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Abstract 

Ribbon synapses located exclusively within retinal, cochlear and vestibular 

connections belong to the most interesting cellular structures but their molecular 

nature and functions had remain unclear. The study has provided a descriptive 

morphological analysis of rat eye ribbon synapses using high resolution transmission 

electron microscopy (TEM). An original collection of untypical, rarely present in the 

literature sagittal or tangential sections through the single RIBEYE domain of the 

particular ribbon have been delivered.   
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Introduction 

Ribbon synapses are peculiar and intriguing intercellular sensory connections 

located exclusively within retina photoreceptors, vestibular sensory cells, 

pinealocytes and the inner hair cells of the organ of Corti (Laver and Matsubara 

2017, Satz and Campbell 2008, Spiwoks-Becker et al. 2008). Despite being first 

described as early as the 1950s by Sjostrand and Smith, the neurochemistry and 

functions of synaptic ribbons had remain delusive. However, recent studies have now 

shown these cells contribute to replenishing release sites, ensure high complement 

and spatial coupling of vesicular release sites and CaV 1.4 calcium channels at the 

active zone, while helping multivesicular release and synaptic vesicle endocytosis 

from cell membranes (Maxeiner et al. 2016, Mehta et al. 2013). Recent hypotheses 

suggest that the ribbon forms a reservoir of primed glutamate vesicles in very close 

contact with the presynaptic membrane. Synapses in both the retina and inner ear 

have to produce impulses at very high rates, releasing as many as 500 vesicles per 

second (Schmitz 2009). The pool of vesicles tethered to the ribbon facilitates this fast 

signal transduction in sensory cells (Pelassa et al. 2014). At retinal ribbon synapses,  

the rich calcium channel invagination of the presynaptic membrane is a site of 

glutamate exocytosis (Innocenti and Heidelberger 2008), while the active zone 

cytomatrix proteins Bassoon, Piccolo,  and the dystroglycan ligand - pikachurin are 

considered to play a crucial role in the formation and activity of the whole structure 

(Dick et al. 2003, Sato et al. 2008). The released neurotransmitter binds to molecules 

of the metabotropic glutamate receptor 6 (mGluR6) on the  ON-bipolar cells. In turn 



 

both horizontal cells and OFF-bipolar cells have ionotopic glutamate receptors 

(Hartveit et al. 2018) associated with the postsynaptic proteinsProSAP1/Shank2 and 

Homer1 (Brandstätter et al. 2004). Synaptic ribbons are very dynamic cellular 

structures, able to grow and shrink with circadian changes in functional demands 

such as during the daytime or under increased illumination (Regus-Leidig and 

Brandstätter 2012,Oesch and Diamond 2011, Hull et al. 2006). Despite the ongoing 

histological studies on  retinal synaptology, there is still an insufficient number of 

morphological reports depicting the ultrastructure of ribbon synapses. A certain 

knowledge gap exists concerning satisfactory high yield EM visualization of the 

RIBEYE(A)/(B) protein complexes that form the ribbons. In the current study,  we aim 

to provide a descriptive structural analysis of rat eye ribbon synapses using high 

resolution transmission electron microscopy (TEM). 

Methods 

Study was carried out on adult (5 months old) male Sprague-Dawley rats 

(n=2). All experimental procedures were approved by the Local Bioethical Committee 

and were conducted in a manner consistent with  NIH  Guidelines for Care and Use 

of Laboratory Animals. Animals were anesthetized using 2% isoflurane and oxygen 

flow under spontaneous breathing, were sacrificed and four eyeballs enucleated, 

opened and the vitreous body removed. The eye specimens were fixed in 2.5% 

glutaraldehyde in cacodylate buffer (pH 7.4) for 4 hrs at room temperature followed 

by washing in the same buffer several times. Subsequently, samples were 

dehydrated in a graded series of ethanol, cleared in propylene oxide and embedded 

in Epon 812, and polymerized for 48 hrs at 60 °C. Ultrathin sections were cut with a 

diamond knife (450; RMC, Tucson, USA)  using a Reichert OmU-3 ultramicrotome, 

mounted on 300-mesh copper grids, and stained with uranyl acetate and lead citrate 
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using a Leica EM AC 20 stainer. Ultrathin sections of retina were evaluated in a 

Tecnai G2 12 Spirit BioTWIN Transmission Electron Microscope (FEI, Eindhoven, 

The Netherlands) at 120 kV. Images from representative retinal regions were 

captured with a Morada CCD camera (Olympus Soft Imaging System Solutions 

GMBH, Münster, Germany). The length and thickness of the cross sectioned ribbons 

taken from 50 cells were measured and analyzed. The quantification derived just 

from ribbons were the arciform density and internal striations are visible. 

Results and discussion 

We found considerable differences both in the ribbon size and in the number 

of adjacent vesicle pools within the examined synaptic connections of the rat outer 

plexiform layer (Fig 1.). This confirms the presence of a previously reported distinct 

structural diversity of ribbons in animal photoreceptors (Regus-Leidig and 

Brandstätter 2012). The thickness of photoreceptor synaptic ribbons was relatively 

constant, we found no correlation between ribbon length and its thickness (Fig 1.) 

The evidence of various stereological forms of the ribbons (Fig 1.) including spherical 

figures (Fig.2.B) may reflect the dynamic process of their assembly/disassembly in 

the receptor cells (Mercer and Thoreson 2011). More importantly our study also 

depicts the subtle ultrastructure of the cross sectioned ribbon scaffold  (Fig.2, A,C,D) 

with a resolution high enough to show the previously described layers of 

RIBEYE(A)/(B) domains (Magupalli et al. 2008). RIBEYE protein is an intrinsically 

dynamic and fundamental component of the synaptic ribbon – its deletion makes 

synapses ribbonless (Chen et al. 2018, Mehta et al. 2013).  Its molecule consists of 

two domains: an N-terminal proline-rich A-domain that appears to have a 

predominantly structural role, and a C-terminal B-domain, that points to the 

cytoplasmic face of the synaptic ribbon where it binds NADH (Sheets et al. 2014, 
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Magupalii et al. 2008, Schmitz et al. 2000) or interacts with some proteins such as 

Munc 119 and GCAP2 (Vollrath and Spiwoks-Becker 1996). Interestingly, a B-subunit 

is analogous to C-terminal binding protein 2s (CtBP2s)–a splice isoform of the 

transcriptional corepressor CtBP2  (Verger et al. 2006). The RIBEYE domains 

interplay between three binding sites in their A-domain and two binding sites in their 

B-section that may regulate the assembly and dynamics of synaptic ribbons (Regus-

Leidig et al. 2010). Number of other proteins different from RIBEYE have been 

described as components of synaptic ribbons and ribbon synapses (Tom Dieck and 

Brandstätter. 2006).  In the present study we showed that inner leaflets of the ribbon 

are electron-lucent and outer ones are in turn electron dense. This intriguingly 

matching the current model for RIBEYE domain organization by Magupalli et al. 

2008, therefore we speculate that RIBEYE-B domain corresponds to the electron-

dense part and the inward-facing electron-lucent part corresponds to RIBEYE-A 

domain. This is supported by CtBP2s crystal structure data and the notion that the A-

domain is more flexible (Nardini et al. 2003. Schmitz et al. 2000). The structural 

orientation of scaffold proteins is slightly different than previously described in mice 

(Schmitz 2009, Sterling and Matthews 2005). Furthermore, our study has delivered a 

set of unique, sagittal or tangential sections through the single RIBEYE domain of the 

particular ribbon (Fig 2.). Irregular shaped, elongated areas with a lower or higher 

electron density represent the sections across RIBEYE(A) and RIBEYE (B) sheets 

respectively. These kinds of TEM images are rarely present in the literature, and 

hence we have decided to present these original electronograms to the scientific 

community. Nevertheless, we would like to point out some limitations of TEM in the 

study on ribbon molecular composition. To really address the question of RIBEYE-

orientation within the synaptic ribbon with electron microscopical  methods including 



 

CryoEM, one needs to perform postembedding immunogold labeling with antibodies 

specific for the RIBEYE(A)- and (B)-domain and quantify their respective distance to 

the centre of the cross-sectioned synaptic ribbon. The results presented here can be 

appropriately used as a starting point to generate a more systematic analysis of 

retinal ribbons, for instance comparing their ultrastructure in photoreceptors,  

operating a distinction between rods and cones, as well as including those of the 

inner plexiform layer. Since the physiology of glutamate release from rod bipolar cells 

has been well studied, functional correlations of ultrastructural data definitely are 

possible and useful. 
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Figure captions 

 

Fig. 1. Utrastructure of the retinal ribbon synapses and their basic 2-D 

qualitative analysis. Classical frontal view of the synaptic ribbons. The cytoplasm of 

the photoreceptor cell with the ribbons surrounded by synaptic vesicles (A-C, blue). 

Sections through the processes of both horizontal (yellow) and bipolar (red) cells are 

present (D-F). Ribbons are located close to the arciform density in the presynaptic 

membrane. Scale bars: 500nm (A,F); 200 nm (B,C,D,E). Mean thickness of the 

ribbons (bars, left scale) in comparizon to their length (curve, right scale). Each bar 

and appropriate peak represent a single ribbon that have met the criteria mentioned 

in the methods. Double y-axis scales were provided to increase the graph clarity. The 

measurements reveal no correlation between ribbon length and thickness in the rat 

retina (mean values ± SEM). 

 

 

Fig. 2. Sections of the ribbons at diverse stereological planes. The sagittally 

sectioned RIBEYE protein domains are visible (A,C,D).The area with a lower electron 

density (a.) represents inner RIBEYE(A) layer, whereas higher density (b.) is 

characteristic for the outer RIBEYE(B) sheet. Cross section of the spherical  ribbon 

(B, asterisk). Scale bars; 1m (A), 500nm (B,C,D), 100nm (inset). Schematic 3D-

modelling of the ribbon sections (E), sagittal or partly tangential sections through the 

domains: RIBEYE(A) from the D5 (a.) and RIBEYE(B) from D6 (b.). The RIBEYE 

domains A and B are marked in red and blue, respectively. They were also spread 

apart virtually just to visualize the most probable 3-D situation of the aforementioned 

areas (a,b). An outline molecular structure of the ribbon with the spatial orientation of 

RIBEYE domains including site of RIBEYE(B)-GCAP2 regulatory interaction and 

NADH binding subdomain. 

 

 

 

 


