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The Transduction Cascade in Retinal ON Bipolar Cells: Signal 
Processing and Disease

Kirill A. Martemyanov1 and Alapakkam P. Sampath2

1The Scripps Research Institute Florida, Jupiter, FL

2Jules Stein Eye Institute, UCLA, Los Angeles, CA

Abstract

Our robust visual experience is based on the reliable transfer of information from our 

photoreceptor cells, the rods and cones, to higher brain centers. At the very first synapse of the 

visual system information is split into two separate pathways, ON and OFF, which encode 

increments and decrements in light intensity, respectively. The importance of this segregation is 

borne out in the fact that receptive fields in higher visual centers maintain a separation between 

ON and OFF regions. In the past decade the molecular mechanisms underlying the generation of 

ON signals have been identified, which is unique in its use of a G protein signaling cascade. In this 

review we consider advances in our understanding of G protein signaling in ON bipolar cell 

dendrites, and how insights about signaling have emerged from visual deficits, mostly night 

blindness. Studies of G protein signaling in ON-BCs reveal an intricate mechanism that permits 

the regulation of visual sensitivity over a wide dynamic range.

Keywords
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Retinal circuits and the role of ON-BCs

Bipolar cells in the vertebrate retina are responsible for conveying light-driven signals from 

rods and cones to the retinal output, the ganglion cells. Although early physiological studies 

on ON-BCs were performed in amphibian and fish retinas, we will consider mostly the 

mammalian retina due to the distinct classes of cells that make selective contacts with rods 

or cones. ON-BCs can be subdivided into approximately 10 classes (Euler et al. 2014, 

Ghosh et al. 2004), with one class predominantly contacting rods (ON-RBCs;(Dacheux & 

Raviola 1986) and the remaining classes contacting cones (ON-CBCs). While these cell 

types utilize a common G protein signaling pathway, their activity can be further tuned by 

changes in the expression of signaling components that control the time course and efficacy 

of G protein activity. This selectivity is believed to underlie the ability of ON-RBCs to 

maintain high sensitivity in darkness, while allowing ON-CBCs to convey signals in bright 

light with higher temporal resolution.

ON-RBCs in the mammalian retina predominantly contact rods (Tsukamoto et al. 2001)– 

but see also (Pang et al. 2010) – unlike the mixed ON-BCs of lower vertebrates that contact 
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both rods and cones (Zhang & Wu 2009). The selective contact of ON-RBCs with rods 

initiates the rod bipolar pathway, or primary rod pathway, which is responsible for conveying 

responses with the greatest sensitivity to the retinal output. The physiological properties of 

mGluR6 signaling in ON-RBCs is responsible for the faithful transmission of single-photon 

responses across the retinal circuitry to define the lowest 10,000-fold of light intensity in our 

visual experience (reviewed by (Field et al. 2005, Pahlberg & Sampath 2011). The rod-to-

ON-RBC synapse is a specialized structure that not only brings these two cells together, but 

also includes lateral retinal connections among horizontal cells. This ‘triad’ synapse has a 

structure whereby the dendrites of both ON-RBCs and horizontal cells invaginate within the 

rod spherule to stereotyped positions with respect to the presynaptic active zone (Rao-

Mirotznik et al. 1998, Rao-Mirotznik et al. 1995), which uses a specialized synaptic ribbon 

to support a high rate of glutamate release.

ON-CBCs share a common structure with ON-RBCs with invaginating triad synapses that 

also contact horizontal cells. However, a cone pedicle may contain as many as 40 release 

sites (ribbons) depending on the species, compared to just a single release site for rod 

spherules. The multiple active zones on the cone pedicle provide the opportunity for the 9+ 

classes of ON-CBCs to receive input from a single cone. Each ON-CBC in turn takes the 

cone input and relays it to distinct classes of retinal ganglion cells based on the stratification 

of their axons in the proximal half of the inner plexiform layer (Wassle 2004). The 

heterogeneity in ON-CBC class likely reflects differences in the sensitivity and temporal 

properties of their responses, which will arise from a combination of their dendritic distance 

from the synaptic ribbon (see (DeVries et al. 2006) for OFF-CBCs) and in modulation of 

their signaling cascades.

Glutamate released by the photoreceptors is sensed by mGluR6 on ON-BC 

dendrites

Central excitatory synapses are typically activated when the presynaptic cell is depolarized, 

leading to the influx of Ca2+ at the active zone, which in turn promotes vesicular fusion and 

the release of glutamate into the synaptic cleft. Early electrophysiological studies revealed 

that retinal photoreceptors signal the presence of a stimulus in reverse, with light causing a 

membrane hyperpolarization (Penn & Hagins 1969, Tomita 1965). The membrane 

hyperpolarization in turn reduces the rate of glutamate release (Copenhagen & Jahr 1989, 

Trifonov 1968) constituting the signal that light has been absorbed. The mechanisms 

underlying the inversion of the hyperpolarizing (or OFF) light-evoked response of 

photoreceptor cells to the depolarizing response of ON-BCs stumped investigators for many 

decades. Early recordings from dogfish ON-BCs revealed many of the key characteristics of 

responses, including high voltage gain and the large number of activation stages (Ashmore 

& Falk 1980), and a high sensitivity to L-AP4 that eliminates the ON response entirely 

(Slaughter & Miller 1983). Identification of the postsynaptic receptor underlying the ON 

response was not complete until its cloning, expression, and functional characterization by 

Nakanishi and colleagues (Masu et al. 1995) identifying the glutamate receptor as mGluR6 

(Figure 1).

Martemyanov and Sampath Page 2

Annu Rev Vis Sci. Author manuscript; available in PMC 2018 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TRPM1 is an essential component of the ON-BC transduction channel

As described, the development of a depolarizing light-evoked response in ON-BCs had been 

well characterized electrophysiologically, yet the molecular identity of the channel 

mediating it remained elusive for many years. Studies in amphibians and fish have shown 

that native transduction channel is a non-selective cation channel that conducts both Na+ and 

Ca2+ ions and displays prominent outward rectification with a reversal potential close to 0 

mV (Kaneko & Tachibana 1985, Lasater 1988, Nawy & Jahr 1990, Nelson 1973, Werblin & 

Dowling 1969). Furthermore, at negative potentials, the channel showed rapid Ca2+ 

desensitization (Berntson et al. 2004, Dacheux & Raviola 1986, Kaur & Nawy 2012, Shiells 

1999). It should be noted though that interpretation of early studies in fish, are complicated 

by the presence of glutamate-gated currents mediated by a Cl− transporter present on some 

ON-BCs (Connaughton & Nelson 2000, Grant & Dowling 1995). Nevertheless, subsequent 

work in mammalian retinas confirmed much of the same properties of the transduction 

channel (Shen et al. 2009, Xu et al. 2012).

Initial studies on the molecular identification of the transduction channel were driven by the 

idea that it belongs to the family of cyclic nucleotide gated channels, stemming from 

observations that cGMP produced an inward current that was inhibited by the mGluR6 

activation when introduced into ON-BCs (Nawy & Jahr 1990, Shiells & Falk 1990). 

However, subsequent work established that cGMP played a modulatory role rather than 

gating the channels directly, leaving the identity of the transduction channel unknown 

(Shiells & Falk 2002, Snellman & Nawy 2004, Wassle et al. 1992). The progress came from 

two directions. First, genetic profiling of individual retinal neurons identified TRPM1 

among transcripts specifically enriched in ON-BCs (Kim et al. 2008). Second, genomic 

mapping in Appaloosa horses identified mutations in TRPM1 as a cause for the night 

blindness plaguing this breed (Bellone et al. 2008). Almost simultaneously, the identification 

of TRPM1 as essential component for the development of the depolarizing response was 

confirmed in mouse knockout strain with a selective deletion of the TRPM1 gene. Ablation 

of TRPM1 resulted in complete elimination of ON-BC depolarizing responses to light as 

evidenced by both ERG recordings, which resulted in the typical no b-wave phenotype, and 

single cell recordings (Koike et al. 2010b, Morgans et al. 2009, Shen et al. 2009). Similar 

conclusions were obtained upon examination of human patients with loss-of-function 

mutations in the TRPM1 gene, which were associated with congenital stationary night 

blindness of a complete type exhibiting no b-waves upon ERG analysis (Audo et al. 2009, 

van Genderen et al. 2009). When taking together, the evidence is very strong that TRPM1 is 

an essential component of the machinery that mediates the depolarizing light-evoked 

responses of ON-BCs (Figure 1).

The sufficiency of TRPM1 as the molecular entity constituting transduction channels has 

proven to be more difficult to answer. The major limitation has been difficulty with 

reconstituting functional TRPM1 channel upon heterologous expression in cell lines. The 

first successful reconstitution was reported by Oancea and colleagues who recorded TRPM1 

currents expressed in SK-Mel19 melanoma cells (Oancea et al. 2009). The currents were 

small (<30 pA/pF) and the channels showed extreme outward rectification with essentially 

no channel activity at negative membrane potentials. This property resembled TRPM1 
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natively expressed in melanoma cell lines, but deviated substantially from the transduction 

channels in ON-BCs, which show modest, if any, outward rectification (Nawy & Jahr 1990, 

Shen et al. 2009, Xu et al. 2012). Indeed, to produce depolarizing responses in ON-BCs, 

transduction channels must open at fairly negative membrane potentials (resting Vm~

−60mV) and displays substantially higher conductances. Similar difficulties were 

experienced upon reconstitution of functional TRPM1 channels in CHO cells (Koike et al. 

2010b), where extremely small (<5pA/pF) currents were observed, and in HEK293 cells 

(Lambert et al. 2011, Oancea et al. 2009, Shen et al. 2012) where the conductance was 

negligible unless the channel was mutated or stimulated with pregnolone sulfate (Lambert et 

al. 2011). These reconstituted channels also did not appear to undergo desensitization as 

noted for ON-BC transduction channels. Nevertheless, in most of these studies the current 

was clearly attributable to the ectopic TRPM1.

An unusual property of transduction channels in ON-BCs is their sensitivity to classical 

pharmacological modulators of TRPV family: agonist capsaicin and antagonist capsazepine. 

Indeed, application of capsaicin elicited currents from ON-BCs nearly identical to those 

evoked by mGluR6 inhibition, and resembled the current-voltage relationship of a 

transduction channel (Morgans et al. 2009, Shen et al. 2009). Interestingly, several studies 

reported that capsaicin sensitivity was abolished in ON-RBCs in TRPM1 knockout retinas, 

indicating that it action requires TRPM1 (Shen et al. 2012, Xu et al. 2012). Additionally, 

other studies reported varying extents of residual capsaicin-evoked currents in ON-BCs 

lacking TRPM1 (Morgans et al. 2009, Ray et al. 2014). Conversely, capsazepine blocked 

both capsaicin-activated currents and mGluR6-modulated currents in ON-BCs (Shen et al. 

2009), again suggesting the pharmacological similarity of glutamate and capsaisin for the 

transduction channel. However no consensus has been reached regarding the sufficiency of 

TRPM1 to impart this sensitivity, as studies in transfected HEK293 cells are in disagreement 

(Schneider et al. 2015, Shen et al. 2012). Furthermore, none of the closely related channels 

from the TRPM subfamily show sensitivity to capsaicin or capsazepine, which are believed 

to be selective modulators of TRPV1 channels.

In sum, the accumulated evidence is clear that native ON-BC transduction channels deviate 

substantially in key properties (conductance, voltage sensitivity, response to chemical 

modulators) from the TRPM1 channel studied in isolation. The simplest explanation is that 

TRPM1 might represent only part of the transduction channel and is insufficient by itself. In 

this model, association with additional proteins would be required to impart TRPM1 with 

the salient features characteristic of ON-BC transduction channels. In agreement with this 

idea, structural studies with a purified TRPM1 protein indicate that it forms a dimer without 

a classical ionic pore (Agosto et al. 2014), which for TRP channels typically requires 

tetrameric organization of protomers (Cohen & Moiseenkova-Bell 2014). Since many TRP 

family members frequently associate with one another, one straightforward possibility could 

be that TRPM1 forms heteromeric complexes with another TRP channel to build 

transduction channels. While this possibility remains to be exhaustively tested, neither 

classical capsaicin activated channel TRPV1 (Shen et al. 2009), nor its closest homolog 

TRPM3 (Brown et al. 2015), play a role in generating depolarizing responses in ON-BCs. It 

is also possible that such additional components may be involved in trafficking of the 

TRPM1 to the cell surface, because the majority of the TRPM1 in both ON-BCs (Xu et al. 
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2012) and upon heterologous expression in cell lines (Oancea et al. 2009) is intracellular. In 

fact, these observations initially led to the idea that TRPM1 channels have intracellular 

functions (Patel & Docampo 2009). Thus, establishing the additional molecular 

requirements needed in the formation of ON-BC transduction channel complexes will be 

critical.

Heterotrimeric G proteins transfer light-evoked signals from mGluR6 to 

TRPM1

Given the clear role of both mGluR6 at the inception point of neurotransmitter action and 

TRPM1 at the effector output in producing ON-BC depolarizing responses, a critical 

question has been to elucidate the signaling cascade linking changes in mGluR6 activity to 

modulation of TRPM1 gating. The key intermediary in this process is the heterotrimeric G 

protein, Gαo (Figure 1, Figure 2). Early indication of the involvement of Gαo included a 

demonstration of its selective enrichment in ON-BC dendrites together with mGluR6 (Vardi 

1998, Vardi et al. 1993). Acute inactivation of Gαo with antibodies dialyzed into ON-BCs 

diminished the mGluR6-mediated regulation of the transduction currents, further supporting 

its involvement (Nawy 1999). The strongest evidence for Gαo came from genetic studies in 

knockout mice which completely eliminated the depolarizing ON-BC ERG response for 

both scotopic and photopic flashes while preserving the structural integrity of the synapse 

and the correct localization of mGluR6 receptors (Dhingra et al. 2000). Deeper investigation 

by single-cell recordings from ON-RBCs confirmed the requirement of Gαo in generating 

light-evoked responses (Okawa et al. 2010). Two splice isoforms of Gαo are expressed in 

ON-RBCs and both are required for establishing the high sensitivity for the detection of 

single-photon responses, however Gαo1 (also called GαoA) plays the dominant role in this 

process (Dhingra et al. 2002, Okawa et al. 2010). Because mGluR6 is a GPCR that acts 

biochemically to stimulate Gαo activation by promoting GTP exchange, the connection of 

Gαo as a substrate for mGluR6 is intuitive. Indeed, all class III mGluRs (including mGluR6) 

are Gαi/o-selective nucleotide exchangers and ample biochemical evidence in reconstituted 

systems indicates that mGluR6 stimulates efficiently GTP binding to Gαo.

To stimulate GTP binding to Gα subunits, GPCRs typically require that Gα be associated 

with the Gβγ subunits in the heterotrimeric complex. Given the diversity of the Gβ (4 

signal-transducing genes) and Gγ (13 genes) subunits, determining which isoforms are 

relevant for transmitting mGluR6 signals is critical. A strong body of evidence indicates that 

Gβ3 constitutes the major isoform involved in ON-BC signal transduction. Gβ3 is expressed 

prominently and specifically in ON-BCs (Dhingra et al. 2012, Huang et al. 2003, Peng et al. 

1992) and its knockout severely reduces the amplitude of depolarizing responses of both 

ON-RBCs and ON-CBCs (Dhingra et al. 2012). Similarly, Gγ13 was described as the most 

prominent isoform present in ON-BCs (Dhingra et al. 2008, Huang et al. 2003). However, 

elimination of Gγ13 in mice only partially affected ON-RBC responses with no appreciable 

effects in ON-CBC (Ramakrishnan et al. 2015). Thus, while Gβ3γ13 appears to be the 

major species involved in mGluR6 signaling in ON-RBCs, other Gβγ dimers might play a 

role in signaling in both ON-RBCs and to a greater extent in ON-CBCs. Indeed, several 

additional proteins have been identified to be enriched in ON-BCs including Gβ4, γ5, γ10, 
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and γ11 (Huang et al. 2003, Ramakrishnan et al. 2015). It seems possible that this functional 

heterogeneity of Gβγ combinations may contribute to distinct response properties of ON-

BC populations.

The next step in signal transfer bridging Gαo activity to TRPM1 modulation remains poorly 

defined and rather controversial. The difficulty in pinpointing the molecular mechanism is 

related to the organizational principles of heterotrimeric G proteins that revolve around the 

cyclical interplay between Gα and the Gβγ subunits. Complex formation with Gβγ 
promotes Gα activation by GPCRs, following which both subunits re-arrange or dissociate 

to transmit a signal through their association with effector molecules. As Gα hydrolyses 

GTP, Gα-GDP and Gβγ reform the inactive heterotrimer, simultaneously antagonizing 

each’s actions on their effectors (Gilman 1987). Furthermore, Gβγ and Gα co-assemble 

together during biogenesis and thus mutually promote stability and trafficking (Krumins & 

Gilman 2006, Willardson & Tracy 2012). This makes the interpretation of loss-of function 

studies difficult as elimination of Gβγ would necessarily affect its cognate Gα, and vice 
versa. This intricate relationship has impeded elucidation of the relative roles of Gβγ vs Gα 
in TRPM1 inhibition. In the native ON-BCs from salamander retinal slices, introduction of 

Gαo reduced transduction channel inhibition upon pharmacological stimulation of mGluR6 

(Nawy 1999). On the other hand, Gβγ, but not Gαo, inhibited the opening of the 

transduction channels when mGluR6 activity was antagonized (Shen et al. 2012). The 

interpretation of these results is not unequivocal; in the first experiment, free Gαo-GDP 

could either sequester free Gβγ or undergo activation and influence transduction channels 

directly. Similarly, inhibition of channel opening may be interpreted by either direct 

inhibitory effects of the Gβγ, or through facilitation of the Gαo activity under the conditions 

of persistent mGluR6 activity. In cultured cells expressing TRPM1, Gβγ overexpression, or 

Gβγ liberation by GTPγS, prevented deactivation of TRPM1 (presumably open) upon 

application of capsazepine, yet the constitutively active Gαo mutant (Q205L) displayed no 

significant effect (Shen et al. 2009). In conflict with these observations, another study 

reported that activation of Gαo by the non-hydrolysable analog–GMPPNP, or by a Q205L 

mutation, but not Gβγ,, inhibited currents of TRPM1 channels co-expressed in the cells 

(Koike et al. 2010a, Koike et al. 2010b).

While studies in transfected cells might be similarly open to alternative interpretations 

regarding manipulations of Gα vs Gβγ in their interaction with the channel, single channel 

work (Koike et al. 2010b) strongly argues for the involvement of Gαo in gating the TRPM1 

channels. A significant limitation of the studies in the reconstituted system, however, is 

uncertainty about the molecular composition of TRPM1 channels versus native ON-BC 

transduction channels. In attempt to reconcile these findings a more recent study employed a 

panel of manipulations, which sequester and activate both Gβγ and Gαo under both dark- 

and light-adaptated conditions. This study reported evidence that both Gα and Gβγ are 

involved in regulation of native ON-BC transduction channels (Xu et al. 2016). Furthermore, 

evidence in transfected cells suggest that both Gα and Gβγ are capable of interacting 

directly with the TRPM1 protein (Xu et al. 2016). The proposed model (Figure 2) indicates 

that the interaction of TRPM1 with both free Gβγ and Gαo-GTP is required to close fully 

transduction channels, and that re-arrangement between the subunits upon their inactivation 

removes the inhibitory constraint allowing channels to open (Xu et al. 2016). It should be 
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noted, however, that these studies did not use physiologically-relevant combinations of Gβγ, 

and did not assess the influence of additional components of the ion channel complex. Both 

of these directions will be important to understand fully the organization and regulation of 

native ON-BC transduction channels.

Opening of ON-BC transduction channels is driven by GAP complexes

In darkness glutamate released by photoreceptors activates mGluR6, which in turn activates 

Gαo heterotrimers and keeps TRPM1-containing transduction channels closed. Closed 

transduction channels allow ON-BCs to maintain a relatively hyperpolarized resting 

membrane potential. In single-cell recordings from ON-RBCs the dialysis of the non-

hydrolysable GTPγS abolished their light responses emphasizing that opening of the 

transduction channels requires G protein deactivation through GTP hydrolysis (Sampath & 

Rieke 2004). Although Gαo alone can spontaneously hydrolyze GTP, the speed of this 

reaction is too slow to account for the fast onset of ON-BC depolarization during light-

evoked responses. Thus, the G protein deactivation must be catalyzed to allow fast channel 

disinhibition on the timescale of changes in synaptic glutamate concentration (Figure 1). It is 

well established that G protein deactivation in GPCR cascades is catalyzed by a Regulator of 

G Protein Signaling (RGS) family of proteins containing more than 30 members (Hollinger 

& Hepler 2002). RGS proteins act as GTPase Activating Proteins (GAP) by interacting with 

the switch regions of Gα subunits and stabilizing their transition state, thereby accelerating 

the rate of the GTP hydrolysis (Sprang 2016). There is strong evidence indicating that Go 

deactivation in ON-BCs is mainly catalyzed by two RGS proteins: RGS7 and RGS11. Both 

proteins are expressed at approximately stoichiometric levels in the retina and show specific 

enrichment at the dendritic tips of ON-BCs, where they co-localize with mGluR6 and 

TRPM1 (Cao et al. 2009, Cao et al. 2008, Mojumder et al. 2009, Mojumder 2008, Morgans 

et al. 2007, Rao et al. 2007). Knockout of either protein in mice produces only minor 

changes in ERG waveform (Cao et al. 2012, Chen et al. 2010, Mojumder et al. 2009, Zhang 

et al. 2010) with no significant effects observed upon recording ON-RBC light responses 

directly (Cao et al. 2012), indicating that they play a redundant role. Further reduction of 

RGS levels by combining deletion of RGS11 with a hypomorphic mutation in RGS7 caused 

a minor delay in the onset of the depolarizing response by ERG, yet leaving it largely intact, 

suggesting a vast excess of GAP activity in ON-BCs (Chen et al. 2010, Mojumder et al. 

2009, Zhang et al. 2010). The exact GAP activity levels needed to sustain fast ON-BC 

depolarizing responses were determined by titrating RGS7 levels in the absence of RGS11 

(Sarria et al. 2015). These studies indicate RGS proteins exist in approximately 4-fold 

excess over the level where response properties (onset kinetics, sensitivity and amplitude) 

become influenced by modulation in GAP activity.

The high level of GAP overexpression indicates that timely deactivation of the Gαo is 

crucial for setting the fast time scale of transduction channel opening. It further suggests that 

the fast speed of the GTP hydrolysis does not limit the overall rate of the channel activation, 

which is likely determined by the deactivation of the mGluR6 itself. Interestingly, 

elimination of both RGS7 and RGS11, does not completely abolish the development of 

depolarizing response. Although much smaller and much less sensitive, the residual 

response to a step of bright light is present and exhibits characteristically slow kinetics, 
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reminiscent of behavior of other G protein gated channels upon the loss of RGS control (Cao 

et al. 2012). Nevertheless, the kinetics of the residual response (t~1 s) is still significantly 

faster that the rate of the intrinsic GTPase activity of the Gαo (t~30 s). This suggests in the 

absence of dominant RGS proteins that accelerate Gαo deactivation by a factor of ~15, 

minor auxiliary GAP proteins in ON-BCs participate in deactivating Gαo. One candidate is 

RGS20 (RetRGS1), which is expressed by ON-BCs and is capable of speeding deactivation 

of Gαo-driven signaling in a reconstituted system (Dhingra et al. 2004). Yet, the involvement 

of other members of the RGS family cannot be excluded.

A central organization principle of RGS7 and RGS11 proteins in ON-BCs is their 

macromolecular integration into single GAP complex (Figure 3). Both proteins share similar 

domain organization, including N-terminal DEP domain, central G-gamma like region 

(GGL), and C-terminal RGS homology domain (Anderson et al. 2009). The key role in the 

structural organization of these proteins belongs to their obligatory subunit, Gβ5, which 

constitutively binds to the GGL domain and is required for proper folding and stability of 

these complexes (Cabrera et al. 1998, Chen et al. 2003, Makino et al. 1999, Snow et al. 

1999). Knockout of Gβ5 in mice results in the elimination of both RGS7 and RGS11 and 

phenotypically mimics the dual ablation of RGS7 and RGS11 by abolishing the depolarizing 

ON-BC responses (Rao et al. 2007). In addition to Gβ5, RGS proteins are bound to two 

other proteins, which act as their membrane anchors. RGS11 binds to a small, SNARE-like 

transmembrane protein R9AP and this interaction is required for maintaining RGS11 

expression in ON-BCs (Cao et al. 2009, Jeffrey et al. 2010). RGS7 is instead found to be in a 

complex with the GPCR-like protein, GPR179 (Orlandi et al. 2012). This association is 

mediated by the R9AP-like domain contained within the cytoplasmic C-terminal region of 

GPR179 (Sarria et al. 2016). GPR179 also forms complexes with R9AP, independently from 

RGS proteins, and this binding brings all of the components of the macrocomplex together 

(Sarria et al. 2016). Consequently, knockout of GPR179 abolishes the postsynaptic targeting 

of both RGS7-Gβ5 and RGS11-R9AP-Gβ5 complexes resulting in characteristic loss of 

ON-BC responses with residual slow depolarizing response upon prolonged light 

stimulation, similar to concurrent ablation of RGS7 and RGS11 (Orlandi et al. 2012, Ray et 

al. 2014). Therefore, the GAP complex appears to be integrated into a single unit via 

interdependent interactions between individual subunits (Figure 3). At the top of the 

hierarchy, GPR179 binds to RGS7 and R9AP and this interaction is needed for the correct 

targeting of the complex to ON-BC dendritic tips. R9AP in turn recruits RGS11, and both 

RGS proteins engage Gβ5 to achieve their photolytic stability. The exact reasons for this 

convergent organization where redundant catalytic RGS subunits are independently 

scaffolded by a single critical adapter (GPR179) are not clear, but likely related to ensuring 

the proximity of the GAP complex positioning relative to mGluR6 and TRPM1 (discussed 

below). Interestingly, the abundance of RGS7 and RGS11 varies across rod and cone 

synapses (Mojumder et al. 2009). Although these differences in expression had little 

relevance for ON-RBC function given clear redundancy and excess of RGS activity in this 

cell type, it seems possible that the varying composition of GAP complex due to differences 

in expression of individual subunits (RGS proteins or R9AP and GPR179 adapters) may 

contribute to setting unique properties (e.g. temporal filtering) of the numerous ON-CBCs, a 

possibility that remains to be determined. Such a possibility is aided by the observations that 
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cone-to-ON-CBC signaling showed sensitivity to the changes in RGS levels in ranges 

distinct from those for the rod-to-ON-RBC signaling (Sarria et al. 2015).

Overall, the GAP complex provides the biochemical substrate that drives the opening of 

TRPM1 channels, thus generating ON-BC depolarizing responses (Figure 1). The model that 

has emerged from these studies posits that in darkness persistent activity of glutamate-bound 

mGluR6 efficiently activates Gαo. This activity is thresholded by the GAP complex to 

provide constant negative pressure effectively deactivating the Go. Yet, the balance of the G 

protein activation and deactivation in darkness is set such that active Gαo is present in 

excess to ensure nearly complete TRPM1 inhibition (Sampath & Rieke 2004). The light-

induced reduction in glutamate concentration changes this equilibrium by reducing the 

activity of mGluR6. The excess of the GAP activity then permits levels of active Gαo to fall 

quickly and allow transduction channels to open rapidly on the timescale of changes in 

synaptic glutamate. Experiments to titrate GAP expression indicate that Gαo deactivation is 

faster than the reaction rate that limits the speed of the channel opening, leaving the nature 

of the rate-limiting reaction leading to depolarizing activity undefined.

Scaffolding of the mGluR6 signaling cascade into the macromolecular 

“signalosome”

The identification of the principal elements in ON-BC signaling naturally led to studies that 

examined their physical relationship. What has emerged is the discovery of an intricate web 

of interactions arranging individual signaling molecules into an interdependent unit. This 

integrated organization makes intuitive sense when considering the need to generate a 

depolarizing response on the time scale of tens to hundreds of milliseconds. During the 

single-photon response, the rod hyperpolarization peaks at ~ 250 ms, causing commensurate 

changes in changes in the synaptic Ca2+ concentration (Thoreson 2007). Remarkably, ON-

BCs generate an even faster depolarizing response, peaking at 50–100 ms after photon 

absorption, which is comparable to the speed of the OFF-BC ionotropic response (Field & 

Rieke 2002). Although GPCR signaling cascades are considered as slow modulatory 

signaling, the depolarization of ON-BCs represents an impressive feat. This ability relies on 

tight integration of cascade components to minimize diffusional limitations and thus 

speeding up the rate of the reactions required for signal transfer. Curiously, this organization 

is reminiscent of phototransduciton in invertebrate photoreceptors, which also use GPCR 

signaling to provide fast modulation of TRP channel opening (Sanes & Zipursky 2010, 

Wang & Montell 2007). Bound by similar considerations and constraints, this well-studied 

cascade also relies on the scaffolding of multiple signaling elements and provides a 

conceptual framework for understanding the arrangement of the ON-BC transduction 

pathway (Figure 4).

Studies with knockout mouse models lacking individual cascade elements have allowed an 

analysis of the relationship between them. Remarkably, all known elements of ON-BC 

signaling (mGluR6, Gαo, GAP complex, TRPM1) show a varying extent of interdependence 

either by controlling the expression level of one another, by subcellular targeting to ON-BC 

dendrites, or both. A great effort by Ron Gregg and colleagues have provided a meta-
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analysis of these findings summarizing all such reported effects (Gregg et al. 2014). What 

emerged from this analysis is that the relationship appears to be hierarchical in nature with a 

non-reciprocal impact of individual molecules on others. The greatest effects are seen upon 

elimination of mGluR6 (Cao et al. 2009, Cao et al. 2011, Gregg et al. 2014, Xu et al. 2012) 

and Gβ3 (Dhingra et al. 2012), which disrupts subcellular targeting of nearly all the 

signaling molecules examined, and substantially reduces their expression levels. The 

consequences of Gβ3 deletion are a bit more dramatic as it also affects mGluR6, yet Go 

heterotrimers are expressed at normal levels in Gβ3 knockout retinas. On the opposite end of 

the spectrum is TRPM1, whose deletion has not been reported to affect the localization or 

expression of any ON-BC signaling elements (Gregg et al. 2014, Koike et al. 2010b, 

Morgans et al. 2009, Pearring et al. 2011, Shen et al. 2009). However, deletion of a majority 

of the cascade elements produces an intermediate phenotype that selectively influences some 

proteins. Such a restricted nature is likely related to more confined roles of molecules within 

the subgroup of partnering proteins. For example, the elements within the GAP complex 

(RGS7, RGS11, Gβ5, R9AP, and GPR179) show pronounced interdependence within the 

group, but their elimination has no effects on targeting or localization of other molecules 

(TPRM1, mGluR6) (Cao et al. 2009, Cao et al. 2012, Chen et al. 2003, Jeffrey et al. 2010, 

Ray et al. 2014, Shim et al. 2012). Another example of remarkable selectivity is provided by 

nyctalopin (NYX), a mysterious leucine rich repeat molecule required for the ON-BC 

depolarization (Gregg et al. 2003, Poopalasundaram et al. 2005). Elimination of NYX has 

been shown to prevent completely subcellular targeting of TRPM1 with no reported effects 

on other elements of the cascade (Gregg et al. 2014, Pearring et al. 2011). It should be noted 

however, that the relationship between individual molecules have not been exhaustively 

analyzed, and extending such analysis to examine the reciprocal effects for all elements of 

the cascade for will be needed to complete the picture.

The dependence of expression and/or localization of signaling molecules on one another in 

the same cellular compartment is often taken as evidence for their association in a 

macromolecular complex. Indeed, for many ON-BC signaling molecules that show 

interdependence there is evidence for protein-protein interactions. For example, many Gβ 
and Gγ subunits are well documented to exist in constitutive complexes and bind to Gα in 

its inactive GDP bound form as well as with GPCRs for activation (Dupre et al. 2009, Herve 

2011, Willardson & Tracy 2012). Furthermore, interactions among the subunits is important 

for setting the expression levels of G protein heterotrimers and their localization to the 

plasma membrane (Krumins & Gilman 2006). Thus, although the impact of Gαo and Gγ13 

on the stability of mGluR6 and Gβ3 and their association have not been examined, given an 

extensive theoretical base, a decrease in expression upon elimination of Gβ3 likely reflects 

disruption of their direct binding within G protein and GPCR complexes. Similarly, GAP 

complex components are known to engage in direct protein-protein interactions (detailed 

above) and thus their interdependence of expression and localization is similarly explained 

by their macromolecular association.

In addition to interactions between proteins within their immediate functional units, many 

ON-BC signaling molecules are integrated by further associations leading to higher-order 

scaffolding. One of the central molecules that scaffolds multiple elements of the cascade is 

the orphan receptor GPR179, which forms physical complexes with all the cascade’s key 
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elements (mGluR6, TRPM1, RGS complex and Gαo) by analogy with its closest homolog, 

GPR158 (Orlandi et al. 2013, Orlandi et al. 2012, Orlandi et al. 2015, Ray et al. 2014). One 

critical role of this arrangement may be in bringing GAP complexes in vicinity of both the 

receptor and the effector, promoting the efficiency of G protein cycle control and its 

switching between ON and OFF states. Additional scaffolding of Gαo by a virtue of 

numerous PDE gamma-like (PGL) domains (Orlandi et al. 2015) may serve to increase local 

RGS concentration for more efficient activation by the receptor, channel gating, and 

deactivation. Interaction with GPR179 further contributes to of TRPM1 properties 

independent of GAP complex control because it has been shown to change direct 

transduction channel gating capsaicin (Ray et al. 2014). Nevertheless, deletion of GPR179 

does not affect the expression or localization of either mGluR6 or TRPM1 (Gregg et al. 

2014, Ray et al. 2014).

The second protein in the cascade with putative scaffolding functions is NYX (Bech-Hansen 

et al. 2000, Pusch et al. 2000), which has been reported to interact with both mGluR6 and 

TRPM1 (Cao et al. 2011, Pearring et al. 2011). While NYX is dispensable for correct 

localization or expression of mGluR6 (Gregg et al. 2014), it is required for proper trafficking 

of TRPM1 to the dendritic tips. Thus the mis-localization of TRPM1 seen in NYX loss of 

function mutant (Pearring et al. 2011) likely results from the loss of a physical association 

between these proteins. In support of this idea, expressing NYX in ON-BCs of NYX-

deficient mice rescues both synaptic signaling and TRPM1 dendritic targeting (Gregg et al. 

2007, Scalabrino et al. 2015). How NYX affects TRPM1 trafficking remains unclear. NYX 

expression in heterologous cells is present in both intracellular sites as well as on the surface 

of the plasma membrane (Zeitz et al. 2003), while in ON-BCs it is localized mostly to the 

dendritic tips (Gregg et al. 2007, Morgans et al. 2006). As TRPM1 expressed heterologously 

is largely intracellular (Oancea et al. 2009) and can only be present on the surface of ON-BC 

dendrites due to its constitutive activity, one potential model is that NYX may be involved in 

chaperoning the assembly of transduction channels and their delivery from the ER/Golgi to 

the cell surface. Alternatively, NYX and TRPM1 may traffic independently with NYX 

allowing the retention of TRPM1 on the cell surface, possibly by integrating it into mGluR6-

containing signaling complexes. The latter model is favored by the observation that NYX 

targeting to ON-BC dendritic tips does not require TRPM1 (Pearring et al. 2011), and that 

NYX has an extracellular topology (Bojang & Gregg 2012) making it capable of interacting 

with other similarly-organized scaffolds in the synapse between photoreceptors and ON-BCs 

(see below).

In sum the accumulated evidence points to a super-modular organization of the ON-BC 

cascade; individual elements are first tightly organized into immediate modules, each 

involved in discrete steps during the signaling transfer, then globally linked together by 

cross-modular protein-protein interactions through binding to the “hub” scaffolding 

molecules. This organization leads to the entire ON-BC transduction cascade functioning as 

a coordinated functional unit, or ‘signalosome’. The biggest gap in our knowledge and the 

goal for the future efforts would be to obtain structural insight into the organization of this 

complex by mapping the binding determinants in addition to obtaining a high-resolution 

structure of the entire assembly.
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Modulation of the mGluR6 cascade

While photoreceptor hyperpolarization and the resulting reduction in glutamate release 

produces a robust response in both ON-RBCs and ON-CBCs, the sensitivity of these 

responses can be modulated as rods and cones adapt. Adaptation in light-evoked responses 

in ON-BCs will result from adaptation of the photoreceptors themselves, but also from 

intrinsic mechanisms in mGluR6 transduction that reduce sensitivity and increase temporal 

resolution. For example, modulation of sensitivity in ON-RBCs occurs at light intensities 

where there is little adaptation in the rods themselves (Dunn et al. 2006). Given the 

complexity of G protein signaling and the large number of control points within a signaling 

cascade, research over the past 15 years has identified several molecular players that 

influence adaptation of the ON-BC response.

Perhaps the most robust effector of ON-BC sensitivity is intracellular Ca2+. TRPM1 in ON-

BC dendrites are permeable to Ca2+, which allows the photoresponse to adapt. The 

hyperpolarized resting membrane potential in darkness keeps TRPM1 channels indicates 

they are in a mostly closed state (Sampath & Rieke 2004), in turn keeping the dendritic Ca2+ 

low. Work on salamander ON-BCs indicates that dendritic Ca2+ influx during the light 

response serves to reduce the maximum amplitude of mGluR6 antagonist-based currents, an 

effect that was eliminated with high intracellular concentrations of the high-affinity Ca2+ 

chelator, BAPTA (Nawy 2000, Nawy 2004). Further work on mouse ON-RBCs also reveals 

similar phenomenology, and maps the time constant for these adaptive effects based on 

paired flash experiments as ~400ms at physiological temperature (Berntson et al. 2004). 

This effect may occur through the Ca2+-dependent phosphatase, calcineurin (Snellman & 

Nawy 2002), but the molecular target of the phosphatase remains unknown. The activity-

dependence of this effect (Berntson et al. 2004, Nawy 2004) and lack of delay (Nawy 2004), 

are both suggestive of a direct action on TRMP1 channels.

In addition to intracellular Ca2+, other factors are also known to play a role in the 

modulation of sensitivity. The most notable of these is cGMP, which as described above was 

initially thought to be the molecule gating transduction channels (Nawy & Jahr 1990, Shiells 

& Falk 1990). Further investigation revealed that cGMP was instead a sensitizing factor for 

mGluR6 transduction (Snellman & Nawy 2004), explaining how response size may have 

increased during its dialysis for light-adapted ON-BCs. Other factors known to adjust the 

sensitivity of ON-RBCs include Protein Kinase C α (PKCα; (Ruether et al. 2010, Xiong et 

al. 2015), and inhibitor of G proteins, PCP2 (Xu et al. 2008). These factors have a modest 

effect on desensitization imposed by background light, and their major effects occur through 

acceleration response shutoff.

The high number of control points in mGluR6 transduction ultimately provides an avenue 

with which to modulate the sensitivity and temporal properties of signaling. The widely held 

belief is that differences in the physiological properties of ON-RBCs compared to ON-CBCs 

may simply reflect changes in the relative importance of these modulatory mechanisms. In 

particular, the temporal filtering of the photoreceptor response is expected to be very 

different for ON-RBCs versus ON-CBCs due to the slow temporal characteristics of rods 

versus cone, respectively. Indeed, an analysis of response properties as a function of ON-
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CBC class reveal that these cells are tuned for different characteristic frequencies (Ichinose 

et al. 2014) and project to distinct retinal ganglion cells. It is likely that these differences are 

due to the molecular components of mGluR6 signaling in ON-CBC dendrites, but how these 

differences are manifested remains to be determined.

Control of mGluR6 cascade via extracellular interactions as an emerging 

principle

While it is easy to think about ON-BC signaling cascade as an isolated unit, recent evidence 

increasingly indicates it is subject to integration at the microscopic level for synapse 

organization. There appears to be bi-directional relationship between the physical assembly 

of ON-BC synaptic contacts and the functional status of the cascade signaling elements. A 

growing number of proteins have been implicated in this process and a central theme has 

evolved in the association of mGluR6 transduction with proteins in the synaptic cleft (Figure 

5). In addition to NYX, two other extracellular proteins from the cell-adhesion like family 

containing leucine-rich repeat domains have been discovered with essential roles in ON-BC 

signaling. The first is LRIT3, which is expressed by ON-RBCs and ON-CBCs specifically 

on their dendritic tips (Neuille et al. 2015, Zeitz et al. 2013). Knockout of LRIT3 in mice 

completely prevents light responsiveness of both rod and cone ON-BCs indicating that it 

plays essential role in generating the depolarizing response (Neuille et al. 2014, Zeitz et al. 

2013). At the cellular level, the loss of LRIT3 was found to prevent postsynaptic targeting of 

TRPM1 without appreciably affecting other ON-BC signaling components including 

mGluR6, GAP complex components, or Gαo (Neuille et al. 2015). This specificity bears a 

striking resemblance to NYX deficient retinas (Gregg et al. 2014, Ray et al. 2014). Given 

similarities in their structural organization and co-localization at the dendritic tips it appears 

likely that NYX and LRIT3 function together to regulate TRPM1 trafficking, perhaps 

though engaging in the same macromolecular complex. Curiously, a knockout of 

presumably postsynaptic LRIT3 in ON-BCs affected presynaptic organization, at least in 

cone photoreceptors, as evidenced by the loss of immunoreactivity for peanut agglutinin, a 

common cone marker (Neuille et al. 2015), which labels an unidentified component of the 

active zone. This suggests that the ON-BC cascade may be linked physically with the 

components of the presynaptic release apparatus.

An illustration how this trans-synaptic integration may be achieved is provided by another 

leucine rich repeat-containing protein, ELFN1 (Cao et al. 2015). Like NYX and LRIT3, this 

cell surface protein accumulates specifically at the synaptic puncta. However it is expressed 

by rod photoreceptors only and is targeted instead to their synaptic terminals. At this site, 

ELFN1 engages in a trans-synaptic interaction with mGluR6. Knockout of ELFN1 prevents 

mGluR6 from targeting to the dendritic tips of ON-BCs, consequently disrupting the 

postsynaptic accumulation of GAP complex components. As a result, synaptic 

communication between rods and ON-RBCs is abolished and no depolarizing light 

responses are observed. Curiously, this organization is specific for rods, as mGluR6 

targeting in ON-CBCs and synaptic transmission with cones is preserved. This suggests that 

similar mechanisms relying on yet unidentified molecules present in the cone terminals may 

be responsible for trans-synaptic integration with signaling in ON-CBCs.
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Preceding the discovery of LRIT3 and ELFN1 were observations that disruptions in 

components of the dystrophin glycoprotein complex (DGC) reduce depolarizing activity 

during the ON-BC light response, suggesting their role in the synaptic communication 

between ON-BCs and photoreceptors (Cibis et al. 1993, D'Souza et al. 1995, Lee et al. 2005, 

Pillers et al. 1993, Pillers et al. 1995). DGC is the membrane specialization that links the 

cytoskeleton and membrane-associated proteins to the extracellular matrix (Constantin 2014, 

Waite et al. 2012). Although, DGC is best studied in muscle it plays an important role in the 

nervous system, particularly in organizing signaling complexes involving ion channels 

(Connors et al. 2004, Gavillet et al. 2006, Knuesel et al. 1999, Vandebrouck et al. 2007). 

Several DGC proteins are prominently present in the photoreceptor-to-ON-BC synapse, 

where they localize either presynaptically in photoreceptors with cytosolic components like 

dystrophin and membrane associated β-dystroglycan (Schmitz & Drenckhahn 1997b, Ueda 

et al. 1997, Ueda et al. 1995), or in the synaptic cleft with α-dystroglycan or its extracellular 

ligand pikachurin, also overlapping with components of the ON-BC signaling (Omori et al. 

2012, Sato et al. 2008).

Interestingly, knockout of either dystroglycan or pikachurin caused deficits in the 

positioning of ON-BC dendrites close to the site of the glutamate release, markedly reducing 

the ON-BC depolarizing response, while not affect the targeting of mGluR6 or TRPM1 

(Omori et al. 2012, Sato et al. 2008). In contrast, deletion of the Gαo, Gβ3, or mGluR6 

resulted in reduced accumulation of DCG at the synapse (Tummala et al. 2016). These 

observations further support the idea of trans-synaptic coordination between the ON-BC 

signaling cascade and photoreceptors, and highlight that extracellular matrix may play an 

essential role in this process. How and whether extracellular matrix and DGC components 

are linked to cell-adhesion like molecules represented by LRIT3, NYX, and ELFN1 is 

unclear and will be critical to understand the mechanism of trans-synaptic coordination.

Indications are also that ON-BC signaling complexes play a role in the structural 

organization of synapses, and vice versa that synapse integrity affects the ON-BC signaling 

cascade. For example, elimination of mGluR6 has been reported to either completely abolish 

ON-BC synapses with rods and cones (Cao et al. 2009) or cause massive structural deficits 

(Ishii et al. 2009, Tsukamoto & Omi 2014) resulting in the failure of ON-BC dendrites to 

invaginate into photoreceptor terminals. Elimination of the GAP complex components 

causes a variable extent of synapse malformation ranging from intact synapses in GPR179 

(Peachey et al. 2012b) and RGS11/RGS7 (exon 4 deletion; (Cao et al. 2012) knockouts to 

quantitative loss of synapses upon elimination of RGS11/RGS7 (exon 6–8 deletion;(Shim et 

al. 2012) or Gβ5 (Rao et al. 2007). Similarly, deletion of G protein subunits differentially 

affected synaptic organization with no morphological defects observed upon elimination of 

Gαo (Dhingra et al. 2000), yet quantitative loss of synapses upon elimination of Gβ3 

(Dhingra et al. 2012). No deficits were observed upon deletion of NYX (Ball et al. 2003, 

Pardue et al. 2001) or inactivation of TRPM1 by point mutation (Peachey et al. 2012a). The 

synapse formation deficits are also reported for the deletion of presynaptic molecules. For 

example, mice lacking alpha subunit of the CaV1.4 channel have no detectable ON-BC 

dendrites within rod or cone terminals (Mansergh et al. 2005). Similarly, knockout of 

ELFN1 abolishes synaptic contacts between rods and ON-RBCs, although in this case cone 

synaptogenesis is preserved (Cao et al. 2015). Curiously, ELFN1 localization is dependent 
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on CaV1.4 suggesting that the entire postsynaptic mGluR6 complex may be coordinated 

with the presynaptic CaV1.4-ELFN1 containing complexes (Cao et al. 2015). Such trans-

synaptic interactions of the mGluR6 signaling cascade may be important for triggering the 

reactions involved in synaptogenesis and synaptic maintenance, suggesting a role for ON-

BC signaling in both synaptic transmission but also in morphogenic signals that lead to 

formation and/or stabilization of synapses.

Deficits in ON-BC signaling at the nexus of human visual disorders

In view of a fundamental role of ON-BCs in encoding light-evoked signals from 

photoreceptors, it is perhaps not surprising that disruptive mutations in components of ON-

BC signaling have been associated with a variety of retinal disorders. As described above, 

rods rely mainly on ON-RBCs for the transduction of high sensitivity signals. Therefore 

deficits in signal processing in the ON-RBC cascade most prominently result in inability to 

see at night, an inherited condition known as congenital stationary night blindness (CSNB) 

(Zeitz et al. 2015). The basic diagnostic tool for this disease has been ERG, according to 

which the condition is further subdivided into an “incomplete” form that typically shows 

involvement of photoreceptors (a-wave changes) and reduction in the ON-BC depolarizing 

activity (b-wave). In contrast the “complete” form shows intact a-waves amidst totally 

lacking b-waves, suggesting exclusive involvement of the mGluR6 signaling cascade. This 

distinction made it possible to isolate these deficits and identify genes specifically 

responsible for ON-BC signaling dysfunction. The most prevalent form of cCSNB, is 

brought about by the mutations in NYX (Bech-Hansen et al. 2000, Pusch et al. 2000). In 

addition, to date mutations in most known components of the ON-BC cascade have been 

found to result in cCSNB: TRPM1, mGluR6, GPR179, LRIT3, Gβ3 (see (Zeitz et al. 2015) 

for a comprehensive analysis). Importantly, often identification of mutations in cCSNB 

patients precedes the knowledge regarding the involvement of a culprit gene in ON-BCs and 

its functional role, thus providing the discovery platform for the identification of new 

components of the ON-BC signaling.

In addition to congenital cases of night blindness, loss of night vision is frequently 

associated with neoplastic conditions, particularly melanoma, a condition commonly 

referred to as melanoma associated retinopathy (MAR) (Berson & Lessell 1988, Lu et al. 

2009). Patients with MAR show a characteristic loss of ERG b-wave, and antibodies derived 

from their serum specifically stain retinal ON-BCs in the retina and disrupt their 

depolarizing responses when injected into animal models (Lei et al. 2000, Milam et al. 

1993). It was recently determined that the antigen recognized by MAR antibodies is TRPM1 

which become inactivated as a result (Dhingra et al. 2011, Kondo et al. 2011, Xiong et al. 

2013). Therefore, the underlying cause of MAR appears to be dysfunction in the ON-BC 

transduction channels. It is possible that other uncharacterized antibodies in a large number 

of neoplastic retinopathies similarly attack components of the ON-BC transduction cascade 

with extracellular accessibility to cause visual disturbances in the event they are also 

expressed by tumor cells and are attacked by autoantibodies.

There is also a long history of clinical research on visual disturbances in patients with 

Duchenne and Becker muscular dystrophies (Cibis et al. 1993, Pillers et al. 1993, Schmitz & 
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Drenckhahn 1997a). Up to 80% of patients with these diseases show visual disturbances and 

prominent night blindness. When evaluated by ERG, the main findings appear to be severe 

reduction in the b-wave and/or an increase in its implicit time. The genetic cause of both of 

these diseases was found to be loss of function mutations in key DGC component 

dystrophin. A related group of diseases collectively known as dystroglycanopathies are 

associated with mutations in genes responsible for glycosylation of dystroglycan (POMT1, 
POMT2, POMGnT1, fukutin, FKRP, and LARGE). Although ocular phenotypes and ERGs 

for patients with mutations in these genes are rarely reported (Gerding et al. 1993, Kondo et 

al. 2010), modeling loss of dystroglycan or its glycosylation in mouse models causes 

characteristic b-wave deficits (Lee et al. 2005, Liu et al. 2006, Omori et al. 2012). Given the 

role of DGC in the organization of photoreceptor synapses (described above), dysfunction in 

ON-BC signaling likely contributes to the symptomatic manifestations of many forms of 

muscular dystrophies and dystroglycanopathies.

A separate condition associated with dysfunction in the extracellular matrix, where ON-BC 

signaling deficits significantly contribute to symptomatic manifestations is X-linked 

retinoschisis (Sikkink et al. 2007, Tantri et al. 2004). In this condition dysfunction in the cell 

adhesion molecule, retinocshisin, causes splitting of retinal layers and diminishes ON-BC 

depolarizing activity. A retinoschisin knockout mouse recapitulates human phenotypes and 

features ERG b-wave deficits associated with progressive loss of GAP complex components 

and TRPM1 (Ou et al. 2015, Takada et al. 2008, Weber et al. 2002). Remarkably, viral 

rescue of retinoschisin restores the synaptic function and localizes ON-BC signaling 

components, suggesting plasticity of the ON-BC cascade interactions with the extracellular 

matrix (Ou et al. 2015). The molecular links between retinoschisin and ON-BC signalosome 

are unknown, but likely involve integration with other components of the extracellular 

matrix.

Finally, dysfunctions in ON-BC signaling are increasingly associated with the development 

of refractive errors. Indeed, most patients with cCSNB show high co-morbidity with myopia 

(Lodha et al. 2012, Miyake et al. 1986). Mutations in both mGluR6 (Wang et al. 2016, Xu et 

al. 2009) and NYX (Yip et al. 2013, Zhang et al. 2007, Zhou et al. 2015) have also been 

associated with myopia. Interestingly, in some myopic patients NYX mutations occur 

without night blindness (Zhang et al. 2007, Zhou et al. 2015) suggesting that more subtle 

alterations of ON-BC signal processing that preserve synaptic transmission may nevertheless 

cause myopia. The connection of ON-BC dysfunction to myopia is also well supported by 

the animal models where either pharmacological blockade of ON-BC transmission 

(Crewther et al. 1996, Smith et al. 1991) or genetic elimination of NYX or mGluR6 

(Chakraborty et al. 2015, Pardue et al. 2008) similarly exacerbate development of refractive 

error in experimental models of induced myopia. The molecular basis underlying the 

involvement of the ON-BC signaling cascade remains unclear, although it is speculated that 

changes in the levels of neurotransmitter dopamine and/or inputs provided by ON-BC light-

driven activity may be among key factors connecting mGluR6 signaling with pathways that 

control axial growth (Chakraborty & Pardue 2015).
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Summary Points

• Synaptic transmission between photoreceptor cells and ON-bipolar neurons 

requires a signal transduction cascade originating with mGluR6 receptors on 

the bipolar cell dendritic tips, which sense the light-induced reduction in 

glutamate release from photoreceptors.

• mGluR6 receptors signal the reduction in glutamate release by coupling with 

TRPM1-containing transduction channels via a heterotrimeric G protein, 

Gαo, which inhibit transduction channels.

• Transduction channel opening is aided by GTPase Accelerating Protein 

(GAP) complexes consisting of RGS7, RGS11, Gβ5, R9AP, and GPR179 

subunits. The GAP complex is responsible for triggering depolarization of 

ON-BCs in response to light.

• Multiple components of the transduction cascade are scaffolded into a 

‘signalosome’ assembly with a coordinated, hierarchical interplay that 

determines the stability and trafficking of these components.

• The transduction cascade is embedded into a web of interactions with 

extracellular matrix proteins and presynaptic cell adhesion-like molecules in 

photoreceptors. These interactions are essential for the selective wiring of 

ON-BCs with their cognate photoreceptor cells.

• Mutations in multiple elements of the cascade result in a variety of human 

diseases characterized by visual impairments that can be modeled in mice.
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Future Issues

• Understand the molecular basis by which subunits of the heterotrimeric 

protein, Go, regulates the activity of TRPM1 channels. Additional 

components of TRPM1-containing channels will also need to be identified to 

provide insights into its gating mechanisms.

• Determine the structural organization of the mGluR6-TRPM1 signalosome, 

including precise mapping of structural determinants for complex formation 

among individual proteins, mechanisms of assembly, and their high-resolution 

atomic structure.

• Delineate the mechanisms that govern coordinated trafficking of signaling 

elements in the ON-BC cascade and their targeting to the dendritic tips.

• Elucidate the integration of the mGluR6 signaling cascade with the network 

of extracellular proteins, and establish the role of these interactions in 

selective wiring with photoreceptors.

• Determine the relationship between alterations in signaling molecules and 

disease at the first visual synapse. Define the functional effects of individual 

mutations.

Martemyanov and Sampath Page 27

Annu Rev Vis Sci. Author manuscript; available in PMC 2018 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Organization of the first visual synapse between photoreceptors and ON-bipolar cells
Changes in glutamate release by photoreceptors are detected by the signaling cascade 

initiated by the mGluR6 receptor.
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Figure 2. A model for TRPM1 channel gating by G proteins
Direct binding of both activated Gαo-GTP and Gβγ subunits to the cytoplasmic domains of 

the TRPM1 channel keep it in closed state. Upon GTP hydrolysis, G proteins rearrange 

forming inactive heterotrimer allowing the TRPM1 channel to open. Modified from (Xu et 

al. 2016).
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Figure 3. Organization of the GAP complex of ON-bipolar cells
Multiple subunits bind together through direct protein-protein interactions to form a single 

unit that promotes GTP hydrolysis on its G protein substrate, Gαo. PGL, PDEγ-like domain 

that scaffolds Gαo-GTP.
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Figure 4. Scaffolding of multiple components of the ON-BC cascade into a single “signalosome” 
unit
The components of the cascade are linked together through physical interactions that 

promote the efficiency of signal transduction.
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Figure 5. Trans-synaptic integration of ON-bipolar transduction cascade
Components of mGluR6 interact with multiple cell-adhesion and extracellular matrix 

proteins present at the synapse.
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Figure 6. Mutations in multiple synaptic molecules at the first visual synapse are associated with 
human disease
Diagram depicts pre- versus post-synaptic position of signaling molecules and their 

corresponding genes. Further, the genes implicated in disorders featuring visual deficits are 

identified.
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