labeling of rod photoreceptor synapses
of the indicated genotype with anti-RIBEYE A-domain 6F4 monoclonal
antibody. Arrowhead points to the active zone of photoreceptor ribbon
synapses. Abbreviations: OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer; sr, synaptic ribbon; ho,
horizontal cells; RBE, RIBEYE. Scale bars: 5 um (A-C; G=H); 300 nm ().

above for RIBEYE B-domain puncta density quantifications.
Quantitative analyses revealed that the number of RIBEYE
A-domain puncta in the OPL were indistinguishable between
RBEWT'WT and heterozygous RBEW/K! mice (Figure 6D). In
contrast, RIBEYE A-domain puncta were completely absent
from the OPL of RBEKVKI mjce (Figure 6D). The results
obtained with the rabbit polyclonal antibody against RIBEYE
A-domain (Figures 6A-C) were confirmed by immunolabeling
experiments with the monoclonal RIBEYE A-domain antibody
6F4 that also demonstrated the absence of RIBEYE A-domain
puncta in the OPL (Figure 6E ).

These immunolabeling results, i.e., the absence of RIBEYE
A-/RIBEYE B-immunolabeled puncta in the OPL of RBEKVK!
mice, that we consistently obtained with anti-RIBEYE B-domain
(Figures 2, 3) and anti-RIBEYE A-domain antibodies (6F4 and
tau; Figures 4-6) indicate that no structures resembling
synaptic ribbons are formed in photoreceptor synapses of
RBEXVKI mice. To further test this conclusion, we performed
ultrastructural analyses on rod photoreceptor synapses of the
retinas from littermate RBEWT/WT RBEWT/KI and RBEXV/K! mice
by transmission electron microscopy (TEM; Figure 7).

TEM confirmed the absence of synaptic ribbons in
photoreceptor synapses of RBEKVKI mice (Figures 7C1,C2),
whereas synaptic ribbons were clearly present in RBEW/WT mice
(Figures 7A1,A2) and heterozygous RBEWT/KI (Figures 7B1,B2)
(for quantification, see Figure 7D). Also, E-PTA-stained samples
confirmed the absence of synaptic ribbons from the active zone
of rod synapses in RBEXVK! mice (Figure 7C3). Synaptic ribbons
were clearly present in E-PTA-stained rod photoreceptor
synapses of RBEWT/WT mice and heterozygous RBEW /K mice
(Figures 7A3,B3). From these experiments, we conclude that
the RIBEYE B-domain is essential for the formation of synaptic
ribbons in photoreceptor synapses.

As shown above, RIBEYE A- and B-domain immunosignals
in the OPL were consistently weaker in heterozygous RBEW1/KI
mice in comparison to wild-type RBEWT'WT mice (Figures 2, 4),

whereas the ribbon density in the OPL was identical (Figures 3,
6). In order to identify possible reasons for the decreased RIBEYE
immunosignals in the OPL of RBEVX! mice in comparison
to RBEWTWT mice, we measured the length of individual rod
synaptic ribbons by 3D SR-SIM, as previously described (Dembla
et al., 2020; Mukherjee et al., 2020; Kesharwani et al., 2021).
For contour length measurements by 3D SR-SIM, rod synaptic
ribbons were immunolabeled with either anti-RIBEYE B-domain
(Figure 8) or anti-RIBEYE A-domain antibodies (Figure 9). By
applying quantitative 3D SR-SIM analyses, we found that the
contour length of synaptic ribbons was smaller in heterozygous
RBEWTKI compared to RBEWTWT mice. This was consistently
observed with both antibodies against RIBEYE (Figures 8, 9).
This finding suggests that a decrease in the gene dosage of
functional RIBEYE causes a decrease in the ribbon size, raising
the exciting possibility that the ribbon size depends, among
others, on the RIBEYE concentration.

In order to further characterize and confirm these
light-microscopical alterations of synaptic ribbon size in
photoreceptor synapses of RBEWTK! mice, we performed
ultrastructural analyses by using TEM. We determined the
height of synaptic ribbons in cross-sections of rod photoreceptor
synapses of RBEWT'WT mice and RBEW/K! mice. The height of
cross-sectioned ribbons was measured from its anchorage site in
the active zone to the free cytosolic end. For the determination of
ribbon height, we applied the same criteria as previously defined
(Kesharwani et al., 2021). Only rod photoreceptor synaptic
ribbons were included that were anchored to a clearly visible
active zone and were opposed by clearly visible postsynaptic
triads. This procedure was applied to exclude those tangentially
sectioned ribbons (sectioned parallel to the active zone) that were
erroneously included in the analyses. We found that the ribbon
height in rod photoreceptor synapses of heterozygous RBEW/KI
mice was significantly lower (~28%) than in RBEWT'WT mice
(Figures 10A,B; for quantification, Figure 10C).

The previous experiments consistently showed the absence
of RIBEYE immunosignals in the OPL of RBEX'/Kl mice
(Figures 2-6). As mentioned above, the OPL of the mouse retina
contains mostly rod synapses, but also the less abundant cone
synapses. In order to exclude the possibility that cone synapses
might have escaped our attention in the immunolabeling
experiments, we directly visualized cone terminals in the OPL
by staining with fluorescent PNA lectin (Grabner et al., 2015)
and analyzed with anti-RIBEYE 6F4 whether the cone terminals
show RIBEYE immunosignals (Figures 11A1,A2). Despite the
presence of PNA-positive cone terminals, no RIBEYE signals
were observed in the OPL of RBEXVK! mice (Figure 11A2). The
OPL of RBEWT'WT mice served as a positive control in these
experiments (Figure 11A1). Ribbons could be readily detected
in the cone terminals of RBEWT/WT mijce (Figure 11A1) but not
in the cone terminals of RBEX/X! mice (Figure 11A2) indicating
the absence of synaptic ribbons also in cone synapses, similar to
rod synapses.

To complement these analyses in the OPL, we analyzed
synaptic ribbons in the inner plexiform layer (IPL) of the retinas
from RBEWT/WT RBEWT/KI and RBEXVK! mice. For this purpose,
we made use of the immunolabeling experiments that were
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FIGURE 6 | Quantification of RIBEYE A-domain puncta in the OPL of RBEY™T RBEWTK and RBEX/K! mice. (A1-A3,B1-B3,C1-C3) 0.5 um-thin retina sections
of RBEWTWT RBEWTKI RBEK/K! mice were double-immunolabeled with mouse monoclonal anti-SV2 and rabbit polyclonal antibody against RIBEYE A-domain (tau;
Maxeiner et al., 2016). The OPL was analyzed at high magnification to determine RIBEYE A-domain puncta number/density in the OPL. (D1,D2) Quantification of
RIBEYE A-domain puncta in OPL in (D1,D2) demonstrates that the number of RIBEYE A-domain puncta is unchanged between RBEVWT and RBEV"K', RIBEYE
B-domain puncta were completely absent in the OPL of RBEXX mice. The bar graphs in (D1) show means + S.E.M (n.s., p > 0.05; ***p < 0.001). In the box and
whisker plots (D2) of the data from (D1), means values are shown as horizontal yellow dotted line and median values by horizontal green solid line. The boxes
represent the 25th-75th percentiles and whiskers represent 1.5 times IQR. The statistical analysis was performed by Student’s t-test for RBEVWT/RBEWT/KI
comparison because data were normally distributed. Kolmogorov-Smirnov tests were used for RBEWVTWT/RBEX/K and RBEWTK / RBEK/KI comparisons because
RBE K"K data were non-normally distributed. (E1-E3) 0.5 jum-thin retina sections of RBEVWT, RBEWX | and RBEX/X' mice were single-immunolabeled with mouse
monoclonal antibody against RIBEYE A-domain clone 6F4. The two RIBEYE A-domain antibodies (monoclonal 6F4, polyclonal tau) produced very similar
immunolabeling patterns also at the higher magnifications shown in Figure 6. Abbreviations: OPL, outer plexiform layer; RBE, RIBEYE; S.E.M., standard error of the
mean; IQR, interquartile range; n.s., non significant; N = number of mice; n = number of analyzed confocal images. Scale bar: 5 pm.
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FIGURE 7 | Absence of synaptic ribbons at the active zone of rod photoreceptor terminal from RBEX/K! mice as demonstrated by transmission electron
microscopy. (A-C) Representative transmission EM (TEM) images of rod photoreceptor terminal RBEVWT RBEWTK | and RBEX/K! mice.

Panels (A1,A2,B1,B2,C1,C2) show conventional TEM images; panels (A3,B3,C3) show TEM images of E-PTA-stained samples. Arrows indicate the active zone of
rod synapses. (C1,C2,C3) Synaptic ribbons are present at the active zone of RBEY™ T and RBEWX mice, but completely absent from the active zone of RBEK/X!
mice. Except for the absence of synaptic ribbons, the ultrastructure of the rod photoreceptor synapses of RBEK/K! mice is comparable with control. (D)
Quantification of the number of ribbons per rod terminal. Values in (D1) are means + S.E.M. (n.s., p > 0.05; **p < 0.001). In the box and whisker plots (D2) of the
data from (D1), mean values are labeled by horizontal yellow dotted line and median values by horizontal green solid line. The box represents 25th-75th percentile,
and whiskers represent 1.5 times of interquartile range. Statistical significance analyses were performed by Mann-Whitney U-tests and Kolmogorov-Smirnov tests.
Abbreviations: sr, synaptic ribbon; ho, horizontal cells; SV, synaptic vesicles; pre, presynaptic; RBE, RIBEYE; S.E.M., standard error of the mean; N = number of
mice, n = number of analyzed images; n.s., non-significant. Scale bar: 200 nm.
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FIGURE 8 | Contour length of synaptic ribbons is reduced in RBEWTK! mice in comparison to RBEVWT mice [3D SR-SIM of ribbons immunolabeled with
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anti-RIBEYE(B)]. 1.5 wm-thin retina sections of mice from the indicated genotypes were immunostained with anti-RIBEYE B-domain antibody (2D9) and processed
for 3D SR-SIM. (A,B) Representative 3D SR-SIM images of individual synaptic ribbons from rod photoreceptor synapses of RBEV™ T mice and RBEV™¥ mice. The
yellow lines specify examples of the contour length of rod synaptic ribbons. (C1,C2) Quantitative analysis of the contour lengths of rod photoreceptor synaptic
ribbons were measured as maximum 2D projections from the 3D SR-SIM images, as previously described (Dembla et al., 2020; Mukherjee et al., 2020; Kesharwani
et al., 2021). Values in (C1) are means + S.E.M. (1.5336 & 0.0281 wm in RBEW™WT; 1.2908 + 0.0258 pm in RBEYX). In the box and whisker plot (C2) of the data
from (C1), mean values are indicated by dotted horizontal lines; median values by solid horizontal lines. Boxes represent the 25th-75th percentiles of data points and
whiskers are equal to 1.5 times of the interquartile range (IQR). Mann-Whitney U-test was used to determine the statistical significance. Abbreviations: RBE, RIBEYE;

S.E.M., standard error of the mean; N = number of mice; n = number of analyzed images; **p < 0.001.

shown in Figures 2, 4. In the IPL, 15 different types of retinal
bipolar cells (Shekhar et al., 2016) form a morphologically and
functionally heterogeneous population of synapses (Moser et al.,
2020) that mostly contain synaptic ribbons at their active zone
(Okawa et al., 2019). Synaptic ribbons are typically smaller in
the IPL than in the OPL and exhibit different shapes, ranging
from bar-shaped to ovoid (Moser et al., 2020). In agreement with

the findings in the OPL, we observed a complete lack of both
RIBEYE A-domain and RIBEYE B-domain immunosignals in the
IPL of RBEKVKI mice in comparison to RBEWT/Kl and RBEWT/WT
mice (Figures 2,4, 11B-E). We detected no RIBEYE fluorescence
signals in the IPL of RBEKVKI mice (Figure 11) as expected.
Electron microscopy confirmed the absence of synaptic ribbons
in retinal bipolar cells, as shown by exemplary representative
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FIGURE 9 | Contour length of synaptic ribbons is reduced in RBEVK mice in comparison to RBEVWT mice [3D SR-SIM of ribbons immunolabeled with
anti-RIBEYE(A)]. 1.5 wm-thin retina sections of mice from the indicated genotypes were immunostained with anti-RIBEYE A-domain mouse monoclonal antibody
6F4 and processed for 3D SR-SIM. (A,B) Representative 3D SR-SIM images of individual synaptic ribbons from rod photoreceptor synapses of RBEY™ T mice and
RBEWTK mice. The yellow line specifies examples of contour lengths of synaptic ribbons. (C1,C2) Quantitative analyses of the contour lengths of rod photoreceptor
synaptic ribbons were measured as maximum 2D projections from the 3D SR-SIM images, as previously described (Dembla et al., 2020; Mukherjee et al., 2020;
Kesharwani et al., 2021). Values in (C1) are means =+ S.E.M. (1.4569 + 0.0229 pm in RBEW™WT; 1,1343 + 0.0227 wm in RBEWX)). In the box and whisker plot (C2)
of the data from (C1), mean values are indicated by dotted horizontal lines; median values by solid horizontal lines. Boxes represent the 25th-75th percentiles of data
points and whiskers are equal to 1.5 times of the interquartile range (IQR). Kolmogorov-Smirnov tests used to determine the statistical significance. Abbreviations:
RBE, RIBEYE; S.E.M., standard error of the mean; N = number of mice; n = number of analyzed images; ***p < 0.001.
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EM images of rod bipolar cells in Figures 11F-G. In RBEWT/KI
mice, RIBEYE fluorescence signals were again less intense than
in the RBEWTWT mice, and RIBEYE puncta were also slightly,
but highly significantly reduced (*9% RIBEYE B puncta, ~12%
for RIBEYE A puncta) in comparison to homozygous RBEWT/WT
littermate control mice (for quantification, Figures 11B-E).

In order to determine whether deletion of the RIBEYE
B-domain in RBEX! mice has an impact on the expression
levels of RIBEYE proteins, we performed Western blotting
analyses on retinal lysates obtained from RBEWT/WT RBEWT/KL
and RBEXVKI mice with the indicated primary antibodies
using the Li-Cor system (Figure 12). As expected, we did

not observe any RIBEYE band at ~120 kDa with the
anti-RIBEYE B-domain antibody in RBEX/X! mice (Figure 12B;
for quantification, Figure 12F) because the RIBEYE B-domain
is absent in RBEXVKl mice. In contrast, the RIBEYE band
was clearly present in the lysates from littermate RBEWT/WT
and RBEWTKL mijce (Figure 12B, arrowhead). With the
anti-RIBEYE A-domain antibody, a RIBEYE A-domain-positive
immunoblotting band was clearly present in retinal lysates
from RBEXV/K mice, although the amount was less than in
RBEWTWT mice and RBEWTX! mice (Figure 12C arrowhead;
for quantification, Figure 12G). Antibodies against GFP were
used to detect the expression of RIBEYE-GCaMP3 expression
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FIGURE 10 | The height of rod photoreceptor synaptic ribbon is shorter in RBE"TX' mice in comparison to RBEWWT mice. (A,B) Representative transmission EM
images of cross-sectioned synaptic ribbon from rod-photoreceptor synapses of RBEY™T mice (A1,A2) and RBEWX mice (B1,B2). The dashed orange line in
(A2,B2) demonstrates how synaptic ribbon height was determined. (C) Quantitative analyses. Values in (C1) are means + S.E.M.: 304.6 nm + 4.3 nm ribbon height
in RBEVTWT mice; 219.1 nm + 2.9 nm in RBEWK mice. In the box and whisker plot (C2) of the data from (C1), mean values are indicated by dotted horizontal
lines; median values by solid horizontal lines. Boxes represent the 25th-75th percentiles of data points and whiskers are equal to 1.5 times of the interquartile range
(IQR). Kolmogorov-Smirnov tests were used to determine the statistical significance. Abbreviations: sr, synaptic ribbon; ho, horizontal cells; sy, synaptic vesicles; pre,
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construct (Figure 12A, arrowhead). For normalization, the
intensity of the respective bands obtained in the Li-Cor system
was normalized to actin that served as a loading control.
Importantly, the immunoblotting experiments revealed that
the RIBEYE A-domain/GCaMP3 fusion protein was clearly
produced in the RBEX/KI mice, but that the levels of the
fusion protein were ~31% of the wild-type RIBEYE levels
(Figures 12C,G1,G2). These results suggest that the RIBEYE
A-domain/GCaMP3 fusion protein may be unstable, possibly
because it cannot be assembled into synaptic ribbons in the
absence of the B-domain. The absence of synaptic ribbons in
RBEXVKI mice is thus not due to a lack of RIBEYE protein
synthesis but caused by the deletion of the B-domain.

Finally, we also analyzed synaptic ribbons in inner and
outer hair cells (IHC and OHCs) in the organ of Corti of
the inner ear. Synaptic ribbons were clearly visible in the
IHCs and OHCs of RBEWTWT mice but completely absent
in the IHCs and OHCs of RBEKV/KI mijce (Figure 13). This
was consistently observed with both antibodies against RIBEYE
B-domain (Figures 13A,B) as well as with antibodies against
RIBEYE A-domain (Figures 13C,D).

Thus, synaptic ribbons were consistently absent in retinal
synapses, both in the OPL and IPL, as well as in ribbon synapses
in the IHCs and OHC:s of the organ of Corti. These data show that
the RIBEYE B-domain is essential for the assembly of synaptic
ribbons.

DISCUSSION

RIBEYE is the defining protein component of synaptic ribbons
that is essential for the formation of synaptic ribbons, as most
directly shown with RIBEYE knockout mice in which deletion
of RIBEYE leads to a complete absence of synaptic ribbons
(Maxeiner et al., 2016; Becker et al., 2018; Jean et al., 2018).
Although the fundamental role of RIBEYE in synaptic ribbons is
thus well documented, the contribution of its individual protein
domains and the mechanism of its action in ribbon assembly
remains unclear. RIBEYE consists of a unique, proline-rich
N-terminal RIBEYE A-domain and a C-terminal B-domain that
is identical to CtBP2, a ubiquitously expressed transcriptional
co-repressor. In support of the role of RIBEYE as a central
building block of synaptic ribbons, multiple binding sites were
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FIGURE 11 | Absence of ribbons in cone synapses of RBEK/X mice and quantification of RIBEYE immunosignals and RIBEYE puncta in the IPL of RBEWTWT,
RBEWTK! and RBEX/K! mice. (A1,A2) Cryostat sections of retinas obtained from the indicated genotypes were stained with PNA lectin Alexa 568 to visualize cone
synapses in the OPL and immunolabeled with anti-RIBEYE 6F4 to visualize ribbons. Despite the clear presence of PNA-positive cone terminals, no ribbons were
present in the OPL of RBEX"X mice (Figure 11A). RBEVWT mice served as controls (Figure 11A). (B1,B2,C1,C2,D1,D2,E1,E2) RIBEYE(B)/RIBEYE A-domain
immunosignals and RIBEYE(B)/RIBEYE A-domain puncta in the inner plexiform layer that was double-immunolabeled with antibodies against RIBEYE(B)/PSD95
(Figures 2, 3) and antibodies against RIBEYE(A)/SV2 (Figures 4, 6). (B1,B2,D1,D2) RIBEYE B-domain and RIBEYE A-domain immunosignals were completely
absent in the IPL of RBEXK mice. In RBEVTK mice, levels were inbetween the levels of RBEWVWT and RBEK/K mice. (C1,C2,E1,E2) RIBEYE(B)/RIBEYE A-domain
puncta were also completely absent in the IPL of RBEX/K! mice. In RBEWTX' mice, RIBEYE puncta (RIBEYE B-domain puncta and RIBEYE A-domain puncta) were
between the levels of RBEVWT and RBEK/K! mice. (C1) RIBEYE B-domain puncta in IPL: 190.1 + 3.7 (mean + S.E.M.) in RBEW™WT 172.9 + 4.6 (mean + S.E.M.)
in RBEWK! and 1.5 + 0.2 (mean % S.E.M.) in RBEX/K mice. (E1) RIBEYE A-domain puncta in IPL: 215.0 + 6.1 (mean + S.E.M.) in RBEVT 189.5 + 6.9

(mean + S.E.M.) in RBEWK and 5.5 + 0.6 (mean + S.E.M.) in RBEK/X!, Values in (B1,C1,D1,E1) are means =+ S.E.M. In the box and whiskers plot (B2,C2,D2,E2)
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FIGURE 11 | Continued

of the data from (B1,C1,D1,E1), mean values are indicated by dotted
horizontal lines; median values by solid horizontal lines. Boxes represent the
25th-75th percentiles of data points and whiskers are equal to 1.5 times of
the interquartile range (IQR). To determine statistical significance,
Mann-Whitney U-tests were performed for all comparisons of integrated
densities. For RIBEYE B-domain puncta count, Student’s t-test was
performed for RBEW"WT / RBEWTX comparison because data were normally
distributed; Mann-Whitney U-tests were performed for RBEWTWT / RBEK/KI
and RBEVTK / RBEX/K!, For RIBEYE A-domain puncta count, Mann-Whitney
U-tests were performed for RBEWTWT/ RBEWTKI RBEWT/WT/RBEK/K!
comparisons, Kolmogorov-Smirnov test for RBEWTK/ RBEX/K! because data
were non-normally distributed. (F,G) Representative transmission EM images
of cross-sectioned synaptic ribbons from rod bipolar synapses of RBEWT/WT
mice (F1,F2) and RBEK/K! mice (G1,G2). Abbreviations: sr, synaptic ribbon;
RBE, RIBEYE; S.E.M., standard error of the mean; N = number of mice,

n = number of analyzed images; **p < 0.01; **p < 0.001. The arrows in
(F1,F2,G1,G2) point to the active zones. Scale bar: 500 nm.

identified in RIBEYE that mediate assembly RIBEYE multimers.
In particular, several interaction sites were found in the RIBEYE
A-domain that enable binding of the A-domain to other
A-domains and to B-domains, which may be involved in ribbon
assembly (Magupalli et al., 2008). Moreover, the RIBEYE B-
domain/CtBP2 was shown to also interact with other B-domains
and assemble into oligomeric structures (Kumar et al.,, 2002;
Balasubramanian et al., 2003; Nardini et al., 2003; Madison et al.,
2013; Bellesis et al., 2018; Jecrois et al., 2021). It seems likely that
the RIBEYE A-domain constitutes the core assembly domain of
the synaptic ribbon (Schmitz et al., 2000), but the role of the
RIBEYE B-domain with its NAD(H) binding site in synaptic
ribbons remains unknown. Indeed, it is even unclear whether the
B-domain is required for synaptic ribbon assembly, or performs a
different function associated with synaptic ribbons. For example,
it is conceivable that the RIBEYE A-domain solely mediates the
assembly of synaptic ribbons, and that the B-domain performs
a peripheral function in tethering vesicles to the ribbon, an
exciting possibility in view of the current lack of information
on how synaptic ribbons organize continuous neurotransmitter
exocytosis.

In the present study, we tested the basic role of the RIBEYE
B-domain in mice. Using a genetic approach, we found that
the RIBEYE B-domain is essential for the assembly of synaptic
ribbons. Analysis of RIBEYE knockin (RBEX) mice in which
the B-domain of RIBEYE was replaced by an unrelated protein
(the Ca®"-sensor GCaMP3) revealed a complete absence of
synaptic ribbons even though the RIBEYE A-domain continues
to be expressed as a GCaMP3 fusion protein. Thus, the
RIBEYE A-domain is not sufficient for ribbon assembly, and
the phenotype caused by the deletion of the B-domain is as
severe as that of the complete RIBEYE deletion (Maxeiner
et al., 2016). Moreover, our data confirm that RIBEYE functions
universally in all synaptic ribbons as previously suggested
(Schmitz et al., 2000; Maxeiner et al., 2016; Becker et al,
2018; Jean et al, 2018), since, in RBEXKVKT mijce, synaptic
ribbons were completely absent not only in the retina but
also in the inner and outer hair cells of the organ of Corti
(Figure 13).

Interestingly, we show that one genomic copy of RIBEYE
B-domain is largely sufficient to enable the assembly of synaptic
ribbons, but that the ribbons in heterozygous RIBEYEW!/KI
mice are smaller. In photoreceptor synapses, the number of
ribbons (ribbon density) were unchanged in the heterozygous
RIBEYEWTKl mice but decreased in size in comparison to
RIBEYEWTWT mice (as judged by quantitative 3D SR-SIM
and EM measurements; Figures 8-10). This decrease in ribbon
size in heterozygous RIBEYEW'/X! could be explained by two
alternative hypotheses. It is possible that the decreased expression
of RIBEYE protein in the retina of RIBEYEWTKl mice in
comparison to RIBEYEWT/WT mice translates into a difference in
ribbon size. This would imply that the ribbon size is determined
by the RIBEYE concentration similar to a mass-action-law.
Alternatively, it is possible that trace amounts of the RIBEYE
A-domain/GCaMP3 fusion protein are incorporated into the
ribbons, and that they hinder the full assembly of the ribbons.
However, the fact that smaller synaptic ribbons were also
reported in heterozygous RIBEYE knockout mice (RBEWT/KO)
compared to RIBEYE WT mice (RBEWTWT) (Jean et al., 2018)
strongly supports the first hypothesis. In further support of
this hypothesis, moreover, transgenic overexpression of RIBEYE
protein in zebrafish results in particularly large, oversized
synaptic ribbons (Sheets et al., 2011, 2017). In the IPL of the inner
retina, the fluorescence intensity of RIBEYE immunosignals was
decreased in RIBEYEW/XI mice in comparison to RIBEYEWT/WT
mice. In the IPL, the number of synaptic ribbons/per IPL area
was smaller in heterozygous RIBEYEW/K! mice in comparison
to RIBEYEWT'WT mice. This is probably based on the fact that
synaptic ribbons in bipolar terminals in the IPL are typically
smaller in size than in rod photoreceptor terminals (Moser et al.,
2020). A further reduction in size in heterozygous RIBEYEW/KI
mice thus can more easily result in their complete disappearance
in bipolar cell synapses than in rod photoreceptor synapses in
which synaptic ribbons are bigger.

In summary, our results demonstrate that the RIBEYE
B-domain is essential for the assembly of synaptic ribbons and
that the RIBEYE A-domain alone cannot build synaptic ribbons
in the synaptic terminals of the retina and in sensory hair
cells of the inner ear. How the RIBEYE B-domain promotes
ribbon assembly needs to be further analyzed, but it seems
likely that it acts as more than a structural component.
Recent biochemical and structural analyses on CtBP1 and
CtBP2, that is largely identical to the RIBEYE B-domain, can
give important hints (Nardini et al., 2009; Madison et al,
2013; Bellesis et al., 2018; Jecrois et al., 2021). These data
showed that CtBP2 forms tetrameric complexes via dimeric
intermediates (Madison et al., 2013; Nichols et al., 2021).
The assembly of these complexes is enhanced by NAD(H)
(Madison et al., 2013; Jecrois et al, 2021; Nichols et al,
2021). Interestingly, NAD(H) has been shown to influence the
size of synaptic ribbons in sensory hair cells (Wong et al,
2019; Okur et al., 2020). The size of auditory hair cell ribbon
synapses also strongly increases with aging in C57BL/6] mice
(Peineau et al., 2021). Based on the CtBP1/CtBP2 structural
data (Balasubramanian et al., 2003; Madison et al., 2013; Jecrois
et al., 2021; Nichols et al., 2021), the RIBEYE B-domain can
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FIGURE 12 | RIBEYE expression in the retina of RBEW/WT, RBEWTK! and RBEX/K' mice (WB analyses; Li-Cor system). Retinal lysate from RBEW™WT, RBEWT/KI,
and RBEX/X mice were probed by Western blot (WB) analyses with anti-GFP (A), anti-RIBEYE B-domain (B), anti-RIBEYE A-domain (C), and anti-actin (D).
Anti-actin signals were used as loading control and for the normalization of GFP, RIBEYE B-domain, and RIBEYE A-domain WB bands. (E1-G2) Quantification of the
indicated WB band intensities in RBEWTWT RBEWTK! and RBEX/K! mice using the Li-Cor system. The total fluorescent intensity values of the WB bands were
computed using Image Studio Lite software and normalized to the loading control (actin). For the anti-GFP Western blots the RBEK/K! values, and for the
anti-RIBEYE B-domain/RIBEYE A-domain Western blots the RBEV™T values were set to 100% to better evaluate the relative changes in the different genotypes.
Values in (E1,F1,G1) are means + S.E.M. In the box and whisker plots (E2,F2,G2) of the data from (E1,F1,G1), mean values are indicated by dotted horizontal lines;
median values by solid horizontal lines. Boxes represent 25th-75th percentiles of data points; whiskers are equal to 1.5 times of the interquartile range (IQR). The
expression of CtBP2 at ~55 kDa did not differ significantly between the three analyzed genotypes RBEVWT vs, RBEVTK: p = 0.9427; RBEWTK' vs. RBEN/X!:

p = 0.8108; RBEW™WT ys, RBEXN: p = 0.6842. To determine the statistical significance, Student’s t-test was performed. Abbreviations: RBE, RIBEYE; S.E.M.,
standard error of the mean; N = number of the littermate mouse “triples” of the respective genotypes (RBEV™WT, RBEWTK and RBEK/X); **p < 0.01; **p < 0.001.

be expected to also assemble into tetrameric complexes that  assembly and/or mediate stability to the synaptic ribbon. The
are controlled by NAD. These oligomeric RIBEYE B-complexes  functional properties of ribbon synapses in RBEX/XI mice and
could link different RIBEYE units to each other during ribbon  the physiological consequences of RIBEYE B-domain deletion in
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FIGURE 13 | RIBEYE B-domain immunosignals are absent in inner and outer hair cells in the inner ear of RBEX/X' mice. (A1-A4,B1-B4,C1-C4,D1-D4) Whole
mounts of mouse organs of Corti (isolated from RBEWVTWT and RBEX/K mice, as indicated) were double-immunolabeled with mouse monoclonal anti-RIBEYE
B-domain antibody 2D9 (A,B)/mouse monoclonal anti-RIBEYE A-domain antibody 6F4 (C,D) and rabbit polyclonal antibody against PMCAZ to label stereocilia of
outer hair cells (Watson and Temple, 2013; Bortolozzi and Mammano, 2018; Lin et al., 2021). The apical turns of the organs of Corti were used for the analyses. In
the immunolabeled whole mounts, ribbons are clearly visible in the inner and outer hair cells (arrows) of RBEW™WT wild-type mice but not in RBEX/X mice. Allimages
are representative maximum projections obtained from the respective z-stacks. Abbreviations: IHC, inner hair cells; OHC, outer hair cells. Scale bar: 12 um.
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the RBEXVKI mice for vision and hearing need to be analyzed by
future analyses.
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