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Gap junctions (GJs) are not static bridges; instead, GJs as well as the molecular building block connexin (Cx)
proteins undergo major expression changes in the degenerating retinal tissue. Various progressive diseases,
including retinitis pigmentosa, glaucoma, age-related retinal degeneration, etc., affect neurons of the retina and

thus their neuronal connections endure irreversible changes as well.

retina gap junction connexin circadian rhythm

| 1. Introduction

The mammalian retina is a sheet of nervous tissue that covers the posterior aspect of the eye. Its neurons are
organized into three cellular layers incorporating the light-sensitive photoreceptors (PRs), three interneuron
populations including bipolar cells (BCs) horizontal cells (HCs) and amacrine cells (ACs), as well as the retinal
ganglion cells (RGCs) that provide the sole output of the retina towards the brain. Neurons in the retina like in other
brain areas communicate via chemical and/or electrical synapses. Following the initial descriptions LIZIEI4]
electrical synapses (also called gap junctions—GJ) were considered scarce and were thought to play insignificant
roles, but their essential interplay in neuronal signaling became evident just recently. Experimental work over the
past 3 decades also showed that GJs are just as important in the retina as in any other brain area B8, Although
the retinal distribution pattern of the retinal connexins (Cx; molecular building blocks of GJs) gained firm support, it

is well documented that their expression levels are subject to changes in the external and internal milieu.

| 2. GJs and Connexin Building Blocks

GJs serve as conduits allowing for the free transcellular diffusion of ions and small molecules up to 1 kD (2],
which paves the way for a molecular exchange between cells. In addition to small molecules, charged ions pass
through GJs as well, thereby altering the membrane potential of both cells, which is a process that is utilized by
neurons to perform fast and two-directional signaling. Due to this latter phenomenon, GJs are also called electrical
synapses. At GJ sites, the membranes of neighboring cells form close appositions leaving only a very thin (1-2 nm)
synaptic space in between. These intimate physical contacts harbor a piece of molecular machinery whose integral
parts are the so-called connexons/hemichannels on each side. A functional channel is formed by two opposing
hemichannels that are located in plasma membranes of neighboring cells. Each connexon is formed by a
hexameric conglomerate of six membrane-spanning connexin (Cx) protein subunits. Cx-s are formed by four

transmembrane domains: two extracellular and one intracellular loops and cytoplasmic C- and N-terminal endings.
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The amino acid sequence and the Cx makeup determine the molecular permeability and unitary conductance of
each pore. The functional properties of the pore can also be modified by the intracellular molecular milieu, and thus
the on- and offset of various signal-transduction pathways . In the human and mouse genomes that have been
studied most extensively, over 20 Cx genes were identified and sequenced 8. Cx proteins are named simply after
their molecular weights expressed in kilodaltons (kDa; ranging between 21-70 kDa, including Cx43, Cx40, Cx26,
etc.). The Cx phylogenetic tree has three main branches comprising a-connexins (e.g., Cx38 and Cx40, Cx43,
Cx45, Cx46, Cx50) with long intracellular C- and N-terminal chains, small B-connexins (e.g., Cx26, Cx30.2, Cx31
and Cx32) with short intracellular N-terminal I and medium-sized y-connexins (e.g., mammalian Cx36, skate,
perch and zebrafish Cx35, perch Cx34.7). In contrast to a- and/or B-Cx-s, pores formed by y-Cx-s have unique
features as they have low (or no) voltage- and pH-sensitivity and are also unable to form heterologous channels
with a- and B-Cx subunits. It has now been firmly established that Cx-s are important in development,

differentiation and growth control in all organs, and every vertebrate class uses a unique set of Cx-s to build GJs
@,

| 3. GJs in the Retina

GJs are abundant in all brain areas including the mammalian retina (Figure 1), where all major neuron classes
have been shown to form GJs to couple neighbor cells BILOILLI2N13]14] - |n addition to the great variety of
connecting cell types, the diverse Cx makeup also suggests that retinal GJs play a number of roles in signal
processing. The best-studied GJ sites in the vertebrate retina are those highly conductive GJs that couple HCs into
extensive laterally oriented syncytia. GJs of this circuit are used to average signals of the ambient background light
across the coupled HC array, the signal of which can be then utilized by BCs to detect contrasts prevailing against
this uniform background. Homologous GJ synapses (connecting neurons of the same subtype) are commonly used
to average noise, thereby increasing the signal-to-noise ratio. Such noise-reducing GJs exist in both plexiform
layers, including the cone—cone GJs in the outer retina as well as those that couple All ACs in extended
homologous arrays in the inner retina 3. On the other hand, heterologous GJs connecting rods to cone PRs
provide an alternative route for rod-mediated signals [IL8IA7I18]19[20121]  Finglly, a cohort of studies showed that
GJs formed between RGC neighbors or connecting RGCs to nearby ACs partake in the correlation of the RGC
spike output sent towards the brain [22[23124](25][26] Qyerall, these data indicate that electrical synaptic circuitry in

the retina is as complex and dynamic as the well-described circuits formed by chemical neurotransmitters.
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Figure 1. Expression of GJs in the mammalian retina. GJs connecting retinal neurons are ubiquitous and they form
a variety of connections, including rod/rod (1), cone/cone (2), rod/cone (3), HC/HC (4), dendritic BC/BC (5), axonal
BC/BC (6), All AC/ON BC (7), All AC/All AC (8), AC/AC (9), AC/RGC (10) and RGC/RGC (11) GJs. Labels to the
left mark the layers of the retinal tissue: PRL—photoreceptors layer, ONL—outer nuclear layer, OPL—outer

plexiform layer, INL—inner nuclear layer, IPL—inner plexiform layer and GCL—ganglion cells layer.

| 4. Connexin Composition of Retinal GJs

Cx36 has been found in both plexiform layers [Z of the retina of various mammalian species, whereas other
subunits are restricted to either plexiform layer (Figure 2). Cx45 for example can be found mostly in the inner
retina 28], whereas both Cx50 and Cx57 are expressed by the outer retinal HCs and thus their distribution is
confined to the OPL [2239, Cx36 GJs have been reported in multiple sites of the rod pathways, including All AC
junctions and those formed between rod and cone PRs [27[8L[32]331[34][35][36] | the proximal retina, Cx45 has been
localized to some of the axon terminals of ON cone BCs at sites where they form GJs with the Cx36-expressing All
ACs. While these latter connections are clearly heterotypic, the rest of the All AC/ON cone BC connections are
homotypic and show the presence of Cx36 in both neuron populations BZE8] Therefore, both Cx36 and Cx45 are
essential subunits for transmitting rod-mediated signals for night vision pathways. Apart from mediating signals of
the night vision pathways, both Cx36 and Cx45 patrticipate in RGC circuits to serve visual feature encoding. It has
been shown for instance that Cx36 is expressed by a-GCs and that Cx45 comprises GJs of ON-OFF direction-
selective RGCs, serving spike synchronization and encoding of the direction of movement, respectively [E24941]
(42l |n addition to Cx36 and Cx45, only one other subunit, Cx30.2, has been shown to be expressed by Al type of
RGCs 43l Besides the retinal distribution pattern of the Cx protein subunits, the expression levels of corresponding
Cx36 mRNA transcripts have been studied as well, and their distribution patterns correlated with those of the

subunit proteins 4414511481 However, GJs are not static bridges but, similar to chemical synapses, their prevalence
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and gating properties are highly regulated by changes throughout the postnatal development by external factors
like adaptation to various light conditions and/or by the circadian master clock B847, Many of the rapid changes in
GJ coupling appear to be due to changes in post-translational modification (i.e., phosphorylation) rather than
changes in protein expression, but longer lasting intrinsic and/or environmental alterations also induce expression

changes as well.
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Figure 2. Cx subunit composition of GJs connecting neurons of the mouse retina. While Cx36 subunits are
ubiquitous throughout the retina [£2, Cx50 and Cx57 subunits are only found in outer retinal HC GJ connections 22
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891 \whereas Cx45 is majorly expressed in the inner retina 28, Some of the retinal GJs are homotypic thus
connecting neurons that express the same Cx subunits in their hemichannels, including cone/cone GJs [ZZI311(32](33]
[341(351(36] A1| GJs [BLB2I33] that comprise Cx36 or ON-OFF DS RGCs that express Cx45 21l Other connections are
clearly heterotypic, thus connecting neurons expressing at least two different Cx subunits. The best known such
connection is formed between BC axon terminals and All ACs, in which All cells express Cx36 while BCs express
either Cx36 or Cx45 depending on their cellular subtype 27381 A third cohort of connections comprise a connexon
whose identity has been confirmed, while the connecting hemichannel has not been determined yet (marked by
??). These latter connections include rod hemichannels [2731I[32][33][34][35][36] G Js that connect a-GCs into an array
[391[401[42] o the ACs that form GJs with Cx30.2-expressing Al type RGCs 48],
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