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Abstract

Structure and function are highly correlated in the vertebrate retina, a sensory tissue that is 

organized into cell layers with microcircuits working in parallel and together to encode visual 

information. All vertebrate retinas share a fundamental plan, comprising five major neuronal cell 

classes with cell body distributions and connectivity arranged in stereotypic patterns. Conserved 

features in retinal design have enabled detailed analysis and comparisons of structure, connectivity 

and function across species. Each species, however, can adopt structural and/or functional retinal 

specializations, implementing variations to the basic design in order to satisfy unique requirements 

in visual function. Recent advances in molecular tools, imaging and electrophysiological 

approaches have greatly facilitated identification of the cellular and molecular mechanisms that 

establish the fundamental organization of the retina and the specializations of its microcircuits 

during development. Here, we review advances in our understanding of how these mechanisms act 

to shape structure and function at the single cell level, to coordinate the assembly of cell 

populations, and to define their specific circuitry. We also highlight how structure is rearranged 

and function is disrupted in disease, and discuss current approaches to re-establish the intricate 

functional architecture of the retina.
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1. Introduction

The vertebrate retina is a layered structure with a large diversity of component cells that 

form morphologically and functionally distinct circuits that work in parallel, and in 

combination, to produce a complex visual output. Developmental mechanisms that establish 

the structure and function of retinal neurons are increasingly understood, largely due to 

advances in molecular biology, electrophysiological methods and imaging techniques. Here, 

we discuss our current knowledge of the cellular and molecular mechanisms that (i) shape 
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the morphology of retinal neurons, (ii) organize their spatial distributions across the retina, 

and (iii) regulate the assembly of their circuitry. We will also compare the development of 

different cell types, and of similar circuits across species to highlight common and disparate 

strategies employed to attain optimal structure and function. In particular, we will discuss 

findings primarily in three well-studied species, each with its own advantages: (i) Mouse, for 

which there is an increasing availability of transgenic animals and is the current focus of 

‘connectomics’, (ii) Monkey (primarily macaque retina), with structure and function closest 

to humans, and (iii) Zebrafish, that like mice are highly amenable to genetic manipulation, 

but have the added advantage of possessing a capacity for tissue-regeneration. We will end 

the review with a brief discussion of how retinal structure and function are disrupted in 

common retinal diseases, and postulate how studies of retinal development could contribute 

to future therapeutic interventions.

2. Organization of the vertebrate retina

The fundamental plan of the retina is conserved across vertebrates; five major neuronal cell 

classes (Fig. 1) with Müller glial cells providing metabolic and homeostatic support. Coding 

of visual information begins with conversion of light energy to membrane potential changes 

in photoreceptors that alters neurotransmitter release. Photoreceptors can be broadly 

categorized into rods and cones (Fig. 1). Rods have exquisite sensitivity to light and can 

detect even a single photon (Rieke, 2000; Sampath and Rieke, 2004). Rods are thus 

responsible for dim-light vision. Cones are 100 times less sensitive than rods, but exhibit 

much faster response kinetics during phototransduction. Furthermore, each cone 

photoreceptor type is most sensitive to a specific wavelength of light. Thus, cones are 

engaged in bright-light, high acuity color vision.

Rod and cone photoreceptors use glutamate as a neurotransmitter and synapse onto second 

order glutamatergic bipolar cells at the outer plexiform layer (OPL). Synaptic transmission 

between photoreceptors and bipolar cells is modulated by horizontal cells (Fig. 1). Bipolar 

cells can be divided into two major classes, rod and cone bipolar cells. Rod bipolar cells 

contact primarily rod photoreceptors whereas cone bipolar cells mostly synapse with cone 

photoreceptors (Fig. 1). In addition, bipolar cells form two functional subclasses: Those that 

depolarize (ON) and those that hyperpolarize (OFF) to increments in light intensity. Rod 

bipolar cells are ON-bipolar cells whereas cone bipolar cells can either be ON- or OFF-type. 

Thus, at the very first synapse of the retina coding of visual information diverges into 

distinct parallel pathways: rod and cone, ON and OFF.

Cone bipolar cells contact retinal ganglion cells and amacrine cells within the inner 

plexiform layer (IPL). Ganglion cells are the sole output neurons of the retina, projecting 

their axons to higher visual centers. Excitation of retinal ganglion cells is modulated in two 

ways by amacrine cells, either directly by feedforward inhibition from amacrine cell 

synapses onto retinal ganglion cell dendrites or by feedback inhibition, in which amacrine 

cells contact axon terminals of bipolar cells. Inhibition is mediated largely by two fast 

neurotransmitters, γ-aminobutyric acid (GABA) and glycine. Within the IPL, synaptic 

connections are further organized in two structurally and functionally distinct layers. The 

inner lamina of the IPL comprises synapses between ON-bipolar cells and retinal ganglion 

Hoon et al. Page 2

Prog Retin Eye Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cells and amacrine cells, whereas the outer lamina contains synaptic connections of OFF-

bipolar cells with amacrine and retinal ganglion cells (Fig. 1). However, retinal ganglion 

cells with dendritic arbors in both ON and OFF layers are commonly found (Dacey, 2000; 

Dacey and Lee, 1994; Masland, 2001). Also, subsets of bipolar cells in fish retina commonly 

have terminal boutons in both the ON and OFF layers (Li et al., 2012; Wong and Dowling, 

2005; Wu et al., 2000).

In addition to the common structural-functional relationships within the retina, there are 

specializations in circuit design across species (Fig. 2). One of the most striking 

specializations across species is the variation in the composition of retinal photoreceptors 

and their associated circuitry (Fig. 2A). The mouse retina comprises two kinds of cone 

photoreceptors: 5% that express only a short wavelength sensitive opsin (S opsin), whereas 

95% of the cones co-express a middle wavelength sensitive opsin (M) together with S opsin 

(Applebury et al., 2000; Haverkamp et al., 2005; Nikonov et al., 2006; Rohlich et al., 1994). 

In contrast, macaque retina has three cone photoreceptor types, with peak sensitivity to short 

(S, blue), middle (M, green) or long (L, red) wavelengths of light. Zebrafish retina possesses 

a fourth cone photoreceptor type with peak sensitivity to ultraviolet (UV) light. Apart from 

distinct chromatic pathways, the composition of the retinal cell classes and their connectivity 

also differs across species (Fig. 2B). The diversity of horizontal cell types across species is 

noteworthy, and they vary both in their morphology and their connectivity patterns (Fig. 

2B). Mouse retina has only one horizontal cell type (Peichl and Gonzalez-Soriano, 1994), 

whereas macaque retina has two types (Dacey, 1999; Wässle and Boycott, 1991) and 

zebrafish retina four types (Li et al., 2009). Zebrafish retina is also specialized in that the rod 

bipolar cell does not get input solely from the rod photoreceptors but also information from 

L cones (Li et al., 2012), thus unlike mouse and monkey retina the zebrafish retina does not 

have a ‘pure’ rod photoreceptor – rod bipolar cell channel (see 3.1.2. and 3.6., further 

discussion of retinal specializations in 2.3.).

Nonetheless, the overall consistency in the basic organization of the retina across species has 

facilitated investigations into the relationship between structure and function of the adult 

retina, as well as investigations of the mechanisms underlying its development and 

maintenance. In the next section, we will explore in greater detail recent work that has 

provided insight into the developmental mechanisms that shape neuronal structure and 

function in the retina, from individual cell morphologies to the spatial organization of cell 

populations with specific functions.

2.1. Morphogenesis of retinal neurons

The major classes of retinal neurons can be divided into subtypes according to their 

characteristic morphologies and function (Masland, 2001; Wässle, 2004; Wässle and 

Boycott, 1991). The mechanisms responsible for patterning neuronal arbors unique to each 

subtype are only beginning to be unraveled. Retinal ganglion cells cultured in isolation, 

without any afferent inputs, target tissue or neighbors, recapitulate complex dendritic 

branching patterns found in vivo (Montague and Friedlander, 1989, 1991). This observation 

argues for the presence of intrinsic cues dictating dendritic morphology. However, it is also 

increasingly clear that cell-cell interactions, i.e. extrinsic factors, are also important. For 
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instance, growth factors belonging to the neurotrophin family like BDNF (brain derived 

neurotrophic factor) can regulate retinal ganglion cell arborizations (Cohen-Cory and Lom, 

2004). With the aid of mouse mutants, recent experiments have identified several other key 

molecules within the retina that pattern the arbors of retinal neurons in both a cell-

autonomous and non-autonomous manner.

The dendritic arbors of many amacrine cells and retinal ganglion cells exhibit the feature of 

isoneuronal ‘self-avoidance’, a term reflecting minimal crossings of sister dendrites from the 

same cell. Minimal branch overlap ensures that the neuronal arbor of the cell covers more 

space and reduces the probability of receiving redundant inputs (Grueber and Sagasti, 2010). 

The neurites of retinal cells of the same subtype also tend to spatially avoid each other, a 

process called heteroneuronal self-avoidance. Molecules involved in ensuring isoneuronal 

and heteroneuronal self-avoidance have now been identified using targeted genetic 

manipulations and loss of function analyses. There are some instances, however, of an 

increase in cell number also causing self-avoidance deficits (Keeley et al., 2012).

The protein Down-syndrome cell adhesion molecule (Dscam) is expressed by a 

subpopulation of cells in the inner nuclear layer (INL) and by cells in the ganglion cell layer 

(GCL) of the mouse retina. Dopamine-containing amacrine cells and brain nitric-oxide 

synthase (bNOS)-positive amacrine cells, but not cholinergic starburst amacrine cells or 

glycinergic AII amacrine cells (Fuerst et al., 2008) express Dscam. In Dscam knockout 

(KO) mice, dendrites of dopaminergic amacrine cells exhibit isoneuronal and heteroneuronal 

fasciculation instead of avoidance (Fig. 3A). The dendritic fasciculation observed in the 

Dscam KO is accompanied by a clumping of dopaminergic amacrine cell somata (Fig. 3A). 

bNOS-positive amacrine cells, melanopsin-containing retinal ganglion cells (M1 and M2 

retinal ganglion cells) and SMI-32-positive alpha-type retinal ganglion cells all show a 

similar fasciculation phenotype. In all affected cell types, fasciculation of dendrites and 

clumping of somata occur only amongst cells of the same type (Fuerst et al., 2009). Dscam-

negative starburst amacrine cells and AII amacrine cells maintain normal dendritic 

morphology in the Dscam KO mouse. However, AII amacrine cells, along with rod bipolar 

cells, do express the closely related Dscam molecule, Dscaml1 (Fuerst et al., 2009). Loss of 

Dscaml1 function results in neurite fasciculation and somatal clumping of rod bipolar cells 

and AII amacrine cells. Together, these studies emphasize a central role for Dscam and 

Dscam-like proteins in patterning the arbors of individual retinal neurons as well as their cell 

populations.

Repulsive interactions mediated by semaphorins (Sema) and their receptors plexins (Plex) 

also regulate dendritic self-avoidance in the retina. Mouse horizontal cells express Sema6A 

and its receptor, PlexA4, and the loss of either molecule leads to an increased self-crossing 

of horizontal cell dendrites (Matsuoka et al., 2012). Similarly, both ON and OFF populations 

of starburst amacrine cells express PlexA2, but only ON-starburst amacrine cells express its 

ligand, Sema6A (Sun et al., 2013). Consequently, in the Sema6A KO mouse, ON-starburst 

amacrine cells develop asymmetric arbors with abundant self-crossovers, whereas OFF-

starburst amacrine cell dendrites maintain their normal symmetry and field area (Sun et al., 

2013 and see Fig. 3B). Thus, self-avoidance is mediated by Sema6A specifically in cells 

expressing PlexA2. Why only one population of starburst amacrine cells is regulated by this 
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molecular cue is unknown, but it is highly intriguing. There are, however, molecules that 

control the arborization patterns of both ON- and OFF-starburst amacrine cells. A cadherin-

like transmembrane protein, protocadherin (Pcdh), has recently been shown to shape the 

branching pattern of both starburst amacrine cell populations. The Pcdh locus in the mouse 

encodes 58 isoforms, which are distributed in three sub-clusters (Lefebvre et al., 2008). One 

of these subclusters, γPcdh (Pcdhg), encodes 22 Pcdh isoforms (Lefebvre et al., 2008). In the 

absence of all 22 isoforms, ON- and OFF-starburst amacrine cell dendrites develop an 

asymmetric morphology, often fasciculating with their own and other starburst amacrine cell 

dendrites (Lefebvre et al., 2012 and see Fig 3B). Expressing just 1 of the 22 isoforms 

restores isoneuronal self-avoidance in starburst amacrine cell dendrites, but it also causes an 

increased heteroneuronal avoidance compared to wildtype. Repulsive signals caused by 

homophilic binding of the same γ-Pcdh isoforms mediate self-avoidance. But, the 

expression of a different set of isoforms in individual starburst amacrine cells is necessary to 

regulate heteroneuronal interactions. Thus, combinatorial factors regulate arborization 

patterns of retinal neurons at the single cell level, and organize arbor relationships amongst 

neighbors of the same type. In the future we will also need to account for factors that direct 

the arbor orientation of a single population of retinal ganglion cells, along a common axis, as 

observed in the JamB retinal ganglion cells (Kim et al., 2008). Identifying the details of the 

molecular control of neurite patterning in the retina is still well behind current investigations 

in other sensory systems (see Jan and Jan, 2010), but with the rapid advancement in mouse 

genetics, it is very likely that more effectors will be discovered in the near future.

It is evident that interactions with presynaptic partners and synaptic activity also influence 

morphogenesis of retinal neurons. For instance, in bipolar and horizontal cells, the number 

of dendritic branch terminals, as well as the regularity of their spacing, is dependent on the 

density of their presynaptic cone photoreceptors (Keeley and Reese, 2010; Raven et al., 

2007; Reese et al., 2005). In developing chick retinal ganglion cells, synaptic activity largely 

mediated by cholinergic transmission leads to local increases in intracellular calcium that 

further trigger the release of calcium from intracellular stores. This calcium-induced 

calcium-release (CICR) acts to locally stabilize dendrites; blockade of CICR causes 

dendritic retraction in the retinal ganglion cells (Lohmann et al., 2002). Other forms of 

neurotransmission, such as that mediated by GABA, also regulate the branching patterns of 

retinal ganglion cells in turtle (Chabrol et al., 2012). But, not all retinal ganglion cells appear 

subject to dendritic regulation by neurotransmission. Although pharmacological perturbation 

of glutamatergic transmission disrupts the dendritic stratification of cat retinal ganglion cells 

(Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995; Bodnarenko et al., 1999; Deplano 

et al., 2004), genetic suppression of glutamate release from bipolar cells does not affect the 

branching patterns of mouse ON- and ON-OFF retinal ganglion cells (Kerschensteiner et al., 

2009). We will further discuss the role of transmission in dendritic lamination in Section 

2.4.1.. Finally, apart from synaptic interactions, contact amongst cells of the same type has 

been suggested to modify the size and branching pattern of the axonal and dendritic arbors 

of retinal neurons. The role of such cell-cell interactions in shaping the territories of 

neighboring retinal neurons, and their distributions, will be discussed in greater detail in the 

next section.
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2.2. Arranging retinal cells into mosaics

A common organizational principle of the vertebrate retina is the non-random ‘mosaic-like’ 

distribution of cells belonging to the same type (Wässle and Riemann, 1978). Each cell type 

forms a mosaic independent from mosaics of other cell types such that the distributions of 

different cell types are not spatially correlated (Rockhill et al., 2000). Within a mosaic, the 

arbors of the component neurons either tile, i.e. without dendritic or axonal overlap, or their 

arbors overlap by a characteristic amount. Mosaic arrangements are found throughout the 

retinal layers and provide a uniform coverage of the visual field by each retinal neuron 

subtype. It is astonishing that independently arranged mosaics of processes co-exist in the 

IPL especially, where there is tremendous spatial intermingling of the axons and dendrites of 

numerous subtypes of bipolar cells, amacrine cells and ganglion cells. Mosaic-independence 

is preserved even between cell types that are synaptically connected (Galli-Resta, 2000; 

Rockhill et al., 2000). Indeed during development, mosaics of each cell type emerge before 

extensive synapse formation (Galli-Resta, 2002). In one study of the macaque retina, 

however, synaptically connected S cone and S cone bipolar cells were observed to be closer 

together than expected, thus raising the possibility that synaptic connections or other 

developmental interactions could influence the mosaic arrangements of retinal neurons 

(Kouyama and Marshak, 1997). Here, we discuss recent advances in our understanding of 

the developmental cues that organize retinal cell mosaics at the various levels of the retina – 

the outer and inner nuclear layers, and the ganglion cell layer.

2.2.1. Mosaics in the retinal input layer—Processing of light information begins at the 

photoreceptor input layer. Cone types and their ratios, however, differ across species (Fig. 

2). Some cone types form mosaics, but not all (Fig. 4A). In the mouse retina, cone 

photoreceptors are arranged in a quasi-regular mosaic (Fei, 2003). S cones in the monkey 

retina, but not human retina (Roorda et al., 2001), are also organized in a non-random 

manner. However, L and M cones are randomly distributed both in monkey and human 

retina (Roorda et al., 2001). By contrast, every cone photoreceptor type in the adult 

zebrafish retina forms a ‘crystalline’ mosaic composed of neatly arranged rows of 

alternating cone types, as shown in Fig. 4A (Allison et al., 2010). This highly ordered cone 

arrangement in the adult zebrafish retina has prompted the search for the mechanisms 

underlying cone mosaic formation in this species (Fig. 4B).

Because the zebrafish retina continues to grow beyond larval stages, it is possible to track 

how the mosaic takes shape as newly generated cones become integrated at the edge of the 

growing retina, the ciliary marginal zone (CMZ). How are different cone types incorporated 

into their proper positions as they are produced? There are at least three potential 

mechanisms (Fig. 4B): (i) Death of improperly incorporated cones, (ii) Active migration of 

cones to search for their proper positions, and (iii) Fate (lateral) induction of newly 

integrated cones by neighboring terminally differentiated cones (Fig. 4B). The first 

possibility is unlikely because cell death in the CMZ is consistently low (< 1%) from the 

early developmental period to adult (Biehlmaier et al., 2001). The second possibility has not 

yet been explored, but if new cells migrate, the distance must be locally limited because a 

single fluorescently-labeled retinal stem cell in the CMZ produces a continuous stripe of 

labeled postmitotic cells without much lateral dispersion along the annulus of the CMZ as 
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the retina grows (Centanin et al., 2011). Theoretically, the local movement of cones, 

together with differential adhesion strengths between different cone types, could give rise to 

the row mosaic (Mochizuki, 2002). Such interactions between cone photoreceptors via 

adhesion molecules, such as Crumbs polarity proteins, are beginning to be understood (Zou 

et al., 2012). Lateral induction of cell fate is a well-known mechanism that generates an 

ordered array of photoreceptors within individual ommatidia in the fly compound eye 

(Frankfort and Mardon, 2002). Modeling studies have suggested that lateral induction of cell 

fate could also generate the rows of cones in zebrafish retina (Takesue et al., 1998; Tohya et 

al., 1999). Such mechanisms have not yet been directly demonstrated because the earliest 

possible method of marking different cone types has been labeling for different opsins, 

which are expressed only after cones are positioned in the row mosaic (Raymond and 

Barthel, 2004). Thus, early markers of specific cone types are needed. For example, 

precursors of L cones in zebrafish can be visualized in fish in which the thyroid hormone 

receptor β2 (Trβ2) promoter drives expression of fluorescent protein (Suzuki et al., 2013). 

Future in vivo time-lapse experiments that track the division, differentiation and movements 

of such labeled cones would be instructive. Such experiments could also reveal whether 

cone fate is decided before the cells are integrated into the forming mosaic, or if cones adopt 

their fate only after moving into position. Future experiments comparing cone mosaic 

development in zebrafish and mammals are also needed in order to discover mechanisms 

that might be conserved across species, or uncover mechanisms that are unique to 

organizing the cone mosaics in different animals.

2.2.2. Mosaics of retinal interneurons—Neurons in the inner nuclear layer, bipolar 

cells, horizontal cells and amacrine cells, also form mosaics (Fig. 5A-C). In recent years, 

tools that enable manipulation of gene expression in mice have greatly advanced our 

knowledge of the mechanisms underlying retinal mosaic formation, particularly of inner 

retinal neurons. As with photoreceptor mosaics, several cellular mechanisms can be 

conceived to contribute to the mosaic formation of inner retinal neurons. Indeed, modeling 

studies indicate that all three mechanisms (lateral induction, cell death and lateral 

dispersion) can theoretically explain mosaic formation (Eglen et al., 2000; Eglen and 

Willshaw, 2002), some of which have been demonstrated experimentally.

To date, there is no direct evidence for neighboring cells in the INL influencing each other’s 

fate, though it is a common mechanism in many systems, such as notch signaling between 

neighboring cells to control their neuronal fate choices (Louvi and Artavanis-Tsakonas, 

2006). There is evidence, however, for cell death playing a role in mosaic formation in the 

INL, and this mechanism is employed by at least two types of amacrine cells. Like other cell 

types in the INL, dopaminergic amacrine cell bodies are non-randomly spaced (Eglen et al., 

2003). Pairs of mouse dopaminergic amacrine cells are often found closely juxtaposed to 

each other upon genetic suppression of apoptosis (Raven et al., 2003). Cell death has also 

been suggested to contribute to the mosaic regularity of starburst amacrine cells in neonatal 

rodent retina (Resta et al., 2005), as suppressing cell death in these amacrine cells leads to an 

irregular mosaic pattern. It is not known how dopaminergic amacrine cells sense the local 

density of neighboring cells or how selective cell death is triggered in this population. But 

death of starburst amacrine cells appears to be caused by extracellular ATP via purinergic 
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(P2X7) receptors expressed by these amacrine cells (Resta et al., 2005). Starburst amacrine 

cells store ATP in granules (Resta et al., 2005), raising the possibility that high 

concentration of ATP released by closely packed starburst amacrine cells triggers cell death 

to improve mosaic regularity.

Lateral dispersion of mouse dopaminergic amacrine cells during development appears to be 

limited (Raven et al., 2003), and thus this factor unlikely contributes to their somatal 

spacing. In contrast, lateral dispersion plays a role in generating the cell body mosaics of 

ON-starburst amacrine cells (Fig. 5A) positioned in the GCL. In rodent retina, around birth 

(embryonic day (E) 21- postnatal day (P) 0), ON-starburst amacrine cell somata are already 

arranged in a quasi-regular manner in the GCL but the newly differentiated cells migrating 

into the GCL do not arrive in a position optimally spaced between neighbors (Galli-Resta et 

al., 1997). After arriving in the proper layer, ON-starburst amacrine cells disperse 

tangentially to create regular spacing between each other (Galli-Resta et al., 1997), which 

requires the active remodeling of microtubules (Galli-Resta et al., 2002). What molecular 

mechanisms underlie this repulsive force between ON-starburst amacrine cell neighbors? A 

recent study has shown that starburst amacrine cell bodies become randomly distributed in a 

mouse lacking the transmembrane multiple epidermal growth factor-like domains protein 10 

(Megf10) (Kay et al., 2012 and Fig. 5D). Megf10 is expressed by immature starburst 

amacrine cells as these cells approach their final target layers. This molecule is expressed on 

the cell surface, causing homophilic, repulsive interactions, which in turn generates even 

spacing between starburst amacrine cell bodies. The dendrites of the starburst amacrine 

cells, however, remain highly overlapped in the Megf10-mutant, similar to wildtype 

conditions. How does contact-mediated repulsive Megf10 signaling only impact the spacing 

of the starburst amacrine cell’s soma but not its dendrites? One possibility is that Megf10 is 

downregulated as starburst amacrine cell dendrites extend into each other’s territories. But, 

starburst amacrine cell dendrites are already fasciculated at the first postnatal week when 

Megf10 is still expressed (Stacy and Wong, 2003). It could be that while Megf10 is still 

expressed in starburst amacrine cell dendrites, the downstream signaling cascade is 

dismantled. Alternatively, as the dendrites of starburst amacrine cells begin to overlap, 

starburst amacrine cells could upregulate an adhesion factor that negates the repulsion 

mediated by Megf10. In summary, we do not yet have an answer for how mosaic somal 

spacing and overlapping dendritic territories co-exist in the same population of amacrine 

cell.

Examination of the mosaic formation of another retinal cell type, the horizontal cell, has 

offered a solution to the problem. Like starburst amacrine cell somas, horizontal cell bodies 

also form a mosaic (Fig. 5B) primarily via lateral dispersion (Raven et al., 2005), with 

highly overlapping dendritic fields: about 6 horizontal cell dendritic fields overlap at any 

given point of the mouse retina (Reese et al., 2005). How do horizontal cells attain their 

somal mosaic while allowing so much dendritic overlap? During late embryonic to early 

postnatal stages, the neurites of mouse horizontal cells are directed vertically towards the 

outer neuroblast layer, the future outer nuclear layer (ONL), forming a columnar arbor 

(Huckfeldt et al., 2009 and see Fig 6A). The arbors of neighboring immature horizontal cells 

form a tile-like arrangement via homotypic repulsive interactions. Multiphoton time-lapse 
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imaging has demonstrated that upon laser-ablation of some immature horizontal cells, the 

processes of neighboring cells gradually fill in the vacated area. The vertical neurites of 

immature horizontal cells exist only transiently, giving way to lateral extensions that form 

mature dendritic arbors that overlap extensively. What molecular cues could dictate the 

repulsive interactions between vertical arbors of immature horizontal cells yet allow 

subsequent overlap of their dendrites at maturity? Like starburst amacrine cells, the mosaic 

spacing of horizontal cell bodies is also regulated by Megf10, but another isoform, Megf11, 

can compensate for Megf10 to regulate horizontal cell spacing (Kay et al., 2012 and see Fig. 

5E). Megf10 and 11 expression in horizontal cells commences around birth, raising the 

possibility that these molecules underlie the repulsive interactions between vertically 

oriented neurites of developing horizontal cells. Dendritic overlap of mature horizontal cell 

could require secondary mechanisms such as loss of repulsive interactions or gain of 

adhesive interactions (Fig. 6B).

For retinal neurons with arbors that do tile, one can imagine that homotypic interactions set 

up their mosaic. Tiling is most apparent for the dendritic and axonal arbors of bipolar cells 

within their respective layers in mouse retina (Fig 5C). The molecular mechanisms that 

regulate the tiling of bipolar cell arbors are unknown, but studies elucidating the signaling 

mechanisms that drosophila sensory neurons use to populate the larval body wall may be 

instructive (Emoto et al., 2004; Jan and Jan, 2010).

2.2.3. Mosaics in the retinal output layer—Retinal cell mosaics have long been 

associated with the distribution of retinal ganglion cells (Wässle et al., 1981). The cell 

bodies of retinal ganglion cells belonging to the same subtype are arranged in a non-random 

fashion. For many types, their dendritic arbors overlap by a constant amount without much 

local variation in their coverage or sampling of the visual field (Gauthier et al., 2009; Wässle 

et al., 1981). Some retinal ganglion cells such as rabbit direction-selective (DS) retinal 

ganglion cells that share the same preferred direction, possess dendritic arbors that do not 

overlap but instead tile (Vaney, 1994). In human retina, the dendritic arbors of neighboring 

midget ganglion cells also tile and never overlap (Dacey, 1993b). Such tiling arrangements 

naturally suggest a role for homotypic interactions in setting up the ganglion cell mosaic. 

Indeed, several observations support this notion. First, lesion-induced depletion of some 

ganglion cells in developing rat (Perry and Linden, 1982) and cat (Eysel et al., 1985) retinas 

causes surviving ganglion cells bordering the lesion to orient their dendrites toward the cell-

depleted site. Also, increasing ganglion cell density in the cat retina is paralleled by a 

reduction in their dendritic field size (Kirby and Chalupa, 1986). Further, studies in ferret 

retina have shown that neighboring retinal ganglion cells of the same type can have 

dendrodendritic contacts, although the nature of such contacts needs to be verified at the 

ultrastructural level (Lohmann and Wong, 2001). Although the molecular basis of 

homotypic interactions between retinal ganglion cells of the same type is still unknown, 

there is a likelihood that retinal ganglion cells share similar strategies to those used by other 

retinal neurons (horizontal cells and amacrine cells) for spacing their cell bodies. In addition 

to dendro-dendritic interactions, cell death is also proposed to contribute to the mosaic 

regularity of alpha ganglion cells in the cat retina (Jeyarasasingam et al., 1998). A recent 
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study further demonstrated the role of cell death for the mosaic formation of M1 ganglion 

cells in the mouse retina (Chen et al., 2013b).

Retinal ganglion cell mosaic arrangements are, however, not always influenced by 

homotypic interactions with neighbors of the same cell type. Dendritic arbors of ganglion 

cell subtypes (M1 ganglion cells and SMI-32 positive alpha-like ganglion cells) in the 

mouse retina both greatly overlap with neighboring cells of the same type. In mutant mice 

where the majority of ganglion cells are lost, surviving M1 ganglion cells and SMI-32 

positive ganglion cells develop normally sized dendritic fields and maintain their mosaic 

arrangement (Lin et al., 2004). Thus, certain ganglion cell types can form mosaics even 

when dendrites of neighboring cells of the same type do not contact. It would be interesting 

to further explore such mechanistic differences between ganglion cell types that give rise to 

distinct mosaics of their dendritic fields, such as tiling via homotypic interactions, with 

ganglion cell types that lack apparent regulation of dendritic arbors by homotypic 

interactions.

2.3. Organizing retinal cell distributions for specialized tasks

Although retinal cell mosaics are found throughout the retina, cell distributions are not 

necessarily uniform across the retina. Often, each species has developed specialized spatial 

and circuit arrangements that are best suited for processing of relevant features of their 

visual world (Hughes, 1985; Peichl, 1991). In this section, we review some key 

specializations in cell distributions and discuss what is known and what is not known about 

the developmental mechanisms underlying their patterning. We also bring to the attention of 

the reader the observation that spatial distributions of cells within the retina can exhibit 

abrupt structural and/or functional changes, either to facilitate a specific visual task or 

perhaps reflecting new demands on retinal organization in the adult.

2.3.1 Central, high-acuity vision—Local peaks in cell density can be observed at 

specific locations in the retina of many vertebrates. For example, in cats, ganglion cells are 

concentrated in a small region called the ‘area centralis’, located in dorsal-temporal retina. 

This region of maximum ganglion cell density is responsible for high spatial resolution of 

images (Rapaport and Stone, 1984). In fact, all retinal cell types increase in density towards 

the area centralis. During development of the cat retina, the area centralis is the first part of 

the retina to mature (Rapaport and Stone, 1984), presumably followed by a non-uniform 

growth of the peripheral retina with the area centralis displaying minimal growth 

(Mastronarde et al., 1984). Accordingly, density of the central beta-retinal ganglion cells in 

the area centralis is maintained throughout eye-growth as the magnification factor decreases 

(Sernagor et al., 2001). The mechanisms that specify the early maturation of the area 

centralis in cat retina or that govern its progression into a region of peak cell density remain 

largely unknown.

In primate retina, a more dramatic specialization in cell distribution that is optimized for 

central, high acuity vision is the fovea (Latin for pit or depression). Foveal cones in macaque 

retina are packed at a density as high as ~200,000/mm2 (Hendrickson, 1994), which declines 

steeply towards the periphery, reaching less than 10,000/mm2 at the eccentricity of the optic 
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disk (~20 degrees of visual angle). In contrast, rods are absent in the fovea (Packer et al., 

1989). The spatial distribution patterns of rod and cone bipolar cell types also appear to 

match that of their presynaptic photoreceptor types in macaque retina. For example, the 

highest density of rod bipolar cells occurs at the eccentricity close to where rod density is 

maximum (Grunert and Martin, 1991). Despite cone density increasing towards the fovea, 

the ratio between S cones and S cone ON-bipolar cells is constant across macaque retina 

(Kouyama and Marshak, 1992; Wässle et al., 1994).

The structural development of the fovea (Fig. 7) has long fascinated investigators and has 

been well documented, particularly by the work of Hendrickson and colleagues. The 

macaque retina initially develops as a flat sheet of neuroepithelium but midway through 

gestation (~ fetal day (Fd) 74) (Hendrickson and Kupfer, 1976), the central fovea begins to 

take shape and can be seen as a small depression along the retinal sheet. Like the area 

centralis in cat, the distance between the fovea and the optic disk in the macaque retina 

remains almost constant as the retina grows (Packer et al., 1990). Expansion of the retinal 

area appears to explain the decrease in cone density in the retinal periphery but does not 

account for the increase of cone density in central retina (Hendrickson, 2006 and see Fig. 

7A) as the foveal pit emerges (Hendrickson, 1992 and see Fig. 7B).

What cellular mechanisms underlie the initiation and formation of the foveal pit? Although 

this question has not been fully answered some mechanistic possibilities have been 

considered (Fig. 7B), such as: (i) A reduction of retinal ganglion cell density at the central 

fovea, (ii) An increase in the density of cone photoreceptors, and (iii) A suppression of rod 

photoreceptor genesis at the fovea (Hendrickson, 1992; Hendrickson and Kupfer, 1976). 

One possible mechanism for the reduction of retinal ganglion cell density at the fovea is by 

active migration of ganglion cells away from the central fovea in response to ‘repulsive’ 

cues, which could be triggered by a high ganglion cell density (Leventhal et al., 1989). 

However, retinal ganglion cells already form synapses before the pit appears and it is not 

common to find that differentiated neurons can actively migrate great distances together 

with their afferents. Alternatively, mechanical forces exerted on the developing retina may 

lead to the formation of the foveal pit and a ‘passive’ displacement of retinal ganglion cells 

(Springer, 1999; Van Essen, 1997).

The developmental mechanisms responsible for the high density of cones in the central 

fovea also remain largely unknown. One possibility could be movement of cones toward the 

center of the fovea (Hendrickson, 1994) and this process could be active or passive. One 

potential mechanism involves Müller glia cells. The inner segments of cones are attached 

tightly onto Müller cells, whose processes span vertically through the retina. Pit formation 

could move the inner foot of the Müller cell processes away from the central fovea. This 

action may lean the outer side of the Müller cell processes toward the central fovea, leading 

to a ‘squeezing’ of cones (Hendrickson, 1994).

Although rods are generated in the fovea first, their generation appears to be suppressed in 

the center of the fovea. During initial stages of fovea pit formation a sparse population of 

rods exists within a 1600 μm width region (Hendrickson and Kupfer, 1976; La Vail et al., 

1991). As the foveal pit develops this region shrinks to a width of ~200 μm (Hendrickson, 
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1994). What intrinsic or extrinsic factors suppress rod genesis at the fovea, however, has not 

yet been detailed.

Finally, it should be realized that not all cell types within a retina alter their cell densities in 

parallel, which can lead to different convergence ratios of pre- and postsynaptic cells. For 

example, the parvocellular pathway that encodes color and spatial acuity forms a ‘private’ 

line of connection in the fovea where individual cone photoreceptors contact a single midget 

bipolar cell, which then synapses onto a single midget retinal ganglion cell (Calkins et al., 

1994; Kolb and Dekorver, 1991; Wässle, 2004). Convergence along this pathway increases 

outside the fovea towards the periphery (Chan et al., 2001; Wässle et al., 1994). Thus, there 

may not be a single mechanism that organizes the spatial distributions of cell populations 

across the retina, but rather a set of mechanisms that coordinate the arrangements of each 

pre- and postsynaptic cell type to meet the changing demands of each circuit sampling 

different parts of the visual space.

2.3.2. Graded cell distributions—In contrast to photoreceptors in monkey and cat 

retina, the spatial distributions of rods and cones in mouse retina are relatively uniform, with 

a centro-peripheral gradient of no more than 2-fold (Jeon et al., 1998). However, the 

expression patterns of S and M opsins in mouse cone photoreceptors follow a dorsoventral 

gradient (Applebury et al., 2000; Rohlich et al., 1994; Szel et al., 1992 and see Fig. 8A). 

Except for ~5% of cones that exclusively express S opsins and are distributed 

homogeneously across the retina (Haverkamp et al., 2005) (‘pure’ S cones), mouse cones 

express both S and M opsins. S opsin expression dominates over M opsin expression in the 

ventral retina, and the opposite holds true for dorsal retina. This opsin gradient is reflected in 

the short wavelength-dominant responses of bipolar cells, horizontal cells and ganglion cells 

in ventral retina, and M opsin-dominant responses from cells in dorsal retina (Breuninger et 

al., 2011; Ekesten and Gouras, 2005; Yin et al., 2006, 2009).

How are the dorsoventral gradients of short and medium wavelength cones set up during 

development? Transgenic approaches revealed a role for thyroid hormone and its receptor, 

Trβ2 for cone patterning. Trβ2 is necessary for M opsin expression and suppresses S opsin 

expression during development of the mouse retina (Ng et al., 2001). Thus, the spatial and 

temporal pattern of Trβ2 activation across the retina regulates S and M opsin expression 

patterns. This transcriptional control of short and medium wavelength cone identities also 

occurs in the zebrafish retina, although there is no gradient of cone opsin distributions 

(Suzuki et al., 2013).

Several studies have provided insight into how Trβ2 acts to regulate S and M opsin 

expression in the mouse retina (Fig. 8B-C). Trβ2 not only functions as monomers and 

homodimers but it also forms heterodimers with other nuclear hormone receptors such as 

retinoid X receptors (RXR) and chicken ovalbumin upstream promoter transcription factors 

(COUP-TF) that in turn can form a complex with retinoic acid receptors (RAR) (Berrodin et 

al., 1992). These nuclear hormone receptors can regulate the epigenetic action of Trβ2 by 

forming heterodimers. Their spatiotemporal expression patterns (Fig. 8B) during 

development could in turn control opsin expression patterns across the retina. In RXRγ KO 

animals, the S opsin gradient is disrupted, such that all cones express S opsin (Roberts et al., 
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2005; Roberts et al., 2006). The M opsin gradient, however, remains unaltered. This 

suggests that RXRγ forms heterodimers with Trβ2 and suppresses S opsin expression. A 

subset of retinoid-related orphan receptors (ROR), RORβ induces S opsin expression 

synergistically with another transcription factor, the cone-rod homeobox (CRX) (Srinivas et 

al., 2006). The spatial expression pattern of RORβ and its unknown ligand may also 

contribute to the S opsin expression gradient, but these expression patterns are currently not 

known. Retinoic acid is expressed in the dorsal and ventral retina except for an intermediate 

zone (McCaffery et al., 1992). The distribution pattern of RARs is not known. Another 

transcription factor, COUP-TFI is expressed ventrally whereas COUP-TFII is expressed 

dorsally during embryonic stages (Satoh et al., 2009 and see Fig. 8B). COUP-TFI expression 

level in the ONL decreases during the first postnatal week whereas COUP-TFII expression 

persists. COUP-TFI and TFII appear to suppress M opsin expression in the ventral retina, 

and S opsin expression in the dorsal retina, respectively (Satoh et al., 2009).

The spatial expression pattern of these nuclear hormone receptors can be further regulated 

by other transcription factors (Fig. 8B-C). For example, bone morphogen protein 4 (BMP4) 

and sonic hedgehog (SHH) antagonize and control dorsoventral expression patterns of other 

transcription factors, including dorsally-enriched Tbx5 (T-box 5) and ventrally-enriched 

Vax2 (ventral anterior homeobox 2) (Koshiba-Takeuchi et al., 2000; Peters and Cepko, 

2002; Zhang and Yang, 2001). Vax2 regulates the distribution patterns of retinoic acid by 

controlling the ventral expression of retinoic acid synthesizing and degrading enzymes 

(Alfano et al., 2011). Similarly, BMP4 regulates dorsal expression of COUP-TFI and II 

(Satoh et al., 2009). Taken together, although the precise mechanisms that create the 

dorsoventral gradient of S and M opsins in mouse retina are yet to be fully understood, the 

asymmetric expression patterns of early transcription factors appear to determine the 

expression pattern of subsequent factors that eventually determine the opsin expression 

gradient (Fig. 8B-C). It is possible that asymmetric expression patterns of transcription 

factors also regulate the spatial distribution pattern of other retinal cell types.

2.3.3. Abrupt changes in distributions—Before concluding this section, it is 

noteworthy to mention that there are examples of retinal cell distributions for which abrupt 

changes in cell density and even cell composition occurs within a retina. Recently, it was 

demonstrated that the transition between S opsin and M opsin dominant regions occurs 

steeply along a narrow strip where many cones express equivalent amounts of the two 

opsins (Baden et al., 2013). The steep opsin expression gradient over an individual ganglion 

cell receptive field within this transition zone provides chromatically opponent responses to 

these ganglion cells without requiring specialized connectivity with upstream retinal neurons 

(Chang et al., 2013). Mice can discriminate UV light from visible light (Jacobs et al., 2004), 

and this ability may result from the presence of retinal ganglion cells in the transition zone 

of opsin expression (Chang et al., 2013).

As mentioned earlier (see 2.2.1.), the zebrafish retina continues to grow throughout the 

lifetime of the animal. New cells are consistently produced at the peripheral region of the 

retina called the CMZ. The larval part of the retina remains at the center and occupies a 

small fraction of the total retinal surface in the adult. The distribution patterns of cones in 

the larval ‘remnant’ and the adult retina are strikingly different. The cone mosaic is not as 
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regular in larvae, comprising a L:M:S:UV ratio of 1.5:1.25:1:1.2 compared to a strict 2:2:1:1 

ratio characteristic of the adult retina (Allison et al., 2010). Moreover, the mosaic of cone 

types is not as regular as that found in the adult part of the retina. As discussed in Section 

2.2.1., the molecular and cellular mechanisms that orchestrate the organization of cone 

mosaics are not known, but several mechanisms have been proposed.

Both of these examples highlight the complexity of the developmental programs that are 

needed to organize the various retinal cell types and subtypes into functionally relevant 

distributions. As cell-type specific promoters become increasingly available for both mice 

and zebrafish, the prospect of determining relevant mechanisms in the not too distant future 

seems promising.

2.4. Emergence of the layered structure of the retina

As illustrated earlier, the retina comprises three distinct cell body layers, separated by two 

synaptic or plexiform layers. The major classes of retinal cells forming these layers are not 

all generated at the same time (Fig. 9). The inner retina is established first, with the dendrites 

of early born ganglion cells and amacrine cells elaborating before the outer retina develops, 

a process that can be visualized in vivo by time-lapse microscopy (Godinho et al., 2005; 

Mumm et al., 2006). In the outer retina, the forming OPL first comprises processes of 

horizontal cells and photoreceptors. Thereafter, bipolar cells are produced and their 

dendrites and axons elaborate into the OPL and IPL. Because of the sequential addition of 

cells to the retina, one immediate question that comes to mind is which, if any, retinal cell 

type or types are essential for organizing the cell layers of the retina? The presence of inner 

and outer nuclear layers despite the lack of retinal ganglion cells in the zebrafish lakritz 

mutant (Kay et al., 2004) and the mouse atonal homologue Math5 KO (Brown et al., 2001) 

suggests that at least these neurons are not required.

What had been less apparent in the past, and has been the focus of several recent studies, is 

whether or not there is a particular retinal cell type that is critical for organizing synaptic 

sublayering in the IPL. This question has been addressed in several studies on zebrafish 

retina. Mislocalized retinal ganglion cells in the heart-and-soul (has) mutant zebrafish 

project their dendrites into the ectopic neuropil where amacrine cells also extend their 

processes, suggesting that one cell type may direct neurite extension of their synaptic 

partners (Choi et al., 2010). However, amacrine cell dendrites and bipolar cell axons can by 

and large stratify correctly in the absence of retinal ganglion cells (Gunhan-Agar et al., 

2000; Kay et al., 2004). Amacrine cell dendrites also stratify normally in the absence of 

bipolar cells (Green et al., 2003). In these studies, however, one synaptic partner always 

remains in the circuit. Thus, a recent study in zebrafish systematically eliminated both inner 

retinal neurons and Müller glia cells during development. Surprisingly, bipolar cell axons 

can form an IPL like neuropil even in the absence of retinal ganglion cells, amacrine cells 

and Müller glia cells (Randlett et al., 2013). Thus, summarizing observations from the 

zebrafish retina, it appears that no single cell type is responsible for organizing 

sublamination of the IPL.

To further complicate the search for lamination cues, it was discovered that the stratification 

of retinal processes of the same major cell class is not directed by a single mechanism or 
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strategy. Time-lapse imaging of retinal ganglion cell arbors in larval zebrafish and 

comparison of the morphology of transgenically labeled mouse retinal ganglion cell 

subtypes (Kim et al., 2010), revealed that some retinal ganglion cell types directly target 

their correct sublaminae whereas others adopt an exploratory strategy whereupon dendrites 

in the inappropriate sublaminae are eliminated (Kim et al., 2010; Mumm et al., 2006). There 

are also some retinal ganglion cell types that initially elaborate dendrites in one sublamina 

and later elaborate dendrites to form a separate arbor in another sublamina (Kim et al., 2010; 

Mumm et al., 2006).

It is clear that many different cues must be engaged separately to establish the detailed 

lamination patterns of the IPL. There has been excellent progress in recent years in defining 

some key mechanisms. These mechanisms can be broadly divided into cues requiring 

neurotransmission as well as interactions that are independent of neurotransmission.

2.4.1. Neurotransmission-dependent cues—There is no doubt that neurotransmission 

during development can affect lamination of retinal neurons. When excitatory transmission 

from photoreceptor terminals is perturbed, rod bipolar cell dendrites and horizontal cell 

processes sprout into the ONL (Dick et al., 2003; Raven et al., 2008). Surprisingly, 

sprouting of bipolar cell dendrites does not occur when postsynaptic bipolar cell function is 

perturbed as in mice lacking the metabotropic glutamate receptor mGluR6 (Masu et al., 

1995) or when the signaling cascade downstream from these receptors is disrupted (Dhingra 

et al., 2000; Koike et al., 2010). These findings suggest that alteration of neurotransmission 

between photoreceptors and their postsynaptic cells is not solely responsible for dendritic 

sprouting of the postsynaptic bipolar cell partners.

In the IPL, chronic blockade of ON-bipolar cell activity by intraocular injections of APB (2-

amino-4-phosphonobutyric acid) causes a failure of cat retinal ganglion cells to restrict their 

dendritic lamination to the ON or OFF sublaminae (Bodnarenko and Chalupa, 1993). 

Similarly, dark-reared mice show an increased number of bistratified retinal ganglion cells 

(Tian and Copenhagen, 2003). Other studies, however, have reached an opposite conclusion. 

Retinal ganglion cell dendritic arbors stratify normally in mice lacking mGluR6 receptors, a 

condition that renders their presynaptic partners, the ON-bipolar cells, insensitive to light 

(Tagawa et al., 1999). Also, genetic suppression of vesicular transmitter release from ON-

bipolar cells by expression of the light chain of tetanus toxin does not alter the stratification 

or morphology of mouse ON- and ON-OFF retinal ganglion cells (Kerschensteiner et al., 

2009). An explanation for such disparity in findings across studies is not readily apparent, 

but it is unlikely to be simply due to different sites of transmission blockade because ON-

bipolar cell responses should be similarly blocked by APB treatment as in the mGluR6 

mutant. Importantly, these disparities, raise awareness that the outcome may be highly 

dependent on the nature of the transmission blockade, a problem that is not unique to studies 

of the retina (Bleckert and Wong, 2011).

Although not necessarily requiring transmission per se to stratify properly, the dendritic 

projections of retinal ganglion cells are influenced by interactions with their presynaptic 

bipolar cells. Genetic ablation of the major bipolar cell input type of alpha-like ON-retinal 

ganglion cells (see 3.4.2.), causes some of these cells’ dendrites to stray into the OFF layer, 
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though their ON-dendritic arbor remains largely intact. The ectopic dendrites form synapses 

mostly with a specific type of OFF-bipolar cell, suggesting that even ON-retinal ganglion 

cells and OFF-bipolar cells can be ‘molecularly matched’ and form synapses, if given a 

chance (Okawa et al., 2014). These observations thus indicate that the presence of the 

primary presynaptic cell type dissuades the dendrites of the postsynaptic retinal ganglion 

cell from searching for new synaptic partners. In addition, these findings underscore the 

importance of lamination cues in preventing functional mismatching of pre- and 

postsynaptic cell types in the inner retina.

Our task now is to more completely understand why blockade of transmission during 

development disrupts synaptic lamination and connectivity in some conditions but not 

others, even within the same circuit (e.g. photoreceptors to bipolar cells). Attaining this 

knowledge for the developing retina will also be useful for deciphering the damage to 

circuits in retinal diseases in which cell death disrupts neurotransmission.

2.4.2. Neurotransmission-independent cues—There have been significant advances 

in our understanding of the transmission-independent cell-cell interactions and molecular 

cues that guide the lamination of processes of retinal neurons. It is now evident that a set of 

molecules can act either only on a specific cell type (e.g. amacrine cells) or across several 

but not necessarily all cell types.

In mutant mice lacking the FAT atypical cadherin3 (Fat3) the neurites of amacrine cells 

form an additional layer outside of the IPL (Deans et al., 2011). This ectopic layer of 

amacrine cell processes appears to be derived from amacrine cells that are correctly 

positioned in the INL, but have developed a bipolar morphology with two separate arbors. In 

the Fat3-mutant, there are also many more amacrine cells displaced to the GCL. The 

processes of AII amacrine cells that ectopically laminate in the GCL contact rod bipolar cell 

axons that have also mis-projected beyond the IPL. Because rod bipolar cells do not express 

Fat3, the alteration in their axonal projection implicates the presence of a cue directing their 

axons towards their usual synaptic partner, the AII amacrine cell. The misplaced neurites of 

amacrine cells form synapses with the bipolar cells and other amacrine cells in the ectopic 

plexuses, suggesting that loss of Fat3 does not disrupt synaptogenesis. The ectopic amacrine 

cell neuritic layers may arise because of a failure to prune mis-oriented processes during cell 

migration (Deans et al., 2011). Certainly, in vivo time-lapse recordings in zebrafish 

demonstrate that amacrine cells are multipolar during migration, and only direct their 

process exclusively towards the forming IPL when their cell bodies are close to their final 

location in the INL. Together, these observations suggest that there are molecular cues that 

separately organize the stratification of amacrine cell processes and their ability to form 

synapses, including contact with appropriate partners.

Recent studies have identified several repulsive interactions mediated by semaphorins and 

plexins in controlling the overall lamination of the retina (Fig. 10A, C). During embryonic 

and early postnatal development of the mouse retina, class 5 transmembrane semaphorins, 

Sema5A and 5B, are expressed by cells in the ONBL (outer neuroblastic layer or future 

ONL) whereas their receptors, PlexA1 and A3, are expressed by cells in the INBL (inner 

neuroblastic layer or future INL and GCL), which includes immature amacrine cells and 
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ganglion cells (Matsuoka et al., 2011a and see Fig. 10A). The repulsive interactions between 

Sema5A/5B and PlexA1/A3 keep amacrine cell and ganglion cell dendrites away from the 

outer retina and in the IPL. In the absence of these proteins, several subtypes of amacrine 

cells and retinal ganglion cells extend their processes into the OPL and the INL, wherein 

they create an extra plexiform layer in addition to arborizing in the IPL (Fig. 10C). Another 

member of transmembrane semaphorins, Sema6A, and its receptor, PlexA4, are both 

expressed by horizontal cells in mouse retina (Matsuoka et al., 2012). In KO mice for either 

protein, horizontal cell axons fail to be constrained within the OPL (Fig. 10C). Thus, 

Sema6A-PlexA4 heterotypic signaling may not function as a repulsive cue, but rather, may 

work as an adhesive force to confine horizontal cell axons to the OPL.

Repulsive interactions via semaphorin-plexin signaling also act to specify sublamination of 

neurites in the IPL (Fig. 10C). Dopaminergic amacrine cells and their synaptic partner, M1 

retinal ganglion cells, both stratify their dendrites in the outermost layer of the IPL. In the 

KO mice for Sema6A or its receptor PlexA4, both cell types develop additional arbors in the 

inner half of the IPL, where they still contact each other (Matsuoka et al., 2011b and see Fig. 

10C). Sema6A is localized in the inner half of the IPL whereas PlexA4 is present in the 

outer half of the IPL that includes dopaminergic amacrine cell processes but not M1 retinal 

ganglion cell dendrites (Fig. 10A). Thus, in the absence of repulsive Sema6A–PlexA4 

signaling, dopaminergic amacrine cell dendrites fail to be repelled from the inner half of the 

IPL. The ectopic dendrites of M1 retinal ganglion cells are likely a secondary consequence. 

Similarly, Sema6A-PlexA2 signaling is necessary for the proper stratification of starburst 

amacrine cell dendrites (Sun et al., 2013 and see Fig. 10C). In Sema6A or PlexA2 KOs, both 

ON- and OFF-starburst amacrine cell dendrites fail to segregate into separate bands (Fig. 

10C). PlexA2 is expressed by ON- and OFF-starburst amacrine cells whereas Sema6A is 

expressed by ON- but not OFF-starburst amacrine cells. Thus, repulsive interactions 

between PlexA2 in OFF-starburst amacrine cells and Sema6A in ON-starburst amacrine 

cells segregate the dendrites of the two starburst amacrine cell populations.

Repulsive interactions mediated by semaphorins and plexins are not the only molecular 

mechanism known to play a role in sublamination of neuronal processes within the IPL. In 

the chick retina, a series of immunoglobulin superfamily (IgSF) adhesion molecules 

including Dscam, Dscam-like (DscamL), and Sidekick1 and 2 are expressed by non-

overlapping subsets of amacrine cells and ganglion cells (Yamagata and Sanes, 2008; 

Yamagata et al., 2002 and see Fig. 10B, D). IgSF molecules mediate homophilic adhesion of 

pre- and postsynaptic partners. Amacrine cells and retinal ganglion cells that express the 

same IgSF member stratify within the same sublamina of the IPL, which is distinct from the 

lamination of cells expressing a different IgSF molecule. A recent study has expanded the 

list of IgSF molecules that specify the lamination patterns within the IPL. Contactins (1-5) 

are expressed in distinct IPL sublaminae in the chick retina; loss and gain of function 

analyses now place them in the family of molecules that regulate laminar specificity in the 

IPL (Yamagata and Sanes, 2012).

In summary, the retina adopts a combinatorial code that employs adhesive and repulsive 

cues to ensure the precise targeting of neuronal arbors of each retinal cell type within their 
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synaptic layers (summarized in Fig. 10). Future studies are necessary to fully decipher this 

code.

3. Synapse structure and connectivity of retinal neurons

Much is now known about the overall structural and functional organization of mature 

retinal synapses and connectivity, but there are few circuits in the vertebrate retina for which 

we have complete connectivity maps and defined functions. Nevertheless, the recent 

availability of genetic tools and transgenic lines with labeled cell types (Ivanova et al., 2010; 

Kim et al., 2010; Siegert et al., 2012) together with technical advancements in imaging 

techniques is facilitating a rapid acquisition of potential wiring diagrams of identified retinal 

cell types (Briggman et al., 2011; Helmstaedter et al., 2013). Here, we will provide an 

overview of the known synaptic organization and connectivity patterns of the adult retina, 

and discuss the knowledge that has accrued thus far concerning the mechanisms that 

underlie their construction and maintenance.

3.1. Connections at the input layer of the adult retina

3.1.1. Synapse organization in the OPL—At the input layer of the retina, 

photoreceptor terminals synapse onto bipolar cells and horizontal cells in a ‘triad’ 

configuration (Fig. 11). Two horizontal cell dendritic tips invaginate the photoreceptor 

terminal and flank central bipolar cell dendritic tips. In general, ON-bipolar cell dendrites 

invaginate into photoreceptor terminals whereas OFF-bipolar cell dendritic terminals contact 

the base of the cone photoreceptor terminals or pedicles. At the site of the invagination is a 

specialized structure in the photoreceptor terminal called the ‘ribbon’, which is necessary for 

maintaining high rates of neurotransmitter release for sustained periods of time (Sterling and 

Matthews, 2005). The central component of the ribbon is a protein called RIBEYE 

(Magupalli et al., 2008; Schmitz, 2009). Synaptic vesicles are tethered to the ribbon near the 

transmitter release site (Fig. 11). Retinal ribbon synapses are also special in the type of 

presynaptic calcium channel (slowly inactivating L-type) they use which enables sustained 

neurotransmitter release, characteristic of these synapses (Heidelberger et al., 2005).

Rod photoreceptor axon terminals or spherules contain one ribbon, forming a single release 

site (Fig. 11). In contrast, cone pedicles have multiple ribbons forming separate release sites. 

The actual number of ribbons per pedicle differs across species. For example, zebrafish cone 

terminals contain 2-7 ribbons (Tarboush et al., 2012) whereas mouse cone pedicles have ~10 

ribbons per pedicle (Tsukamoto et al., 2001). In macaque retina, the number of ribbon 

synapses per cone terminal depends on location. In central retina, each cone pedicle contains 

on average ~21 ribbons, whereas in peripheral retina cone terminals have ~42 ribbons per 

pedicle (Chun et al., 1996), indicating that peripheral cone photoreceptors have twice as 

many output sites compared to central cone photoreceptors. Together, these quantitative 

observations raise the question as to what cellular and molecular mechanisms are involved 

in defining the number of ribbons per cone pedicle during development, but the answer 

remains elusive.

On the postsynaptic side of the photoreceptor ribbon synapse, horizontal cells and OFF-

bipolar cell dendrites use ionotropic glutamate receptors or iGluRs to sense glutamate 
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release from photoreceptors (summary in Fig. 11). Their synapses are so-called ‘sign-

preserving’ because like photoreceptors, horizontal cells and OFF-bipolar cells are 

depolarized at light offset. Mouse OFF-bipolar cell dendrites express AMPA (α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid) and/or Kainate receptors and different 

proportions of AMPA (GluA1 subunit) and Kainate (GluK1 subunit) receptors have been 

localized on dendrites of distinct OFF-bipolar cell subtypes (Puller et al., 2013). However, 

recent imaging of glutamate release from OFF-bipolar cells in mouse retina and 

electrophysiological recordings from Type 4 OFF-bipolar cells have proposed that Kainate 

receptors are instrumental in mediating light-evoked responses of mouse OFF-bipolar cells 

(Borghuis et al., 2014). In other species like the ground squirrel, different OFF-bipolar cell 

types utilize AMPA or Kainate receptors. The OFF response of the Type 1 and 3 bipolar 

cells largely relies on Kainate receptors whereas the Type 2 cell is entirely dependent upon 

AMPA receptors (Lindstrom et al., 2014). AMPA receptors, however, appear to be the 

dominant receptors in salamander retina (Cadetti et al., 2005; Maple et al., 1999). In 

zebrafish, AMPA receptor subunit GluA4 is observed on OFF-bipolar dendrites innervating 

both rod and cone terminals (Klooster et al., 2009). At cone pedicles of the macaque retina, 

basal contacts of OFF-cone bipolar cells have been shown to contain GluA1-subunit 

containing AMPA receptors (Haverkamp et al., 2000), GluK1 and GluK2/3-subunit 

containing Kainate receptors and GluA2/3 and 4 subunits of AMPA receptors (Calkins, 

2005; Haverkamp et al., 2000, 2001a). Recent functional recordings in macaque retina have 

demonstrated that the OFF-bipolar cell types that feed onto the major ganglion cell types 

(both midget and parasol ganglion cells) use Kainate receptors, albeit of heterogeneous 

composition (Puthussery et al 2014). Horizontal cell processes contain iGluRs with a 

predominance of AMPA (GluA2/3 and 4 subunits) receptors in macaque (Calkins, 2005; 

Haverkamp et al., 2000, 2001a, b). In zebrafish, immunoreactivity for the AMPA receptor 

GluA2 is observed in horizontal processes invaginating both rod and cone photoreceptor 

terminals (Klooster et al., 2009). Taken together, horizontal cell processes appear more 

dependent upon AMPA receptors for signal processing at the OPL, whereas OFF-bipolar 

dendrites (depending on species and subtype) rely with different weights on Kainate and 

AMPA receptors; Kainate receptors predominantly mediating transmission onto OFF-

bipolar cells in mouse and macaque retina.

In contrast to OFF-bipolar cells and horizontal cells, the dendritic tips of ON-bipolar cells 

have metabotropic GluRs (mGluRs), predominantly mGluR6 (summary in Fig. 11). Binding 

of glutamate to mGluR6 triggers a signaling cascade that reverses the polarity of the signal 

transmitted from photoreceptors. Hyperpolarization of photoreceptors elicits a sign-inverted 

depolarizing ‘ON’ response from this bipolar cell type. mGluR6 receptors are present on the 

dendrites of both ON-cone bipolar cells and rod bipolar cells (Dunn et al., 2013; Nomura et 

al., 1994; Slaughter and Miller, 1981; Vardi et al., 2000). Bipolar cell dendrites in zebrafish 

have a more complex arrangement of glutamate receptors; with both mGluRs and NMDA 

(N-methyl-D-aspartate) receptors located on the dendrites of zebrafish ON-bipolar cells 

(Klooster et al., 2009). Similarly, in macaque retina complex interactions are involved 

during glutamate signaling onto ON-bipolar cells at the OPL. Pre-embedding immunogold 

labeling has demonstrated both AMPA (GluA2/3 and GluA4) and Kainate (GluK2/3) 

receptors at invaginating ON-bipolar dendrites, although at a lesser density compared to 
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mGluRs (Calkins, 2005). Moreover, gene expression analysis by single cell PCR has shown 

that OFF-cone bipolar cells in macaque retina also express glutamate transporters in addition 

to AMPA or Kainate receptors (Hanna and Calkins, 2007). Thus, in many instances, 

glutamatergic transmission onto bipolar cells is mediated by a combination of receptors 

and/or transporter systems.

Although it is becoming increasingly apparent what types of glutamate receptors are present 

on specific bipolar cell and horizontal cell types, the scaffolds anchoring these receptors in 

place are largely unidentified. In the brain, PSD95 (postsynaptic density protein 95) is a 

major scaffolding protein localized to glutamatergic synapses. PSD95 is also found in 

mammalian OPL but it is localized presynaptically at photoreceptor terminals (Koulen et al., 

1998a), and its function remains unclear. The proteins that provide a scaffold for the GluRs 

at bipolar cell dendrites thus remain largely unknown. However, the synaptic scaffold 

protein SAP102 (synapse-associated protein 102) has been found specifically at horizontal 

cell processes in the OPL in rat and macaque retina and may mediate clustering of iGluRs at 

horizontal cell processes (Haverkamp et al., 2000; Koulen et al., 1998b). Thus, compared to 

synapses elsewhere in the brain, much less is known with regards to the molecular 

composition of both the pre- and postsynaptic sites at the input layer of the retina.

Horizontal cells modulate synaptic transmission in the OPL but the exact mechanism is 

highly debated. There are different mechanisms by which horizontal cell activation 

(hyperpolarization) can in turn lead to suppression of photoreceptor activity causing them to 

depolarize (negative feedback) (for recent review see Thoreson and Mangel, 2012). One 

pathway relies on release of GABA from horizontal cells (Cueva et al., 2002; Haverkamp et 

al., 2000; Hirano et al., 2011; Jellali et al., 2002) that can act upon GABA receptors located 

on photoreceptor terminals (Pattnaik et al., 2000). This pathway can also mediate 

feedforward inhibition by activating GABA receptors on bipolar cell dendrites (Haverkamp 

et al., 2000). Other feedback pathways are: (i) non-synaptic ‘ephaptic’ route involving the 

presence of hemichannels (Kamermans and Fahrenfort, 2004; Vroman et al., 2013), (ii) pH 

changes in the synaptic cleft surrounding photoreceptor terminals (Davenport et al., 2008; 

Vessey et al., 2005) or (iii) the autaptic action of GABA on horizontal cell GABA receptors 

(Liu et al., 2013). Much work remains to be carried out to identify the mechanism or 

mechanisms of horizontal cell action, which may vary across species (e.g. mammals versus 

zebrafish).

3.1.2. Connectivity patterns of the OPL—Transmission from photoreceptors occurs 

along two distinct pathways. In mouse and monkey retina, rod bipolar cells largely contact 

rod photoreceptors, and cone bipolar cells contact cone photoreceptors. However, some 

mouse OFF-cone bipolar cells additionally receive input from rod photoreceptors (Soucy et 

al., 1998; Tsukamoto et al., 2001). Some bipolar cells, depending on the location in the 

retina, may only contact a specific subset of cone photoreceptors, and as mentioned earlier, 

can form a ‘private line’. In macaque retina, signals from L and M cones are integrated by 

the dendrites of ‘diffuse’ and ‘midget’ bipolar cells (Boycott and Wässle, 1999), whereas ‘S 

cone’ bipolar cells contact exclusively S cone photoreceptors (Dacey, 2000; Dacey et al., 

2014; Kouyama and Marshak, 1992; Miyagishima et al., 2014). An S cone selective bipolar 

cell has also been observed in mouse retina (Haverkamp et al., 2005) and patch-clamp 

Hoon et al. Page 20

Prog Retin Eye Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



recordings have demonstrated blue ‘ON’ responses from this bipolar cell subtype 

(Breuninger et al., 2011). Bipolar cell-photoreceptor connectivity maps are even more 

complex in zebrafish retina where 18 different connectivity maps have been identified thus 

far (Li et al., 2012). In zebrafish retina, there are no bipolar cells that exclusively or 

predominantly receive input from rod photoreceptors (Li et al., 2012). Like monkey or mice, 

the functional implications of these diverse connectivity patterns between bipolar cells and 

photoreceptors in zebrafish are currently being investigated (Baden et al., 2011; Dreosti et 

al., 2011).

Like the bipolar cells, connectivity maps of horizontal cells can be disparate both across and 

within a species (Fig. 2B). Monkey and zebrafish retina have different subtypes of 

horizontal cells. In macaque retina two types of horizontal cells (HI and HII) have been 

observed (Dacey, 1999; Wässle et al., 1989). The HII cells show selectivity for S cones 

(stronger input from S compared to L and M cone contacts), whereas the HI cells avoid 

contact with S cones and have input only from L and M cones (Dacey et al., 1996; 

Goodchild et al., 1996). The ‘axon’ terminal of HI horizontal cells in macaque contact rod 

photoreceptors, making the HI cells responsive to both rod and cone signals (Verweij et al., 

1999). Mouse retina has only one horizontal cell type – the B-type horizontal cell whose 

dendrites contact cone photoreceptors and axon contacts rod photoreceptors (Peichl and 

Gonzalez-Soriano, 1994; Trumpler et al., 2008). In contrast to horizontal cells in mice and 

monkey, zebrafish horizontal cells do not separately connect with rods and cones at distinct 

cellular compartments (‘axon’ versus ‘dendrite’). Zebrafish retina has four types of 

horizontal cells – three for cones (H1-3) and one horizontal cell that exclusively samples 

rods (Li et al., 2009). Each subtype of zebrafish cone horizontal cell displays a specific 

connectivity map with cone photoreceptors. H1 horizontal cells contact L, M and S cones, 

whereas H2 horizontal cells restrict their contact to M, S and UV cones. The H3 horizontal 

cell obtains input from only short-wavelength S and UV cones (Li et al., 2009). It remains to 

be determined how the stereotypic wiring pattern of each horizontal cell type is established 

during development.

In addition to understanding how the outer retinal circuitry is established during 

development, the diverse connectivity patterns of the OPL offer a rich variety of circuits for 

investigating the developmental strategies responsible for generating stereotypic 

connectivity maps in central nervous system circuits in general. In the next section, we will 

review what is currently known about how synapses in the OPL are assembled at the 

molecular, cellular and circuit levels.

3.2. Assembly of outer retinal circuits

3.2.1. Sequence of synapse formation in the OPL—Electron microscope (EM) 

studies of the mouse retina have long portrayed the sequence of synapse assembly in the 

OPL (Blanks et al., 1974; Olney, 1968; Rich et al., 1997; Sherry et al., 2003). 

Synaptogenesis begins with photoreceptor terminals making a ‘monad’ contact with a single 

horizontal cell process (Fig. 12A). Soon after, a ‘dyad’ synapse is formed when another 

horizontal cell process is recruited into the synaptic complex (Fig. 12A). At this stage, the 

horizontal cell processes begin to invaginate into the photoreceptor terminal. A ‘triad’ 
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synapse emerges when the ON-bipolar cell dendrite inserts between the horizontal cell tips 

within the photoreceptor terminal (Fig 12A). This step completes photoreceptor triad 

synapse formation. OFF-bipolar cell dendrites are thereafter presumed to make synaptic 

contacts (see below) at the base of the photoreceptor pedicle, although this has not been 

confirmed by ultrastructural analysis. The sequence of photoreceptor synapse assembly is 

summarized in Figure 12A.

Structural development of the OPL is paralleled by expression of pre- and postsynaptic 

proteins found at the photoreceptor synapses (summarized for rodent retina in Fig 12B). In 

the OPL, expression of the vesicular glutamate transporter VGluT1 at photoreceptor 

terminals is observed before expression of the vesicular transporter for inhibitory (GABA/

Glycine) neurotransmitters, vesicular inhibitory amino acid transporter or VIAAT. 

Immunolabeling for VGluT1 already shows expression around P3 in the mouse OPL 

(Johnson et al., 2003). The onset of VIAAT expression in the developing mouse OPL occurs 

around P5-P7, which reaches adult levels by P14 (Guo et al., 2009). VGluT1 is first detected 

in cone photoreceptor terminals in the mouse retina (~P2), well before it is present in rod 

photoreceptor terminals (~P8) (Sherry et al., 2003). These observations imply that cone 

excitatory pathways develop before rod pathways, and suggest that excitatory transmission 

precedes inhibitory transmission at the OPL (Fig. 12B).

Ribbon synapse proteins in the OPL appear after the onset of photoreceptor transmission 

mediated by vesicular release of glutamate (Fig. 12B). RIBEYE expression in rodent OPL is 

detectable between P4-P6 and reaches adult levels around P14 (Regus-Leidig et al., 2009). 

The ribbon anchoring protein, bassoon, is present at the rodent OPL around P4-P6 after 

which its expression increases rapidly to attain adult levels by three weeks after birth (Dick 

et al., 2003; Regus-Leidig et al., 2009). The assembly of the photoreceptor ribbon synapse in 

rodent retina occurs in two steps: first with the transport of the core ribbon proteins RIBEYE 

and Bassoon, followed by the second step, expression of the L-type calcium channel 

subunits (Regus-Leidig et al., 2009). At the EM level, the presence of RIBEYE containing 

‘precursor spheres’ is the first sign of ribbon synapse development, followed by the 

appearance of immature (floating) ribbons, and ending with the presence of anchored 

(mature) ribbons that account for ~91% of all ribbons at maturity (Regus-Leidig et al., 

2009).

The cone pedicle connections have also been extensively studied in monkey retina (Boycott 

and Wässle, 1999; Hopkins and Boycott, 1997). In macaque retina, the timeline for the 

formation of photoreceptor ribbon synapses is distinct in the fovea compared to peripheral 

retina. Cone photoreceptor ribbon synapses can be observed as early as Fd 60 in foveal OPL, 

whereas in peripheral OPL photoreceptor ribbon synapses can be observed only at Fd 105 

(Hendrickson, 1996). Labeling for the synaptic vesicle protein SV2 corresponds closely to 

the appearance of morphological synapses in monkey retina as observed by EM (Okada et 

al., 1994). Accordingly, SV2 labeling can be observed around Fd 60 in foveal OPL and only 

around Fd119-125 in peripheral retina, with cones showing SV2 labeling before rods at the 

same retinal eccentricity (Okada et al., 1994). Thus similar to development in rodent retina 

cone photoreceptor synapses emerge before rod photoreceptor synapses in the monkey 
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retina. In zebrafish retina, however, both rod and cone synaptic terminals develop at about 

the same time (Schmitt and Dowling, 1999).

On the postsynaptic side of the photoreceptor ribbon, ON-bipolar cell dendrites accrue 

mGluR6 at their dendritic tips with a corresponding time-course, and seem to organize their 

synapses at the photoreceptor triad in parallel with presynaptic ribbon synapse assembly. 

Onset of mGluR6 expression in the OPL occurs between P5-P8 in rodent OPL (Nomura et 

al., 1994). Analysis of the development of cone photoreceptor contacts onto individual 

mouse ON-cone bipolar cells recently demonstrated that during development, the ON-

bipolar cells specifically increase their mGluR6 allocation to dendritic terminals apposed to 

cone photoreceptors, while reducing non-cone associated mGluR6 amounts before reaching 

adult levels around P30 (Dunn et al., 2013). Thus, mGluR6 localization to mouse ON-

bipolar cell synapses with cones is a gradual process that appears to be finalized over the 

course of days to weeks. Because receptor distributions have not been mapped for OFF-

bipolar cell dendrites, it remains to be determined how OFF-bipolar cells develop their 

synapses with photoreceptors.

Likewise, the formation of pre- and postsynaptic specializations at the horizontal cell-

photoreceptor synapses in the OPL has not yet been followed in detail during development. 

However, it has been shown that the establishment of different iGluRs in the OPL follows a 

defined sequence in rodent retina. Most AMPA (GluA2/3 and 4 subunits) receptors are 

expressed before Kainate (GluK2/3 and GluK5 subunits) receptors (Hack et al., 2002 and 

see Fig. 12B). As mentioned earlier, horizontal cells form synaptic contacts at photoreceptor 

terminals before bipolar cell dendrites (Blanks et al., 1974). Accordingly, AMPA receptors 

(GluA 2/3 and 4) associated with horizontal cells are expressed earlier in the OPL compared 

to GluA1 AMPA receptors or Kainate receptors at OFF-cone bipolar cell dendrites. GluA1 

expression in the OPL commences only after P10 in rodent retina whereas GluA2/3 and 

GluA4 can be detected as early as P3 (Hack et al., 2002). Thus, OFF-bipolar cell dendrites 

may acquire their iGluRs later compared to the timing of mGluR6 expression in ON-cone 

bipolar cell dendrites. Postsynaptic scaffolding proteins are present in the OPL around P5. 

SAP102 can be detected at P5 in horizontal cells at the outer most part of the developing 

rodent OPL and by P8, the expression resembles that of the adult retina (Koulen, 1999). 

Adult expression level of presynaptic PSD95 at photoreceptor terminals is achieved later 

than SAP102, at around P10 in rodent retina (Koulen, 1999).

Thus far, it is evident that rod and cone, and possibly ON and OFF synapses, are established 

with different time courses in the OPL. It has recently been shown that the developmental 

process can vary even amongst the same major bipolar cell type. An analysis of cone-bipolar 

cell circuits in mouse retina revealed that distinct ON-cone bipolar cell types establish 

synaptic connectivity with cone photoreceptors at different developmental stages and with 

different strategies. Formation of cone photoreceptor contacts with three different ON-cone 

bipolar cell types (Type 6-8) was examined in a double transgenic mouse line in which both 

pre- (cone) and postsynaptic (bipolar cell dendrites) partners were labeled (Dunn and Wong, 

2012). Type 8 bipolar cell dendrites showed the maximum level of pruning of ‘immature’ 

cone contacts, whereas Type 6 bipolar cells displayed little pruning of the cone contacts 

established during early development. These results imply that Type 6 ON-bipolar cell 
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dendrites use a ‘targeted’ approach to achieve their cone photoreceptor input, whereas Type 

8 ON-bipolar cell dendrites rely on an ‘exploratory’ strategy (Dunn and Wong, 2012). Type 

7 bipolar cells displayed an intermediate behavior. Though these three ON-bipolar cell 

subtypes share the same presynaptic cone partner, they each settle on their mature 

connectivity pattern at different developmental stages, with Type 8s altering their cone 

contacts well beyond P30 (Dunn and Wong, 2012). Whether the different OFF-bipolar cell 

types also vary in the developmental time courses over which they each establish their 

mature wiring patterns with cones remains to be determined. Furthermore, the 

developmental sequence of ON- and OFF-bipolar cell dendrites contacting the same cone 

photoreceptor terminal is yet to be explored. Because iGluRs appear on OFF-bipolar cell 

dendrites relatively late in development, ON-bipolar cells may contact the cone 

photoreceptor before OFF-bipolar cell dendrites elaborate and form basal contacts. Future 

time-lapse, live-imaging studies would help us visualize this developmental event in the 

OPL.

3.2.2. Developmental mechanisms that organize OPL synapse assembly—
There have been major advances in identifying the molecular factors essential for the 

accurate establishment of the photoreceptor triad synapse (Fig. 13). One group of molecules 

central to the proper assembly of photoreceptor triads are ribbon-associated proteins. Loss of 

the ribbon-associated protein bassoon in the mouse retina leads to unanchored or ‘floating’ 

photoreceptor ribbons, disturbed photoreceptor output and a concomitant extension of 

bipolar cell and horizontal cell processes into the ONL, where they form aberrant synapses 

(Dick et al., 2003 and see Fig 13A-B for bipolar cell deficits). Synaptojanin plays a similar 

role as bassoon at zebrafish cone photoreceptor terminals (Holzhausen et al., 2009; Van 

Epps et al., 2004). Recent studies have also uncovered a role for adhesion proteins in the 

assembly of the photoreceptor triad synapse. A rod terminal-specific adhesion protein 

(SynCAM1) is important for the maturation of the rod ribbon synapse, because loss of 

SynCAM1 leads to shorter rod photoreceptor ribbons and development of fewer rod 

photoreceptor synapses (Ribic et al., 2014 and see Fig. 13C). Similarly, loss of the anchoring 

protein, dystroglycan, prevents rod bipolar cell dendrites from invaginating the rod terminal 

(Omori et al., 2012 and see Fig. 13A). A comparable disturbance is observed upon 

elimination of the extracellular matrix protein pikachurin that serves as the binding partner 

for dystroglycan (Sato et al., 2008). Adhesion proteins are also important for formation of 

horizontal cell synapses in the OPL. Eliminating the synaptic adhesion protein netrin-G 

ligand2 (NGL-2) localized on mouse horizontal cell axon processes leads to disrupted 

horizontal cell axon morphology and a reduction in the formation of synapses between 

horizontal cells and rod photoreceptors (Soto et al., 2013 and see Fig. 13C).

Apart from molecular cues instructing assembly of synapses in the OPL (summary from 

work in rodent retina in Fig. 13), photoreceptor function and transmission also contribute to 

the organization and maintenance of these synapses. Disruption of the photoreceptor cyclic 

nucleotide channel in mouse retina leads to sprouting of horizontal cell and bipolar cell 

processes into the ONL (Michalakis et al., 2013). Synapse maturation, but not development, 

appears to be dependent on expression of the L-type calcium channel by photoreceptor 

terminals. Loss of this calcium channel disrupts the maintenance of bassoon at the 
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photoreceptor ribbon synapse. Additionally, altered expression of photoreceptor terminal 

scaffolding protein PSD95 but not vesicle-associated proteins can be observed in these 

retinae (Zabouri and Haverkamp, 2013). Because most of these anomalies appear in the 

mouse retina only after eye-opening (~P14), the action of this calcium channel seems to be 

needed for the maintenance but not formation of triad synapses in the OPL.

Glutamatergic neurotransmission is established in the OPL before ribbon synapses are fully 

organized at photoreceptor terminals. Because transmission requires glutamate to be taken 

up into synaptic vesicles by VGluT1 at photoreceptor terminals, it may be that 

synaptogenesis in the OPL is perturbed in VGluT1-deficient retina (Johnson et al., 2007). 

Whether VGluT1 directly impacts synaptogenesis remains undetermined, because the 

structural development of the photoreceptor triad synapse in the absence of VGluT1 has not 

yet been examined. The role of glutamate-mediated transmission has, however, been 

examined extensively in mouse mutants lacking mGluR6 on the dendrites of ON-bipolar 

cells. The loss of mGluR6 leads to an upregulation of mGluR7 in Type 7 ON-bipolar cell 

dendrites that are clustered opposite ectopic synaptic ribbons of rod photoreceptor terminals 

(Tsukamoto et al., 2007). These observations of abnormal synaptic arrangements in the OPL 

underscore the importance of glutamate-mediated signaling onto ON-bipolar cell dendrites 

for the development of the OPL synaptic circuitry.

More recently, an unexpected role for visually-driven activity in shaping cone photoreceptor 

to ON-cone bipolar cell connections was revealed (Dunn et al., 2013 and see Fig. 13B). 

Dark-reared mice exhibit a loss of mGluR6 on ON-cone bipolar cell (Type 6, 7 and 8) 

dendrites apposed to cone photoreceptors, which in turn leads to a reduction in the synaptic 

drive to these cells. Depriving the ON-cone bipolar cell dendrites of visually-driven signals 

from cone photoreceptors also disrupts their normal developmental program of increasing 

cone-associated mGluR6 and reducing non-cone associated mGluR6. Consequently, ON-

cone bipolar cell dendrites from dark-reared retinas maintain immature (low) levels of non-

cone associated mGluR6 (Dunn et al., 2013). Dark-rearing additionally leads to a reduction 

in the number of cones contacted by Type 7 and 8 cone bipolar cells, but does not alter the 

Type 6 bipolar cells’ cone contacts (Dunn et al., 2013). As discussed in 3.2.1., ON-cone 

bipolar cell subtypes establish their cone connections at different developmental ages (Dunn 

and Wong, 2012): Type 6 before eye-opening and Type 7 and 8 ON-cone bipolar cells 

weeks after eye-opening. This implies that cone bipolar cells that establish their mature 

synaptic connectivity late in development may need visual stimulation to attain their 

connectivity pattern.

The inhibitory neurotransmitter GABA has also been implicated in regulating the maturation 

of cone photoreceptor synaptic triads. In mice lacking the GABA-synthesizing enzyme 

GAD67 in their retina, cone pedicle area is increased and the level of mGluR6 associated 

with each pedicle also increases (Schubert et al., 2010). These results indicate that GABA 

might control two aspects of photoreceptor synapse development: (i) synapse structure, by 

affecting the size of the synaptic contact, and (ii) synapse function, by regulating the amount 

of receptors on bipolar cell dendrites. However, the disruptive effects of reducing 

GABAergic transmission on photoreceptor synapses are small compared to the effect of the 

loss of glutamate transmission from photoreceptors.
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In summary, both activity-dependent and independent mechanisms (Fig. 13) orchestrate the 

development and maturation of synapses at the OPL, with different OPL circuits relying on 

these mechanisms to varying degrees.

3.3. Connections at the output layer of the adult retina

Excitation and inhibition are coordinated in the inner retina to generate the output of retinal 

ganglion cells. Synapses that provide excitatory or inhibitory drive are highly organized 

amongst bipolar cells, amacrine cells and ganglion cells in order to generate stereotypic 

connectivity patterns and function unique to each subcircuit of the inner retina. In this 

section, we will describe the molecular composition of excitatory and inhibitory synapses in 

the mature IPL, and the overall structural and functional organization of the circuits in this 

synaptic layer. We will then review the current knowledge of how circuits in the IPL are 

assembled.

3.3.1. Excitatory synaptic connections—Like photoreceptor terminals, bipolar cell 

axons also form ribbon synapses (Fig. 14). Bipolar ribbon synapses, however, differ in 

composition from photoreceptor ribbon synapses (see Heidelberger et al., 2005). Although 

like photoreceptors, bipolar cell ribbons contain RIBEYE (Schmitz, 2009), they do not 

express bassoon (Brandstatter et al., 1999). On the postsynaptic side of the bipolar cell 

ribbon, sign-conserving iGluRs mediate amacrine cell and retinal ganglion cell responses 

(summarized in Fig. 14). AMPA, Kainate and NMDA receptors have been found on both 

amacrine cells and retinal ganglion cells (for review see Yang, 2004). However, functional 

recordings have shown that only AMPA and NMDA receptors contribute to retinal ganglion 

cell responses (Chen and Diamond, 2002; Lukasiewicz et al., 1997). In macaque retina, 

immunolabeling for specific subunits of glutamate receptors revealed that ganglion cells 

preferentially express AMPA (GluA2/3 and 4) and NMDA receptors. In contrast, amacrine 

cells primarily have Kainate (GluK2/3) and orphan GluRs (with δ1/2 subunits GluD1/2) 

(Grunert et al., 2002). In rat retina, amacrine cells receive excitatory input from bipolar cell 

terminals at iGluR synapses but different amacrine cell subsets express different 

compositions of iGluR (Nivison-Smith et al., 2013). Recordings in mouse retina have 

revealed that the majority of amacrine cells show both AMPA and Kainate receptor-

mediated responses, with a small fraction showing only AMPA or only Kainate-mediated 

responses (Dumitrescu et al., 2006).

Another feature that is different between photoreceptor and bipolar cell synapses is that the 

scaffolding protein PSD95 is localized to glutamatergic postsynaptic sites on retinal 

ganglion cells (Morgan et al., 2008, schematic in Fig. 14). Not in the schematic are MAGI 

proteins that have also been shown to be present at synaptic sites along with other 

scaffolding proteins (Yamagata and Sanes, 2010). In the rodent retina, SAP102 associates 

predominantly with non-NMDA iGluRs at one of the postsynaptic partners of the cone 

bipolar cell terminal (Koulen et al., 1998b), but proteins scaffolding other GluRs at amacrine 

cell processes have not yet been fully determined. It is interesting to note that at the IPL, 

PSD95, SAP102 and PSD93 are colocalized at synaptic clusters (Koulen et al., 1998a) but it 

remains to be seen whether all these scaffolds are together necessary for maintaining the IPL 

GluRs, or whether there is a redundancy in their function.
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A synapse arrangement that is conserved across mammalian retina is that rod bipolar cells 

do not contact retinal ganglion cell dendrites directly but instead output onto two amacrine 

cell processes, forming a ‘dyad’ synapse (Fig. 14) (Bloomfield and Dacheux, 2001; Strettoi 

et al., 1990). This well-studied circuit comprises a glycinergic AII amacrine cell and a 

GABAergic A17 amacrine cell. iGluRs on AII and A17 amacrine cell processes ensure a 

sign-preserving transmission of signal, but distinct from cone bipolar cell synapses at the 

IPL, NMDA receptors have not been found to signal rod bipolar cell release at the IPL 

(Fletcher et al., 2000). In macaque retina, AII amacrine cells postsynaptic to rod bipolar cell 

terminals have been found to express AMPA receptors (GluA2/3 and 4) clustered together 

with PSD95 (Ghosh et al., 2001). The presence of Kainate (GluK2/3) and ionotropic δ1/2 

containing GluRs at single postsynaptic sites apposed to rod bipolar cell dyads (Brandstatter 

et al., 1997), and localization with GluR interacting (scaffolding) protein GRIP has indicated 

the presence of δ1/2 GluRs together with Kainate receptors and GRIP at the postsynaptic 

A17 amacrine cell (Ghosh et al., 2001). In rodent retina SAP102 is localized at A17 but not 

at AII processes (Koulen et al., 1998b). It thus seems likely that the two amacrine cell types 

that are postsynaptic to rod bipolar cell terminals have distinct GluRs (summarized in Fig. 

14) with unique scaffolding machineries, which could be related to the distinct functional 

responsibilities of these two amacrine cell types as discussed in the next section.

3.3.2. Inhibitory synaptic connections—Inhibition by diverse amacrine cell 

populations modulates information flow through the IPL. About half of the amacrine cells in 

the mammalian retina are wide-field GABAergic amacrine cells (Pourcho and Goebel, 1983; 

Wässle and Boycott, 1991) whereas the other half are small-field glycinergic amacrine cells 

(Pourcho and Goebel, 1985, 1987; Pow et al., 1995; Wässle et al., 1986). A recent study, 

however, revealed that there are amacrine cells that are neither GABAergic nor glycinergic 

(Kay et al., 2011). Within the GABAergic and glycinergic populations exist many 

morphological and functionally distinct amacrine cell types. AII amacrine cells are the most 

abundant, as they comprise about 11% of all the amacrine cells in the retina of rabbits and 

other mammals (Strettoi and Masland, 1996). No single amacrine cell type predominates 

amongst the others, and most subtypes comprise less than 5% of the total amacrine cell 

population (MacNeil and Masland, 1998).

Not only does the diversity of presynaptic amacrine cell types provide many possible 

combinations of inhibitory connections, a wide range of functionally disparate inhibitory 

receptors on the postsynaptic cells also adds to the complexity of inhibition provided by 

these interneurons. This is because inhibitory receptors with different subunit compositions 

confer distinct temporal characteristics on the inhibitory responses of the postsynaptic cells. 

Inhibition provided by amacrine cells is considered as either ‘feedforward’ i.e. amacrine 

cell-to-amacrine cell or amacrine cell-to-retinal ganglion cell, or as ‘feedback’ i.e. amacrine 

cell-to-bipolar cell axons. Amacrine cell connections can thus be broadly categorized into 

three types:

(i) Amacrine –> Ganglion cell inhibition: All retinal ganglion cells receive direct 

inhibition from amacrine cells (Wässle et al., 1998) but the exact functions of these 

connections are largely unknown except for a few circuits. The DS retinal ganglion cells 
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respond to motion of a stimulus in one direction (preferred direction) but not to motion in 

the opposite direction (null direction) (Barlow and Hill, 1963; Vaney et al., 2012). Inhibition 

from starburst amacrine cells is crucial for generation of this direction-selective response 

(Taylor and Vaney, 2003). In particular, asymmetric GABAergic inhibition is generated in 

the null-direction motion to generate direction-selectivity (Briggman et al., 2011; Fried et 

al., 2002; Zhou and Lee, 2008). Starburst amacrine cells in the mouse retina contact 

dendrites of DS retinal ganglion cells at synapses containing GABAAα2 receptors 

(Auferkorte et al., 2012). Another class of ganglion cells called ‘approach sensitive ganglion 

cells’ have recently been characterized in mouse retina, and their responses rely on rapid 

amacrine cell-mediated inhibition that suppresses response to non-approaching objects 

(Munch et al., 2009). It should be noted that individual retinal ganglion cells can express 

GABAA receptor clusters with distinct subunits, but the functional basis for such diversity 

has not yet been found. One idea is that each receptor type represents contact with a specific 

amacrine cell type (Wässle et al., 1998), but evidence in support of this notion is still 

needed. The functional significance of such receptor diversity has, however, been 

investigated in amacrine cell -> bipolar cell connections (see below).

(ii) Amacrine –>Amacrine inhibition: Amacrine cells also synapse onto processes of other 

amacrine cells and modulate their activity. For example, dopaminergic amacrine cells are 

presynaptic to other amacrine cells in the IPL (Kolb et al., 1991; Pourcho, 1982). In 

particular, dopaminergic amacrine cells form GABAergic synapses (specifically at 

GABAAα3 receptor clusters) onto the cell bodies of AII amacrine cells (Contini and 

Raviola, 2003). Dopaminergic amacrine cells themselves express multiple GABA receptor 

subunits (Gustincich et al., 1999) at sites of amacrine cell input (Kolb et al., 1991). 

Electrophysiological recordings from dopaminergic amacrine cells in mouse retina revealed 

that different temporal phases of their light-response profile are modulated separately by 

glycine and GABAA- (GABAAα1 and GABAAα3 receptor synapses), but not by GABAC-

mediated inhibition (Newkirk et al., 2013). Another subclass of GABAergic amacrine cell, 

the catecholaminergic amacrine cell, also receives robust GABAA-and glycinergic inhibitory 

input; blocking inhibition altogether causes oscillation in the activity of these cells (Knop et 

al., 2011). These examples indicate that amacrine cell-amacrine cell inhibition serves to 

shape the temporal response profiles of their target cells.

(iii) Amacrine –> Bipolar cell inhibition: A well-studied form of inhibition in the inner 

retina is amacrine cell modulation of glutamate release from the axon terminals of bipolar 

cells. Both rod and cone bipolar cells receive such ‘presynaptic’ inhibition. The composition 

of the inhibitory receptors on bipolar cell terminals, however, varies across bipolar cell 

types. GABAC-mediated inhibition predominantly shapes response properties of ON- (rod 

and cone) but not OFF-cone bipolar cells, whereas glycinergic inhibition is most pronounced 

on OFF-bipolar cell terminals (Eggers and Lukasiewicz, 2011; Eggers et al., 2007; Ivanova 

et al., 2006). In particular, glycine receptors (GlyR) containing α1-subunits (GlyRα1) are 

localized on rat OFF-bipolar cell terminals (Sassoe-Pognetto et al., 1994; Wässle et al., 

2009a).
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The best understood amacrine cell-> bipolar cell connection is that involving the rod bipolar 

cell and the A17 amacrine cell (see Fig. 14). The A17 amacrine cell not only forms an 

inhibitory feedback synapse onto the rod bipolar cell terminal (Grimes et al., 2010; Zhang et 

al., 2002) but it is a reciprocal synapse i.e. the A17 receives input from the rod bipolar cell at 

the bouton where it releases GABA. Immunolabeling studies have revealed that rod bipolar 

cell axon terminals contain three subsets of ionotropic GABA receptors: two distinct kinds 

of GABAA receptors containing α1 or α3 subunits and GABAC receptors composed of ρ-

subunits (Fletcher et al., 1998; Schubert et al., 2013). These distinct GABA receptor subsets 

have disparate response kinetics (for example rise time, response duration) and thereby 

differentially modulate release from rod bipolar cell terminals (Eggers and Lukasiewicz, 

2006a, b; Gingrich et al., 1995; Ortinski et al., 2004).

The AII amacrine cell receives input from rod bipolar cells and is central to providing cross-

over inhibition between the ON and OFF pathways (Fig. 14). This amacrine cell type is not 

presynaptic to any other amacrine cell; in the OFF sublamina of the IPL the AII amacrine 

cell makes conventional glycinergic synapses onto the axon terminals of OFF-cone bipolar 

cells that transmit to OFF-retinal ganglion cells (Bloomfield and Dacheux, 2001; Strettoi et 

al., 1992). The AII amacrine cell makes sign-conserving gap junctions (for review on gap 

junctions see Volgyi et al., 2013) with the axon terminals of ON-cone bipolar cells that in 

turn output onto ON-retinal ganglion cells (Bloomfield and Dacheux, 2001). Accordingly, in 

the fovea of macaque retina where there are no rod photoreceptors, AII amacrine cells are 

also excluded from the circuit (Kolb et al., 2002).

What proteins anchor inhibitory synapses on bipolar cell terminals? It is likely that these 

scaffolding proteins differ amongst inhibitory receptor types, and perhaps bipolar cell types, 

but such proteins have not yet been fully identified. For GABAC receptors, the microtubule-

associated protein 1B (MAP1B) has been found to interact with ρ-subunits (Hanley et al., 

1999). The inhibitory receptor scaffolding proteins Gephyrin and Neuroligin2 do not 

colocalize with GABAA receptors on rod bipolar cell terminals (Schubert et al., 2013). 

Indeed, rat OFF-bipolar cell terminals express GlyRα1 but not gephyrin (Sassoe-Pognetto et 

al., 1994). Thus, unlike GlyRs in the rest of the central nervous system (Kirsch and Betz, 

1993), GlyRα1 synapses on bipolar cell terminals might recruit a gephyrin-independent 

mechanism for clustering or express a splice variant of gephyrin which is not recognized by 

the antibody.

In summary, a myriad of inhibitory synapse types wire retinal processes into functionally 

discrete circuits in the IPL. Except for a handful of circuits, it remains largely unknown how 

diverse amacrine cell inputs act to shape the output of the neurons they contact. In order to 

advance knowledge in this area, it will be important to identify the amacrine cell types that 

provide input onto a common postsynaptic cell (convergence), as well as to ascertain each 

type’s multiple postsynaptic targets (divergence).

3.4. Assembly of inner retinal circuits

3.4.1. Sequence of synapse formation at the IPL—The sequence of synapse 

formation in the IPL seems to be conserved across species. Amacrine cells are generated and 

differentiate before bipolar cells (Marquardt and Gruss, 2002; Rapaport et al., 2004 and see 
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Fig. 9), and thus amacrine cell synapses are found in the developing IPL before bipolar cell 

synapses (summary in Fig 15A). Electron microscopy of the developing IPL in mice 

suggests three phases in the establishment of amacrine cell and bipolar cell synapses: (i) An 

increase in the number of conventional (amacrine cell) synapses between P3-P10; ribbon 

synapses are not observed during this period, (ii) ribbon synapse density increases together 

with an increase in conventional synapse formation from P11-P15, and (iii) around eye-

opening (~P15) there is a sharp reduction in the numbers of both excitatory and inhibitory 

synapses leading to a plateau in synapse numbers (Fisher, 1979b). It is also evident that 

amacrine cells form the first synapses in the IPL in the perifoveal region of the macaque 

retina (Nishimura and Rakic, 1987). In macaque retina, the first morphological synapses 

distinguishable are between amacrine cell and ganglion cells. This is followed by amacrine 

cell-amacrine cell synapses and ‘monad’ ribbon synapses between bipolar cell terminals and 

a single amacrine cell or a retinal ganglion cell process. These ‘monad’ ribbon synapses 

mature into ‘dyad’ contacts. Amacrine cells synapse onto bipolar cell terminals to conclude 

circuit assembly in the IPL (Fig. 15A). The sequence of synaptic development is different, 

however, for the macaque fovea compared to the peripheral retina. In the fovea of macaques, 

the first synapses formed are the ribbon synapses of bipolar cell axons, followed by cone 

photoreceptor ribbon synapses, and subsequently by amacrine cell synapses. In the rod-

dominated peripheral retina, however, as discussed above, amacrine cell synapses are the 

first IPL synapses observed (Hendrickson, 1996). Similarly, in the rod-dominated cat retina, 

amacrine cell synapses are formed prior to bipolar cell synapses (Maslim and Stone, 1986). 

Together, observations from mice, monkeys, and cats suggest that inhibitory synapses are 

formed early on during IPL development (Fig. 15A) in rod-dominated retinas. By contrast, 

in cone-rich areas of the retina, bipolar cell ribbon synapses are established first. The overall 

sequence of IPL synapse assembly in mammals also seems to be adopted by the zebrafish 

retina: conventional synapses appear in the IPL prior to the appearance of ribbons at bipolar 

cell terminals and functional photoreceptor triads (Schmitt and Dowling, 1999). It should be 

emphasized, however, that ascertaining when bipolar cell synapses first appear has thus far 

largely relied on detecting ribbon-like structures in the IPL. Prior to the emergence of such 

ribbons, the bipolar cell synapse may appear similar to a conventional synapse, and could be 

mistaken for an amacrine cell synapse. Thus, other specific markers of amacrine cell and 

bipolar cell synapses are needed to track the early appearance and distribution patterns of 

these synapses in the developing IPL.

Expression of synaptic markers in the IPL (summarized from rodent retina in Fig. 15B) is 

largely coincident with the sequence of synapse formation that has been defined by 

ultrastructural analyses. VIAAT can be detected by immunolabeling as early as P0 in mouse 

IPL (Guo et al., 2009). VGluT1, however, can only be detected after P5 in the mouse IPL 

(Johnson et al., 2003). Both GABA and glycine are already localized within neurons at the 

time of birth in rodent retina, whereas expression of glutamate appears diffuse around birth 

until about a week after birth (Fletcher and Kalloniatis, 1997). GABAA-specific spontaneous 

postsynaptic currents can be recorded from retinal ganglion cells as early as embryonic day 

17 (Unsoeld et al., 2008). Spontaneous excitatory postsynaptic currents (EPSCs), on the 

other hand, can be recorded from mouse retinal ganglion cells only around P7 (Johnson et 

al., 2003; Morgan et al., 2008). Structurally, however, excitatory postsynaptic sites can be 
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recognized on mouse retinal ganglion cell dendrites by the clustering of PSD95, as early as 

P5. The expression of functional glutamate receptors on P5 mouse retinal ganglion cells is 

also evident from their robust response to puffs of kainic acid, a glutamate analog (Morgan 

et al., 2008). The appearance of EPSCs from mouse retinal ganglion cells two days later 

correlates with the elaboration of bipolar cell axon terminals at around P7 (Morgan et al., 

2006).

Many studies have examined the expression of postsynaptic neurotransmitter receptors in 

the IPL during development (Fig. 15B), and across species. A common finding is that 

expression of the majority of GluRs in the IPL precedes onset of glutamatergic 

neurotransmission from bipolar cell axon terminals. In rodent retina, both AMPA and 

Kainate receptors are already expressed in the IPL at P0, the only exception being the 

Kainate receptor subunit KA2, which is first observed in rodent IPL only after P3 (Hack et 

al., 2002). AMPA receptors (GluA2/3 and 4 subunits) reach adult expression levels in the 

IPL around the time of eye-opening in rodent retina (P14), almost a week before Kainate 

receptors (GluK2/3 and GluK5 subunits) (Hack et al., 2002). It is possible that the late-onset 

Kainate receptors (Fig. 15B) rely on early expression of AMPA receptors, or the expression 

time-line of these two iGluRs may be totally independent with expression of each receptor 

type being determined separately. It is also possible that the disparity between AMPA and 

Kainate receptors represents differences in the time-line of synaptogenesis of different cell 

types in the IPL. In this regard, it would be informative to track the development of AMPA 

and Kainate receptors on a single amacrine cell that co-expresses (see 3.3.1.) these two 

iGluRs.

The early expression of most iGluRs shows a rather diffuse distribution, with iGluRs 

forming punctate clusters only after aggregation of receptors at synaptic sites. The AMPA 

receptor GluA4-subunit first shows punctate labeling around P3, but labeling for GluA2/3-

subunits displays synaptic puncta only around P7 (Hack et al., 2002). Thus, iGluRs are 

clustered at IPL synapses around the time when vesicular release of glutamate, commences, 

as indicated by VGluT1 expression. The scaffold proteins at excitatory synapses, PSD95 and 

SAP102, are expressed in the rodent IPL already at birth albeit with a diffuse distribution 

that becomes punctate around the time of eye-opening (Koulen, 1999). The exact sequence 

of the assembly of all molecular components of glutamatergic synapses in the IPL remains 

to be fully determined.

Similar to iGluR expression patterns in the IPL, the first GABA receptors to appear are also 

diffusely expressed and as retinal development proceeds, form clustered puncta that are 

specifically localized at inhibitory postsynapses (Sassoe-Pognetto and Wässle, 1997). The 

sequence of inhibitory receptor expression (Fig. 15B) correlates with the establishment of 

amacrine cell type-specific circuits. As highlighted earlier, amacrine cell connections with 

retinal ganglion cells and other amacrine cells are established earlier than amacrine cell-

bipolar cell connections in the developing IPL. Amacrine cell-bipolar cell connections 

develop only after the onset of glutamatergic transmission from bipolar cell terminals: 

spontaneous inhibitory postsynaptic currents (IPSCs) can be recorded from rodent bipolar 

cells only after the first postnatal week (Schubert et al., 2008). As discussed in the previous 

section, GABAAα2 and GABAAα3 receptors are specific to amacrine cell-retinal ganglion 
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cell and amacrine cell-amacrine cell circuits, whereas GABAAα1 and GlyRα1 prominently 

mediate presynaptic inhibition on the bipolar cell axon terminals. In congruence, GABAAα2 

and GABAAα3 inhibitory circuits in the IPL are established before GlyRα1 and GABAAα1 

synaptic circuits. The characteristic distribution of GABAAα2 into two bands in the IPL 

emerges around P5 in the rodent retina (Sassoe-Pognetto and Wässle, 1997), a few days 

after the ON- and OFF-starburst amacrine cell plexuses appear (Kim et al., 2000). 

Stratification of GABAAα3 receptors follows next, at around P9 in rodent IPL. Both GABA 

receptor types reach adult expression levels and patterns before eye-opening (Sassoe-

Pognetto and Wässle, 1997 and see Fig. 15B). GlyRα1 and GABAAα1 expression in the 

developing rodent IPL is relatively delayed (see Fig. 15B) and reach adult levels only 

around three weeks (~P21) after birth (Sassoe-Pognetto and Wässle, 1997). The inhibitory 

postsynaptic scaffolding protein gephyrin follows a similar expression time-line (Sassoe-

Pognetto and Wässle, 1997). The expression of other inhibitory synapse-organizing 

molecules and their possible contribution towards the development of amacrine cell 

synapses has not yet been detailed.

Synaptic differentiation of the bipolar cell terminal is the last step of circuit assembly in the 

IPL. This process can be divided into two phases: (i) the establishment of glutamatergic 

release from bipolar cell terminals and (ii) the establishment of amacrine cell input onto the 

axonal terminals of bipolar cells. Studies from rodent retina have revealed that both these 

maturational processes occur over different time-lines for the functionally distinct subsets of 

bipolar cell terminals. Analysis of the onset of glutamatergic transmission from bipolar cell 

terminals in rodent retina has revealed that cone bipolar cell terminals express VGluT1 

before rod bipolar cell terminals. Moreover, OFF-bipolar cell terminals express VGluT1 

(P6-P8) before ON-bipolar cell terminals (around P10), followed by expression in rod 

bipolar cell terminals (around P12) (Sherry et al., 2003). This sequence of bipolar cell 

axonal maturation is opposite to the sequence of synaptic maturation of their dendrites in the 

OPL. As discussed in 3.2.1., mGluRs localize at the dendritic tips of ON-bipolar cells prior 

to expression of iGluRs on OFF-bipolar cell dendrites. Together, these observations indicate 

that dendrites of bipolar cells might have a different timeline for synapse formation 

compared to their axons. One might therefore expect that different extrinsic cues guide the 

establishment of synapses at these two cellular compartments.

The second step of bipolar cell axonal maturation, namely the establishment of presynaptic 

inhibition onto these terminals, also occurs at distinct time-points for the diverse bipolar cell 

subsets. Recording inhibitory input onto developing bipolar cells in rodent retina has 

revealed that rod bipolar cells are the first to establish inhibitory input on their axon 

terminals, and for the cone bipolar cells, the OFF-cone bipolar glycinergic inhibitory input is 

established first (Schubert et al., 2008). Thus even during establishment of inhibitory 

contacts onto bipolar cell terminals different bipolar cell types adopt different time-courses 

to establish mature patterns of connectivity.

The establishment of functional circuits in the IPL does not only rely on when pre- and 

postsynaptic proteins appear, but also on the accurate spatial localization of the synaptic 

inputs. Asymmetric inhibition by starburst amacrine cells onto the dendritic arbor of DS 

retinal ganglion cells is key to the generation of the direction-selectivity response at maturity 
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(see 3.3.2.). During mouse IPL development, however, inhibition in response to the ‘null’ 

and ‘preferred’ directions of stimulation is equivalent. This symmetric inhibition onto the 

dendrites of DS retinal ganglion cells matures into the required asymmetric inhibition during 

the second postnatal week, just before eye-opening, as the strength of inhibitory connections 

increases preferentially on the null side of the ganglion cell arbor (Wei et al., 2011; 

Yonehara et al., 2011). Taken together, correlated synaptic protein expression establishes the 

first IPL circuits, with a later maturation step that refines the functional output of some 

identified circuits.

3.4.2. Early neurotransmission in the IPL and its role in shaping IPL circuitry
—It is now well established that developing retinal ganglion cells exhibit action potential 

activity prior to the onset of visual stimulation. Notably, across many species, ‘waves’ of 

activity propagate throughout the IPL before eye-opening (Torborg and Feller, 2005; Wong, 

1999). The waves act to coordinate the rhythmic bursting activity of neighboring retinal 

ganglion cells, generating a spatiotemporal pattern of activity that is important for the 

refinement of retinal projections to the brain (Torborg and Feller, 2005). Much is known 

about the mechanisms underlying retinal wave generation (Blankenship and Feller, 2010). 

Early retinal waves are mediated by excitatory cholinergic activity amongst starburst 

amacrine cells (Zheng et al., 2006) and connections between starburst amacrine cells and 

retinal ganglion cells (Blankenship and Feller, 2010). A few days before eye-opening, the 

spontaneous activity of starburst amacrine cells is attenuated, which leads to the 

disappearance of cholinergic waves and generation of glutamatergic waves that involves 

bipolar cells, amacrine cells, and retinal ganglion cells (Blankenship and Feller, 2010). The 

onset of glutamatergic waves temporally corresponds to the maturation of bipolar cell axon 

terminals, which are the major source of glutamate in the inner retina, and involves iGluRs 

expressed in the IPL (Torborg and Feller, 2005). To date, cholinergic waves, have not been 

found to be necessary for the structural maturation of the IPL circuitry, as large field 

ganglion cells and starburst amacrine cells do not demonstrate any abnormalities in the 

retina from mutant mice that lack the synthetic enzyme for acetylcholine (Stacy et al., 2005). 

Moreover, there is a homeostatic recovery of spontaneous activity in the retina from these 

animals, with gap-junctional connections providing a mechanism to generate patterned 

activity. Thus, during IPL formation, the inner retina generates functional circuits that may 

only serve a role during early development, and not in the processing of visual signals in the 

adult animal. However, work on retinal waves underscores that a single group of amacrine 

cells can play dual functional roles at distinct stages of the animal’s life. While cholinergic 

drive from starburst amacrine cells is key to the generation of early retinal waves, 

GABAergic transmission from these same cells is critical for shaping the direction-selective 

response in the DS retinal ganglion cells (Zheng et al., 2004).

Though maturation of the IPL circuitry does not require propagated activity per se, 

glutamatergic and GABAergic neurotransmission have been shown to play a role (Fig. 16). 

To delineate the role of bipolar cell-retinal ganglion cell transmission in the maturation of 

the IPL circuitry, numerous studies have perturbed neurotransmission using 

pharmacological agents (Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995; Deplano 

et al., 2004) or dark-rearing animals (Tian and Copenhagen, 2003). Both types of 
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manipulations have resulted in abnormal proportions of retinal ganglion cells receiving both 

ON and OFF inputs. However, these global manipulations may affect retinal transmission at 

different levels. To directly assess whether transmission from bipolar cells to retinal 

ganglion cells influences their connectivity, recent studies took advantage of transgenic 

approaches to selectively suppress glutamate release from subsets of bipolar cells 

(Kerschensteiner et al., 2009). ON-bipolar cell transmission was highly reduced upon 

expression of the light-chain of tetanus toxin (TeNT) under the grm6 promoter 

(Kerschensteiner et al., 2009). TeNT cleaves VAMP2 (vesicle-associated membrane protein 

2), a vesicular protein required for exocytosis. In the grm6-TeNT retina, ON-retinal ganglion 

cells develop fewer glutamatergic postsynaptic sites overall compared to wildtype animals 

(Fig 16), and this impairment results from a reduced rate of synapse formation rather than 

increased synapse elimination (Kerschensteiner et al., 2009). Conversely, mice deficient in 

the CRX gene, in which photoreceptors degenerate, show increased spontaneous release 

from bipolar cell terminals and consequently demonstrate enhanced synaptogenesis between 

bipolar cells and retinal ganglion cells (Soto et al., 2012).

Further studies using the grm6-TeNT mice revealed that not all ON-bipolar cell types onto 

an individual retinal ganglion cell are affected similarly by loss of transmission across the 

ON-bipolar cell population. Whereas connectivity with one type of bipolar cell providing 

converging input onto the retinal ganglion cell is regulated by transmission, connections 

with another silenced bipolar cell type is not affected. This was evident from work 

examining the circuitry of large field alpha-like ON-retinal ganglion cells, which receive 

their major (~70%) bipolar cell input from Type 6 ON-cone bipolar cells and a small 

fraction of their total input from Type 7 ON-cone bipolar cells (Schwartz et al., 2012). In 

grm6-TeNT retinas the number of synapses made by Type 6 but not Type 7 bipolar cells was 

reduced on the dendritic arbor of large field alpha-like ON-ganglion cells (Morgan et al., 

2011; Okawa et al., 2014). The reason that neurotransmission plays a differential role on the 

connectivity of distinct converging input types is not known, although it raises the 

possibility that transmission may play a more important role in shaping synaptic contact 

with major inputs.

It is also now clear that neurotransmission-dependent regulation of synapse density between 

bipolar cells and retinal ganglion cells occurs locally, at the level of individual bipolar cell 

axons. In transgenic lines in which only a small fraction of ON-bipolar cells express TeNT, 

Type 6 bipolar cells expressing the toxin have fewer synaptic contact sites with the large-

field alpha-like ON-retinal ganglion cell, compared to neighboring Type 6 terminals that do 

not express TeNT (Okawa et al., 2014). Thus, transmission from bipolar cells operates cell-

autonomously to regulate connectivity with the target retinal ganglion cell. The impaired 

connectivity between the toxin-expressing Type 6 bipolar cells and the retinal ganglion cell 

is due to a failure of these cells’ axons to make contacts containing multiple synaptic sites. 

Normally, the large boutons of Type 6 bipolar cells contain more than one ribbon, and each 

ribbon is apposed to a separate PSD95 cluster on the retinal ganglion cell dendrite. These 

multisynaptic boutons are less frequently observed in TeNT-expressing bipolar cell axons 

(Kerschensteiner et al., 2009; Morgan et al., 2011 and see Fig. 16). Instead, fewer synapses 

between Type 6 bipolar cells and large-field alpha-like ON-ganglion cell dendrites can be 
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observed in TeNT-retinas and under EM, multiple ribbons are found apposed to a single 

postsynaptic density, suggesting a defect in ribbon trafficking or localization in these axons.

Although converging bipolar cell axons do not engage an activity-dependent competitive 

mechanism to sculpt their connectivity, a recent study (Okawa et al., 2014) demonstrated 

that bipolar cells do influence each other’s connectivity with the target retinal ganglion cell, 

albeit through an activity-independent mechanism. When the majority of Type 6 bipolar 

cells are ablated upon transgenic expression of an attenuated form of Diphtheria toxin, the 

few surviving Type 6 bipolar cells increase their axon territory and connectivity with their 

postsynaptic partner, the large field alpha-like ON-retinal ganglion cell. Moreover, loss of 

Type 6 bipolar cells leads to an increase in contact with the minor input (Type 7 bipolar 

cell). Furthermore, in the Diphtheria toxin-expressing retina, the large field alpha-like ON-

ganglion cells elaborate dendrites that stratify in the OFF sublamina of the IPL. There, the 

retinal ganglion cell establishes functionally mismatched, aberrant contacts with OFF-

bipolar cells (Okawa et al., 2014). Thus, the presence of the major input type, but not its 

transmission, is important for maintaining input type specificity (i.e. ON but not OFF, and 

selectivity between ON-bipolar cell subtypes) of the retinal ganglion cell.

Several studies have also explored the role of neurotransmission in the development of 

inhibitory circuits in the inner retina. An increase in inhibitory amacrine cell synapses at the 

IPL has been reported in retinas from dark-reared mice (Fisher, 1979a). However, the 

maintenance of GABAA receptors at inhibitory synapses on rod bipolar cell terminals has 

been found to be dependent upon GABAergic neurotransmission (Fig. 16). Reducing 

presynaptic GABA release in the GAD67 (GABA synthetic enzyme) retina-specific KO 

causes a decrease in the density of functional GABAA but not GABAC receptors on mouse 

rod bipolar cell terminals. This impairment is apparent at maturity (P30) but not during 

development (P12) (Schubert et al., 2013). Immunolabeling for the three GABA receptors 

types on rod bipolar cell terminals revealed a specific reduction in GABAAα1 but not 

GABAAα3 or GABAC receptors on the mature rod bipolar cell axon terminals. Thus 

inhibitory neurotransmission is important for the selective maintenance of a subset of 

GABAA(α1) receptors (Schubert et al., 2013) (for summary of the role of neurotransmission 

in shaping IPL synapses in mouse retina see Fig. 16).

Similar to the bipolar cell-retinal ganglion cell glutamatergic circuit, not all inhibitory 

circuits in the IPL rely on activity for maturation. For example, blocking GABAA receptors 

does not prevent the generation of the direction-selective circuit in the mouse IPL (Wei et 

al., 2011). In fact, development of the direction-selective circuit is resistant to different 

forms of activity blockade including blocking action potentials or cholinergic transmission 

from the starburst amacrine cells (Sun et al., 2011). Visual deprivation, however, does affect 

the development of the starburst amacrine cells after eye-opening: 3-4 weeks of dark-rearing 

causes a decline in the density of starburst amacrine cells accompanied by the presence of 

thinner cholinergic bands at the IPL (Zhang et al., 2005). Whether or not loss of inhibitory 

transmission during development affects connectivity of other amacrine cell-retinal ganglion 

cell circuits remains an open question, and the answer will require detailed reconstructions 

of circuits that have not yet been as extensively characterized as the DS retinal ganglion cell 

circuit.
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Taken together, both activity-dependent and independent mechanisms are central to the 

establishment of synaptic circuits in the IPL. However, unlike the OPL, molecular cues that 

play an instructive role in the assembly of synapses in the IPL have not yet been extensively 

explored. Few studies have assessed the contribution of adhesion proteins for synapse 

formation, maintenance and circuit organization in the IPL. Loss of the inhibitory 

postsynaptic adhesion molecules Neuroligin2 and Neuroligin4 leads to a loss of specific 

subsets of GABA (GABAAα3) and glycine (GlyRα1) receptor IPL synapses, respectively 

(Hoon et al., 2009; Hoon et al., 2011). But the role of adhesion proteins for the assembly and 

maintenance of synapses at specified IPL circuits remains to be investigated. The discovery 

of new transmembrane molecules that organize the synapse, together with the availability of 

advanced genetic tools bring forth the opportunity to rapidly fill this gap in our knowledge.

3.5. Balancing excitatory and inhibitory inputs onto individual cells

The previous sections have discussed the organization and development of excitatory and 

inhibitory inputs in the retina separately. The output of retinal cells, however, relies on the 

combination of both excitatory and inhibitory drive onto the cell. Here, we will expand on 

what is known about the coordinated development of these functionally distinct inputs onto 

retinal ganglion cells, which has been the focus of several recent studies.

Retinal ganglion cells receive both excitatory and inhibitory input on their dendrites. 

Fluorescent protein (FP) tagged postsynaptic markers of excitatory and inhibitory synapses 

have made it possible to map the spatial distribution and developmental time-course of both 

populations of synapses on individual retinal ganglion cells (Morgan et al., 2008). In mice, 

excitatory postsynaptic sites (PSD95-FP) on retinal ganglion cell dendrites show an increase 

in density from P5 until a month after birth, when mature densities are attained (Morgan et 

al., 2008). Likewise, Neuroligin2, expressed in retinal ganglion cells under the Thy1 

promoter in transgenic mice, revealed the spatial distribution of inhibitory synapses on these 

cells across ages (Soto et al., 2011a). Comparison of the individually mapped PSD95-FP and 

Neuroligin2-FP on large-field ON-retinal ganglion cells suggests that excitatory and 

inhibitory synapses develop in a coordinated manner, giving rise to an inhibitory/excitatory 

(INeuroligin2/E) ratio that appears constant from P7 onwards. More recently, biolistic labeling 

of PSD95-FP in transgenic lines in which the Thy1 promoter drives expression of the γ2 

subunit of the GABAA receptor, enabled simultaneous mapping of excitatory and inhibitory 

(IGABA) synapses on individual mouse retinal ganglion cells (Bleckert et al., 2013). Both 

separate and simultaneous mapping of the excitatory and inhibitory synapses led to the 

conclusion that the I/E synapse ratio for the large field ON alpha-like retinal ganglion cells 

is achieved soon after the onset of glutamatergic transmission. Analysis of additional retinal 

ganglion cell types revealed that the I/E ratio could differ amongst distinct ganglion cell 

types. Moreover distinct retinal ganglion cell types appear to attain their I/E ratio at different 

developmental time-courses. Whereas large field alpha-like ON-retinal ganglion cells and 

large-field alpha-like OFF-retinal ganglion cells attained their mature IGABA/E synapse ratio 

before eye-opening, DS retinal ganglion cells only developed their adult IGABA/E ratio three 

weeks after birth (Bleckert et al., 2013). Across species, the distance between excitatory 

(PSD95 positive) (Koizumi et al., 2011) and GABAA-inhibitory (GABAAγ2-positive) 

synapses on the retinal ganglion cell dendrite remains invariant across retinal ganglion cell 
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subtypes, adopting a non-random distribution determined early in development (Bleckert et 

al., 2013).

Ganglion cells in monkey retina also balance the densities of excitatory and inhibitory 

synapses across their dendritic arbor. A study on midget ganglion cells in marmoset retina 

found equivalent excitatory and inhibitory synapse numbers on the ganglion cell dendrites. 

Ganglion cells were labeled by retrograde filling or intracellular injections and 

immunolabeling was carried out for AMPA receptors (GluA4 subunit) and gephyrin to 

determine the I/E ratio. Moreover, this I/E ratio remained comparable across different 

eccentricities (Abbott et al., 2012). Interestingly, the bistratified (blue-ON, yellow-OFF) 

ganglion cell in marmoset retina displays a characteristic pattern in arranging its excitatory 

synapses: bipolar cell input to the ON-arbor is about 4 times greater than input to the OFF 

arbor, but the ratio of the densities of bipolar cell input to both ON and OFF arbors remains 

the same across retinal eccentricities (Percival et al., 2009). Bipolar cell and amacrine cell 

inputs onto the dendrites of these bistratified cells were revealed by immunolabeling for a 

presynaptic ribbon marker or for GluA4 and for gephyrin, respectively (Percival et al., 

2009). Almost equal numbers of bipolar cell and amacrine cell inputs were observed on 

bistratified ganglion cells from central retina. The developmental time-line when ganglion 

cells establish their ratio of amacrine cell/bipolar cell input, however, has not yet been 

detailed in monkey retina. It would be informative to study the development of the I/E ratio 

for the different ganglion cell types in monkey retina across retinal eccentricities. The 

functional implication of these ratios also remains currently unknown but the output of 

different retinal ganglion cell types could be modulated by the arrangement of excitatory and 

inhibitory synapses across the dendritic arbor. As the bipolar cell inputs develop earlier in 

the fovea compared to periphery (see 3.4.1.), one might expect different amacrine cell/

bipolar cell or I/E ratios for central retinal ganglion cells compared to peripheral retinal 

ganglion cells early in development. It is not yet known when in development monkey 

ganglion cells establish their mature I/E ratio, and whether or not all ganglion cell types 

follow a similar developmental program.

The underlying mechanisms that set up the ratio of inhibitory and excitatory synapses on 

retinal ganglion cell dendrites have not yet been elucidated, but a role for neurotransmission 

could be expected. It would thus be informative to determine whether loss of excitatory 

neurotransmission affects the development of inhibitory synapses, and vice-versa. 

Furthermore, because different retinal ganglion cells exhibit different ratios of excitatory 

and inhibitory synapse densities, it is necessary to ascertain the molecular and/or functional 

cues that separately orchestrate these distinct synaptic arrangements to optimally drive 

retinal ganglion cell output.

3.6. Convergence and divergence of retinal circuits

In addition to the convergence of excitatory and inhibitory inputs onto individual retinal 

neurons, there is also convergence and divergence of excitatory or inhibitory connections 

across multiple cell types. Recently, a number of studies have applied serial EM methods 

(Helmstaedter et al., 2013) or fluorescence labeling of synaptic proteins (Schwartz et al., 

2012) to tease apart the convergence and divergence of inputs on mouse retinal neurons.
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The cone terminal itself serves as a starting point for distributing information into multiple 

parallel bipolar cell pathways. Apart from divergence of information into ON and OFF 

channels, there is additional diversity amongst ON- and OFF-bipolar cells across species 

(Ghosh et al., 2004). In the mouse retina, each cone pedicle is contacted by at least one 

member from every cone bipolar cell subtype, resulting in ~10 divergent channels for signal 

transmission from a single cone (Wässle et al., 2009b). Conversely, each cone bipolar cell 

pools information from 5 or more cone photoreceptors, with the exact number for 

convergence varying between cone bipolar cell subtypes (Wässle et al., 2009b). 

Convergence for rod bipolar cell dendrites at the mouse OPL is even more extensive with 

each rod bipolar cell pooling information from ~25 rod photoreceptors (Tsukamoto and 

Omi, 2013). Convergence and divergence of information at the OPL is also evident in 

zebrafish retina, where each horizontal cell and bipolar cell subtype collects information 

from 2 or more cone photoreceptor types, and each photoreceptor terminal outputs onto 

multiple horizontal cell and bipolar cell subtypes: examples shown in Figure 17 (Li et al., 

2009).

Not surprisingly, there is also tremendous convergence and divergence of signals in the IPL, 

which has been most extensively studied in monkey and mice because inner retinal cell 

types have been most extensively classified in these two species. Convergence of inputs 

from distinct bipolar cell types provides the basis for color-coding in macaque retina. The 

bistratified retinal ganglion cell has an antagonistic blue (S) ON-yellow (L+M) OFF 

response (Dacey, 1993a; Dacey and Lee, 1994). In the fovea, the ON arbor of the bistratified 

retinal ganglion cell receives input from 2-3 blue ON-bipolar cells that each collect 

information from mainly one S cone, and the OFF arbor of the bistratified retinal ganglion 

cell obtains input from 3-4 diffuse OFF-bipolar cells that in turn collect information from 

~20 L and M cones (Calkins et al., 1998). For the midget pathway, however, there is no 

convergence or divergence of information at the fovea (Kolb and Dekorver, 1991). Serial 

section electron micrographs used to reconstruct this circuit in macaque retina have shown 

each cone photoreceptor to be connected to a pair of midget bipolar cells: ON- and OFF-

midget bipolar cells that in turn synapse onto single ON- and OFF-midget ganglion cells 

(Calkins et al., 1994). In peripheral macaque retina, however, information from ≥ 3 midget 

bipolar cells (and hence ≥ 3 cone photoreceptors) converges onto a single midget ganglion 

cell arbor (Kolb and Marshak, 2003; Wässle et al., 1994). This way the midget circuitry is 

wired to encode for high spatial resolution. Another ganglion cell type in macaque retina, 

the parasol ganglion cells, displays much more convergence compared to midget ganglion 

cells (Jacoby et al., 2000). Serial section electron micrographic reconstructions of the 

synaptic connectivity of a foveal parasol retinal ganglion cell has revealed that each cell 

pools input from ~ 50 cones via ~ 120 bipolar cells (Calkins and Sterling, 2007). This 

enables the parasol cells to encode for luminance. Taken together, distinct retinal circuits 

utilize disparate levels of information convergence or divergence to best suit the specific 

functional demand of that circuit.

These examples serve not only to illustrate divergence and convergence of some key circuits 

in the retina, but also to emphasize that within each circuit, connectivity is stereotypic. Such 

stereotypic arrangements facilitate investigations of the cellular and molecular mechanisms 

that define the type and ratio of synapses formed between synaptic partners in both the OPL 

Hoon et al. Page 38

Prog Retin Eye Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and IPL. While these mechanisms are still largely elusive, some insight has been gained 

from examining the development of the ON-bipolar cell to large field alpha-like ON-retinal 

ganglion cell circuit in mice. When the major input, the Type 6 bipolar cells (and a few Type 

7 bipolar cells) are genetically ablated upon expression of Diphtheria toxin, the remaining 

Type 7 bipolar cells increase their connectivity with the retinal ganglion cell extensively, 

such that the density of bipolar cell synapses made by the Type 7 bipolar cells on the retinal 

ganglion cell is close to that normally made by Type 6 bipolar cells (Okawa et al., 2014). 

Because neurotransmission is not required for the expansion of Type 7 inputs, this finding 

suggest that Type 7 is restricted from making contact with the retinal ganglion cell due to 

physical constraints, and not due to a molecular ‘mismatch’. As discussed in section 3.4.2., 
neurotransmission from Type 6 bipolar cells affects the arrangement of synaptic 

connectivity with the dendritic arbor of the large field alpha-like ON-retinal ganglion cell. 

Thus, both activity-dependent and independent mechanisms are likely to act together to 

shape the number of synapses made by distinct input types onto a common postsynaptic cell. 

The interplay between the roles of activity-dependent and independent mechanisms still 

need to be dissected for other circuits in the mouse retina, as well as for circuits in other 

species. It will not be surprising, however, if we find that different circuits or similar circuits 

across species adopt distinct strategies to achieve their individual patterns of synaptic 

convergence and divergence.

3.7. Homeostasis of retinal circuits

Finally, it is important to highlight that although structural connectivity between retinal cells 

is well-defined, how each circuit functions also depends on physiological adjustments that 

do not require alterations to the wiring per se. It is clear that transmission is modulated 

across retinal circuits both by a balance of excitation and inhibition and also by 

neuromodulators such as dopamine and neuropeptides (Kolb, 1997; Vaney, 1990). But, 

alterations to cell-cell communication also occurs through homeostatic adjustments. 

Perturbations that disrupt the functional set point of the circuit can invoke cellular and 

network mechanisms that work together to restore function to the optimal range. For 

example, rod bipolar cell terminals are capable of homeostatically adjusting glutamate 

release when inhibitory input onto their terminals is impaired (Schubert et al., 2013). A 

reduction of presynaptic inhibitory input onto the terminals of rod bipolar cells initially leads 

to a transient increase of glutamate output from developing rod bipolar cell terminals before 

eye-opening. Two weeks after eye-opening, however, the release of glutamate from mutant 

rod bipolar cell re-adjusts to wildtype levels, indicating the existence of compensatory 

mechanisms at rod bipolar cell terminals. Another example of the adaptive nature of the 

visual system comes from experiments in mice that show that even when photoreceptor 

synaptic ribbons are lost, visual maps develop normally and the animal can perform visual 

behavioral tasks surprising well (Goetze et al., 2010). Despite the adaptive nature of retinal 

circuits, large-scale changes such as those that occur in disease cannot be so readily 

compensated for.
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4. Disease: Alterations to structure and function

Pathologies of the neural retina represent some of the most common causes of visual 

impairment and blindness (Pascolini and Mariotti, 2012). The majority of retinal diseases 

can be categorized largely into those involving death of photoreceptors in the outer retina, 

and those directly affecting neurons of the inner retina, such as bipolar cells and ganglion 

cells. Table 1 lists some common retinal diseases, the associated animal models and the cell 

types that are the primary ‘targets’. In this section, we do not attempt to review exhaustively 

all the structural and functional alterations that take place (see Jones et al., 2012; Marc et al., 

2007a for comprehensive reviews) but instead, we aim to convey a broad overview of circuit 

changes that occur in disease and discuss the challenges that remain in designing therapeutic 

strategies for restoring function at various levels of the retinal circuitry.

4.1. Large-scale structural alterations

Many retinal diseases are recognized by gross alterations to the structural organization of the 

retina (Fig. 18A). Most apparent is the thinning of the retina upon photoreceptor cell death. 

The loss of the photoreceptor layer is evident from optical coherence tomography scans of 

the retina of human patients, and it is also readily revealed in animal models by histological 

methods. Structural disorganization of the diseased retina is also noticeable upon the 

formation of rosette-like structures (Fig. 18A). Rosettes are characteristic of the retinas of 

patients with retinoblastoma (Tajima et al., 1994), diabetic retinopathy (Lahav et al., 1975) 

or retinitis pigmentosa (RP) (Tulvatana et al., 1999). These structures are also found in 

animals following ablation of Müller glial cells (Byrne et al., 2013), in association with 

defects in the outer limiting membrane (Stuck et al., 2012), in conditions where microRNA 

function is disrupted (Damiani et al., 2008) and when cell proliferation is abnormal (Lin et 

al., 2001). Gross perturbation to retinal organization is also evident in patients and animal 

models with retinoschisis, a condition that leads to a physical separation between cells at the 

level of the OPL, resulting from the loss of the protein retinoschisin (Duncan et al., 2011; 

Kjellstrom et al., 2007; Molday et al., 2012; Takada et al., 2008).

Although gross abnormalities often occur across the entire retina, in some diseases, parts of 

the retina are more affected than others (Fig. 18B; Table 1). Notably, degeneration of 

neurons in the macula, a hallmark of age-related macular degeneration, leads to a loss of 

acuity in central vision, leaving peripheral vision relatively unaffected at the early stages of 

the disease. Conversely, photoreceptor degeneration in RP or ischemic diseases results in a 

primary loss of peripheral vision, which progressively restricts the visual field to the center, 

a phenomenon known as tunnel vision (Sahel et al., 2010 and see Fig. 18B). Furthermore, 

sectorial death of cells has been observed in conditions of glaucoma, in which ganglion cell 

death is more prominent in some retinal locations compared to others (Soto et al., 2011b and 

see Fig. 18B). It is also intriguing that the topology of degeneration of one type of retinal 

neuron does not necessarily reflect the spatial loss of other neuronal types. For example, 

Type 7 ON-bipolar cells in the rd1 mouse model of RP degenerate uniformly across the 

retina rather than in the center-to-peripheral gradient observed for photoreceptors (Chen et 

al., 2012). Perturbations of the overall architecture in retinal diseases are therefore complex, 

but bear features that are often hallmarks of the disease or groups of diseases.
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Although large-scale changes in retinal organization generally arise because of the death of a 

specific retinal cell type or types, bystander cell death and secondary degeneration 

contribute to the massive changes manifested by disease (Jones et al., 2012). Bystander 

effects have been found in the mammalian outer retina, where cone photoreceptors are lost 

after rod photoreceptors die (Chrysostomou et al., 2009 and see Table 1). In contrast, 

zebrafish cones are spared when rods degenerate (Morris et al., 2005). When fish cones die 

in pde6cw59 mutants (Stearns et al., 2007), rod degeneration ensues, but only in larvae and 

not in adults. Because adult zebrafish have a higher density of rods compared to larvae, it 

was suspected that high rod numbers could protect these cells from bystander death when 

their neighboring cones die. Indeed, by genetically manipulating the number of rods in larval 

fish, Fadool and colleagues demonstrated that increasing rod numbers prevent rods from 

degenerating after cones die (Saade et al., 2013). What factors underlie bystander effects and 

secondary degeneration? One possibility is that there is passage of ‘apoptotic’ signals via 

gap-junctions amongst neighboring neurons. However, to date there is no strong evidence in 

support of this possibility; cones still degenerate in connexin36/rhodopsin double KO mice 

when rods die (Kranz et al., 2013). Instead, there is some evidence supporting a role for 

diffusible factors released by neighboring cells. By screening compounds released by rod 

photoreceptors in a mouse model for RP, it was discovered that these photoreceptors release 

factors that ensure cone photoreceptor survival (Mohand-Said et al., 1998). This observation 

may explain the protective effect of genetically increasing photoreceptor density in the 

zebrafish (Saade et al., 2013).

Not all retinal neurons undergo secondary degeneration when photoreceptors die. For 

example, retinal ganglion cells in mouse models of RP show preserved morphology (Lin and 

Peng, 2013; Mazzoni et al., 2008). Likewise, the degeneration of ganglion cells in glaucoma 

and in optic nerve injury does not trigger large-scale secondary degeneration of presynaptic 

neurons, thus leaving the general architecture of the retina intact (Cuenca et al., 2010). 

Unraveling the mechanisms that cause large-scale cell loss and alterations in retinal 

organization will not only require identification of factors that affect the health of the 

targeted cell type or types, but also necessitate a systematic investigation of the downstream 

effects on retinal neurons in the vicinity of and synapsing with dying cells. Understanding 

under which conditions secondary degenerative events occur and under which conditions 

damage is more limited is key to helping prevent irreversible damage.

4.2. Changes in connectivity and function

4.2.1. Outer retina—Perturbations to outer retinal function are commonly assessed 

clinically from electroretinogram (ERG) recordings (summarized in Fig. 19). ERG 

recordings have been very helpful in detecting diseased conditions before degeneration 

occurs fully. Abnormal ERG responses are detected before a significant degree of 

photoreceptor cell death takes place (Gargini et al., 2007; Jae et al., 2013). Photoreceptor 

loss of function is reflected by the absence or a decrease in the amplitude of the a-wave of 

the full field ERG (Hood and Birch, 1990). Not surprisingly, the amplitude of the rod 

response in patients with RP and cone-rod dystrophy is reduced compared to normal (Hood 

and Birch, 1994). The rod response, when present, can show altered kinetics with disease 

(Wen et al., 2011, 2012). In some diseases, photoreceptors are still present but their 
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transmission is perturbed. Transmission between photoreceptors and bipolar cells is 

measured from the b-wave of the full-field ERG (Hood and Birch, 1992). The b-wave is 

perturbed in animals with mutations in key presynaptic proteins at the OPL, such as 

Cacna1f, the subunit of the voltage-dependent calcium channel on photoreceptors (Chang et 

al., 2006), or in postsynaptic proteins including nyctalopin, which is associated with 

congenital stationary night blindness (Bahadori et al., 2006; Gregg et al., 2007; Gregg et al., 

2003; McCall and Gregg, 2008).

At the cellular level, patch-clamp recordings of both rod and cone bipolar cells from the 

retinas of rd10 model mice for RP revealed that bipolar cells lose their response to 

glutamate, correlated with a loss photoreceptors and mGluR6 expression (Puthussery et al., 

2009). However, the different types of bipolar cells display loss of mGluR6 currents at 

different rates, with ON-cone bipolar cells maintaining mGluR6-responses for a longer 

period of time compared to rod-bipolar cells (Puthussery et al., 2009). However, in another 

study, assessing glutamate-sensitivity in rod bipolar cells by patch-clamp recording did not 

reveal alterations in the same rd10 RP model mice, although severe morphological 

perturbations were evident (Barhoum et al., 2008). In vitro recordings has shown that rod 

bipolar cells in the rd1 mouse model of RP demonstrate an increased sensitivity to inhibitory 

neurotransmitters in addition to their loss of glutamate sensitivity (Varela et al., 2003). 

Taken together, in vitro recordings from bipolar cells suggest that many types of 

physiological changes occur in these cells upon loss of transmission from their presynaptic 

partners.

Although we have yet to fully understand how each physiological abnormality is generated, 

it is clear that rewiring of the surviving synaptic partners can account for some of the 

functional changes. An increasing number of studies at the cellular level have collectively 

demonstrated the potential for photoreceptors to rewire not only during development, but 

also in disease. Rod bipolar cells normally only contact rod photoreceptors, but these bipolar 

cells connect with cones in the Nrl mutant mice, in which all photoreceptors adopt the cone 

fate during development (Strettoi et al., 2004). Moreover, the axon of mouse horizontal cells 

that normally contacts rods, forms ectopic synapses with cones in the Nrl mutant. These 

observations suggest that connections with rods or cones can be re-specified during 

development. Observations in diseased retinas now indicate that rewiring with rods or cones 

can occur even after photoreceptor circuits are established. Notably, loss of rods in mouse 

models of RP causes rod bipolar cell dendrites to retract (Cuenca et al., 2004; Cuenca et al., 

2005; Gargini et al., 2007; Strettoi and Pignatelli, 2000) but later form ectopic connections 

with cone photoreceptors (Phillips et al., 2010; Puthussery et al., 2009). Likewise, when 

cones are non-functional in the CNGA3 (cyclic nucleotide gated channel) deficient mouse 

retina, cone bipolar cells form ectopic synapses with rod photoreceptors (Haverkamp et al., 

2006). When there is death of both rods and cones, changes in wiring at the OPL are often 

accompanied by elaboration of neuronal processes. A well-studied example is the rd/rd 

mouse model of RP, in which bipolar cell dendrites are found to regress but horizontal cell 

dendrites sprout following photoreceptor degeneration (Strettoi and Pignatelli, 2000; Strettoi 

et al., 2003; Strettoi et al., 2002).
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Photoreceptor death can also trigger redistribution of glutamate receptors in bipolar cells, 

leading to functional alterations. During the period of photoreceptor degeneration, mGluR6 

expression within ON-bipolar cell dendrites is reduced until the bipolar cell is largely 

unresponsive to glutamate (Puthussery et al., 2009). mGluR6 receptors are mis-directed to 

the cell body and axons of the rod bipolar cells (Gargini et al., 2007). Mislocalization of 

proteins to the bipolar cell body has also been observed in rd1 RP model mice for the 

transient receptor protein cation channel subfamily M member 1(TRPM1) channel involved 

in mGluR6 transduction, which normally accumulates on the dendrites of ON-bipolar cells 

(Krizaj et al., 2010). By contrast, iGluRs on the dendrites of OFF-bipolar cells remain at 

postsynaptic sites for a longer period in the absence of their presynaptic photoreceptor 

partners (Puthussery et al., 2009). Alongside the loss and redistribution of receptors, bipolar 

cells can also alter their composition of GluRs. An instance of human RP (with cone 

sparing) provides some evidence that rod bipolar cells could upregulate iGluRs probably at 

ectopic non-ribbon synapses with survivor cones (Marc et al., 2007b). Changes in glutamate 

receptor expression have also been observed in the mGluR6 mutant mice, in which ON-

bipolar cells instead express mGluR7 at their contacts with rods and cones (Tsukamoto et 

al., 2007). Together, these observations suggest that receptor type and localization at bipolar 

cell dendritic terminals depend on maintaining contact with appropriate photoreceptors. 

However, the cellular and molecular signals that normally ensure proper trafficking and 

localization of the postsynaptic components of bipolar cell–photoreceptor synapses remain 

largely unknown.

4.2.2. Inner retina—Substantial changes in the connectivity and function of the inner 

retina is evident in conditions such as glaucoma, optic nerve injuries or retinal ischemia that 

lead to ganglion cell loss. Retinal ganglion cell death in these diseases is highly stereotyped, 

with initial injury to the retinal ganglion cell axon followed by dendritic and cell body 

shrinkage, and ultimately, cell death. Loss of retinal ganglion cells can be detected in vivo 

by changes in patterned ERGs, as shown by the retinal response to contrast-reversing 

checkerboxes (Nagaraju et al., 2007; Saleh et al., 2007). Full-field ERG response studies 

indicate that in addition to retinal ganglion cells, bipolar cell function is perturbed in 

multiple animal models of glaucoma (Cuenca et al., 2010; Georgiou et al., 2013). 

Furthermore, disruption to bipolar cell function occurs before retinal ganglion cell loss is 

evident (Frankfort et al., 2013). Such studies have prompted in vitro recordings of inner 

retinal neurons with an aim to better understand the physiological basis of diseases targeting 

the GCL.

Direct measurements of the light responses of retinal ganglion cells have been performed 

using electrophysiological approaches that measure synaptic potentials, or current or spike 

activity of the neurons, albeit in in vitro preparations (Weber and Harman, 2005). More 

recently, multielectrode arrays (MEA) have been used to record spike activity across 

populations of physiologically-identified retinal ganglion cells during the degenerative 

process in mouse models of glaucoma (Della Santina et al., 2013; Feng et al., 2013). 

Recordings from populations of known retinal ganglion cell types suggest that degeneration 

differentially affects distinct retinal ganglion cells in mice (Della Santina et al., 2013; Feng 

et al., 2013) in which glaucoma was stimulated by increased intraocular pressure. The 
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dendritic arbors of macaque parasol cells in a monkey model of glaucoma shrink 

significantly, whereas those of midget cells do not seem to be affected within the same time 

frame (Weber et al., 1998). This dendritic retraction in parasol cells is associated with a 

functional impairment of spatial and temporal responses to patterned stimuli (Weber and 

Harman, 2005). Likewise, in a mouse model of glaucoma, OFF-transient ganglion cells 

show a reduction in their structural and functional receptive fields before ON- and OFF-

sustained ganglion cells (Della Santina et al., 2013). It is unclear why some retinal ganglion 

cells respond more rapidly to intraocular pressure elevation compared to others. It also 

remains to be seen why ganglion cell death is more prominent in some regions of the retina, 

leading to a sectorial pattern of cell loss in DBA/2J model mice for glaucoma (Jakobs et al., 

2005).

A combined analysis of the dendritic arbor morphology, synaptic connectivity and function 

of mouse retinal ganglion cells in a glaucoma model has recently established that synapses 

are lost even before dendrites retract (Della Santina et al., 2013). Mouse ON-sustained 

retinal ganglion cells already show altered spontaneous activity, light-responses and 

glutamatergic synapse density before their dendritic arbors are pruned (Della Santina et al., 

2013). In parallel with the reduction of synapses between retinal ganglion cells and bipolar 

cells, changes in connectivity between bipolar cells and photoreceptors have also been 

observed in murine models of glaucoma. In particular, reduction of OPL thickness and 

number of photoreceptor ribbons has been reported in mice after intraocular pressure 

elevation (Cuenca et al., 2010). Ultrastructural alterations of photoreceptor ribbons such as 

the appearance of club-shaped or detached spherical ribbons have been observed in DBA/2J 

glaucoma model mice (Fuchs et al., 2012). These findings underscore the notion that 

changes in connectivity are not restricted to the GCL where cell death is occurring. 

Conversely, photoreceptor loss leads to changes in the inner retina (Jones and Marc, 2005). 

For example, in rd1 model mice for RP, the number of ribbons in cone bipolar cell axon 

terminals follow the decline in their photoreceptor input (Chen et al., 2012).

Even in cases in which no obvious structural alterations of specific cell types are apparent, 

changes to functional connectivity have been identified. Abnormal spontaneous rhythmic 

spiking activity is observed in retinal ganglion cells in multiple murine models of 

photoreceptor degeneration (Sekirnjak et al., 2011; Stasheff et al., 2011). In rd1 mice 

rhythmic activity is present in AII amacrine cells, and propagates amongst their gap 

junctionally-coupled network to neighboring ON-cone bipolar cells. There is evidence to 

suggest that this rhythmic activity in the inner retina is normally suppressed; 

pharmacological blockade of the light response in wildtype mice induces oscillatory activity 

in ON-bipolar cells and AII amacrine cells (Trenholm et al., 2012). Thus, while generally 

thought to be only a characteristic feature of the developing retina (see 3.4.2.), synchronized 

rhythmic activity can be reinstated in the mature retina in certain diseases, and under acute 

blockade of all synaptic inhibition (Toychiev et al., 2013).

In summary, it is clear that there are abnormalities in structure, synapse function and 

connectivity prior to cell death. It is also evident that upon cell loss, remaining synaptic 

partners can search for new partners, in a manner that often involves structural 

reorganization. Thus, even though a specific retinal cell type is destined to die in each retinal 
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disease, the downstream effects can lead to massive structural and/or functional 

reorganization of the retina (Marc et al., 2007a; Marc et al., 2003). However, it should be 

emphasized that even diseases in which the same cell type degenerates may not share a 

common outcome, as in some models cell death occurs during development while in others 

the cell loss can be after maturity. For example, in the rd1 RP model, about half the retinal 

ganglion cell population develops smaller arbors (Damiani et al., 2012). But, in the rd10 

mouse model for RP, retinal ganglion cell dendritic arbors appear normal (Mazzoni et al., 

2008). Collectively, such observations underscore the complexity of the damage and 

rearrangements to retinal circuits upon death of a single cell type or in response to insult, 

making the task of restoring normal vision extremely challenging.

4.3. Therapeutic approaches to restore retinal cell types and connectivity

Designing an effective therapy to restore function to the diseased retina has taken on diverse 

approaches. One approach is to find ways to protect the neurons that appear most susceptible 

as well as the neurons that have not yet been damaged. This approach has been undertaken 

for almost all of the common retinal diseases, and it has proven to be partially effective in 

slowing degeneration. Supplementing the amino acid taurine has recently proven to be a 

viable approach for slowing retinal ganglion cell degeneration in multiple animal models 

(Froger et al., 2012; Froger et al., 2013), as well as improving resistance to hypoxic 

conditions in retinal cell cultures (Chen et al., 2009). Under ischemic conditions, modulation 

of adrenergic receptors either by using alpha2-agonists (Lafuente et al., 2001; Vidal-Sanz et 

al., 2001) or beta-2 antagonists (Chen et al., 2007) has provided neuroprotection for retinal 

ganglion cells. This neuroprotection has been proposed to arise from the regulation of 

NMDA receptor-mediated transmission onto retinal ganglion cells, despite the fact that these 

neurons are relatively insensitive to glutamate and NMDA excitotoxicity (Ullian et al., 

2004). Preconditioning to hypoxia itself appears to provide partial neuroprotection of mouse 

retinas to successive hypoxic damage (Zhu et al., 2007), or to the insurgence of glaucoma in 

mouse models (Zhu et al., 2012). This mechanism involves activation of hypoxia-inducible 

factors such as HIF-1 (Grimm et al., 2002) and production of erythropoietin (Zhong et al., 

2007). Neuroprotection of photoreceptors has been observed following administration of 

neurotrophic factors such as CNTF (ciliary neurotrophic factor). These factors normally play 

a regulatory role in phototransduction and regeneration of the outer segments of 

photoreceptors (Li et al., 2010). Behavioral paradigms such as environmental enrichment 

that increase in vivo levels of these neurotrophic factors, exert protective effects against 

mouse photoreceptor degeneration (Barone et al., 2012). The mechanism of action of CNTF 

as elucidated in mouse retina initially involves interaction with the cytokine receptors gp130 

on Müller glia cells, since their genetic disruption abolishes CNTF neuroprotection (Rhee et 

al., 2013). Because photoreceptors usually die by apoptosis, neuroprotection has been 

induced by inhibiting the apoptotic signaling pathway mediated by the phospholipid 

ceramide in light-induced photoreceptor degeneration models (Chen et al., 2013a), and in 

the rd10 mouse model for RP (Strettoi et al., 2010). Taken together, these numerous 

examples indicate that there have been significant advances in minimizing cell loss in the 

diseased retina.
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Once degeneration is advanced and there is already substantial cell death, the major goal 

becomes repopulating the retina with the lost population of neurons. Although many 

challenges persist, there has been encouraging progress in this arena. Unlike animal models 

like fish, amphibian and chicken that can regenerate photoreceptors (Fischer and Reh, 2001; 

Reh and Levine, 1998; Taylor et al., 2012), mammalian retina has limited regenerative 

capacity. However, recent experiments show that rod precursors transplanted into 

genetically blind mice can restore vision (Pearson et al., 2012) as well as reverse end-stage 

degeneration in rd1 model mice for RP (Singh et al., 2013). Photoreceptors derived from 

human embryonic stem cells are able to restore retinal function when transplanted in a 

mouse model of Leber Congenital Amaurosis (Lamba et al., 2009). An important advance in 

this area came with the recent demonstration that photoreceptors can be regenerated in mice 

by stimulating Müller glia cells to proliferate and produce neuron precursors (Pollak et al., 

2013). In vivo stimulation of mammalian Müller glial cells to dedifferentiate, divide and 

produce neurons in situ would represent a major step forward.

For diseases in which non-functional proteins result from an identified genetic mutation, a 

logical approach is gene therapy. Viral mediated expression of phosphodiesterase has been 

shown to restore photoreceptor function in mice with retinal degeneration (Deng et al., 2013; 

Pang et al., 2011). Similarly, viral delivery of guanylate cyclase (GC) in GC1 KO mice 

(Boye et al., 2011) and CNGA3 in CNGA3 KO mice (Michalakis et al., 2010) restores cone 

function. Impressively, disruption of the retina in a mouse model of X-linked neuroschisis 

has been successfully prevented by delivery of the wildtype retinoschisin gene using adeno-

associated viral (AAV) vectors (Park et al., 2009). Moreover, gene therapy appears to be an 

effective strategy to restore color vision to adult monkeys (Mancuso et al., 2009). More 

efficient methods for viral transfection, including targeting of specific neuronal types are 

rapidly becoming available in mice (Dalkara et al., 2013) and in monkeys (Vandenberghe et 

al., 2013). Cell-targeted therapy could allow a more efficient and directed treatment of the 

diseased condition, and there have been recent and significant improvements in viral 

delivery of genes, including into monkey retina (Dalkara et al., 2013).

In order to compensate for loss of function after massive cell death, investigators have also 

turned to directly stimulating the remaining retinal neurons in disease conditions. At the 

photoreceptor level, genetically targeting halorhodopsin (light-activated chloride pump) to 

photoreceptors by means of AAVs can induce light-sensitivity in cone photoreceptors and 

restore visual responses in mouse models of RP (Busskamp et al., 2010). At the inner retina 

level, channelrhodopsin-2 (light-activated cation channel) expression driven by the mGluR 

promoter in ON-bipolar cells restores visual function in rd1 model mice for RP (Doroudchi 

et al., 2011; Lagali et al., 2008), and a comparable rescue of function has also been observed 

after viral transfection of melanopsin in rd/rd model mice for RP (Lin et al., 2008). Recently, 

it has been discovered that delivering small light-sensitive molecules, such as acrylamide-

azobenzene-quaternary ammonium (AAQ) or its diethylamino derivative DENAQ, confers 

light sensitivity to ganglion cells in mice with retinal degeneration (Polosukhina et al., 2012; 

Tochitsky et al., 2014). The possibility of expressing photosensitive molecules in ganglion 

cells represents a promising strategy to treat late stages of retinal disease when 

photoreceptors die or when the retinal circuitry is heavily compromised.
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An ‘engineering’ approach towards restoring vision in end stages of degeneration involves 

electrical stimulation of retinal ganglion cells by implantable microelectrode arrays. This 

strategy overcomes the difficulty in re-seeding the missing photoreceptors. Direct 

stimulation of ganglion cells (Sekirnjak et al., 2008) has been demonstrated, even clinically, 

to confer light sensitivity to degenerated retinas in patients (Stronks and Dagnelie, 2014). 

However, strategies that bypass the conventional phototransduction cascade share a common 

problem in that they lead to a much-diminished light operating range for the stimulated cells. 

The optimal parameters for stimulating retinal ganglion cells in order to reach their native 

spatial and temporal resolution is being established in primate (macaque) retina (Jepson et 

al., 2013). Features such as color vision or a complete representation of the visual field are 

still distant goals, in part because of the technical limitations, but mostly because our 

knowledge of how the retina processes visual information is still incomplete.

5. Future goals

Although there have been tremendous advances in restoring photosensitivity to retinal 

neurons, much remains to be done to recapture the intricate processing of visual information 

normally performed by the many parallel retinal circuits. As methods to replace retinal 

neurons become routine, the next major challenge is to ensure that the new neurons 

reconnect properly. This is not a simple task because the retinal environment can change 

drastically even when one cell type dies. Successful reconstruction of the retinal circuitry 

will therefore also require neurons that survive to maintain appropriate connections. Thus, 

restoring sight to its fullest measure will necessitate coordination of strategies to recapitulate 

the original circuitry of retinal neurons that are lost, as well as of those that remain. To 

achieve the ultimate goal of restoring sight, two avenues of research are critical. The first is 

to get a comprehensive understanding of all retinal subtypes and their connectivity, and the 

second is to decipher the molecular and cellular cues that instruct retinal assembly during 

development.

The field currently lacks knowledge of the structural and functional connectivity for all 

retinal cell types in a given species. A key limitation is the lack of genetic markers that can 

be used to identify each cell type. Much work is currently underway, however, to expand the 

set of transgenic mouse lines in which specific cell types are either labeled, or can be 

targeted for manipulation (Huberman et al., 2009; Kim et al., 2008). Connectomic 

approaches are uncovering connections and potential connections between morphologically 

defined retinal cell types at the ultrastructural level (Helmstaedter et al., 2013; Marc et al., 

2013). What is lacking is a direct correlation between the structural and functional 

organizations of a defined circuit. Experiments that will reveal the synaptic and integrative 

properties of the circuit, as well as demonstrate how retinal cell responses are altered by 

neuromodulators and varying stimulus conditions, continue to be essential to the field. 

Recent work has pushed forward the need to correlate structure with function by combining 

functional imaging with serial EM (Briggman et al., 2011). No doubt such an approach will 

escalate as serial EM reconstructions become more routine.

Although we have focused primarily on circuitry within the retina in this review, it should 

be emphasized that determining the axonal projection patterns of each ganglion cell type, 
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and thus the central targets of these cells, is also important. Progress in this direction has 

been made using transgenic mice where subsets of ganglion cells are labeled and their 

axonal trajectories followed (Dhande et al., 2013). It is also necessary to translate 

approaches now routine in vertebrates amenable to genetic manipulation such as mice and 

zebrafish, to monkeys. As such, there have been significant advances in the use of viruses to 

deliver genes to monkey retinal cells in vivo (Mancuso et al., 2009; Yin et al., 2011). 

Moreover, recent studies have begun mapping the synaptic connectivity patterns of 

marmoset ganglion cells using gene-delivery approaches to visualize synapses in retinal 

explants (Moritoh et al., 2013; Percival et al., 2014). The application of molecular tools 

towards elucidating the structure, connectivity and function of monkey retinal neurons will 

be immensely helpful towards attaining therapies for curing blindness in humans.

In parallel with the advances made in studying the adult retina, there have also recently been 

significant findings in the area of retinal development. Critical cellular and molecular cues 

that underlie cell type-specific lamination, or those that organize retinal cells into their 

respective mosaics have been discovered. However, the signaling pathways downstream of 

the homotypic or heterotypic interactions that are involved are yet to be identified. We have 

also obtained a clearer view of the mechanisms that regulate synaptic connectivity, 

especially with regard to the key molecular players and the role of neurotransmission. A 

common finding is that even within a major cell class (e.g. ganglion cells, bipolar cells), 

different cell types adopt different developmental strategies to establish their patterns of 

connectivity. Identifying common principles of synaptic development across retinal circuits 

may therefore be challenging, but the diversity in strategies offer some hope that rewiring of 

circuitry may be directed in more than one way. In retinas with specialized circuits such as 

those found in the fovea, the identities of the cues that generate such unique circuits remains 

elusive. Determining the cellular and molecular interactions that create the fovea will require 

genetic manipulation, possible via viral transfection techniques. Finally, the molecular 

assembly of individual synapses in the retina remains to be fully explored, a task that is now 

more tenable because of the increasing knowledge of the compositions of synaptic proteins 

found at retinal synapses, and the availability of transgenic tools.

In summary, advancing knowledge of the structural and functional organization of the 

mature retina and its development will no doubt help us formulate therapies aimed at 

reconstructing circuits damaged by disease. As yet, we do not know whether the cellular and 

molecular mechanisms that are critical for the initial construction of the retina are still 

available for regenerative processes to take place. If so, we will need to find ways to 

resurrect these mechanisms to rewire new neurons into a mature environment. If not, novel 

genetic/molecular pathways will have to be evoked in order to reconnect retinal cells after 

damage. In this regard, it would be instructive to compare the genetic programs underlying 

neurogenesis in animals with (zebrafish) or without (mice) neuroregenerative capabilities. 

Thus, comparative studies of retinal organization and development across species have 

multiple benefits, from identifying common and unique retinal designs to retinal repair.
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AAQ Acrylamide-azobenzene-quaternary ammonium

AAV Adeno-associated virus

AC Amacrine cell

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

APB 2-amino-4-phosphonobutyric acid
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BC Bipolar cell
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CNG Cyclic nucleotide gated ion channel

CNTF Ciliary neurotrophic factor

COUP-TF Chicken ovalbumin upstream promoter transcription factor

CRX Cone-rod homeobox

DAC Dopaminergic amacrine cell

dKO Double knockout

DS Direction selective

Dscam Down-syndrome cell adhesion molecule

Dscaml Down-syndrome cell adhesion molecule like
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EM Electron microscope

EPSC Excitatory postsynaptic current

ERG Electroretinogram

Fat3 FAT atypical cadherin3

Fd Fetal day

FP Fluorescent protein

GABA γ-aminobutyric acid

GAD Glutamic acid decarboxylase

GC Guanylate cyclase

GCL Ganglion cell layer

GluR Glutamate receptor

GlyR Glycine receptor

GRIP Glutamate receptor interacting protein

H Hour

Has Heart-and-soul

HC Horizontal cell

HIF Hypoxia-inducible factor

I/E Inhibitory/Excitatory

iGluR Ionotropic glutamate receptor

IgSF Immunoglobulin superfamily

INL Inner nuclear layer

INBL Inner neuroblastic layer

IPL Inner plexiform layer

IPSC Inhibitory postsynaptic current

KO Knockout

L Long

M Medium

MAGI Membrane-associated guanylate kinase with inverted orientation

MAP1B Microtubule-associated protein 1B

Math Mouse atonal homologue

MEA Multielectrode array

MEGF Multiple epidermal growth factor-like domains protein
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mGluR Metabotropic glutamate receptor

N.D. Not determined

NGL-2 Netrin-G ligand2

NMDA N-methyl-D-aspartate

OE Overexpression

ONL Outer nuclear layer

ONBL Outer neuroblastic layer

OPL Outer plexiform layer

P Postnatal day

Pcdh Protocadherin

Plex Plexin

PSD Postsynaptic density protein

Pr Photoreceptor

R Rod photoreceptor

RAR Retinoic acid receptor

RBC Rod bipolar cell

RGC Retinal ganglion cell

RNAi RNA interference

ROR Retinoid-related orphan receptor

RP Retinitis pigmentosa

Rs Receptors

RXR Retinoid X receptor

S Short

SAC Starburst amacrine cell

SAP102 Synapse-associated protein 102

Sdk Sidekick

Sema Semaphorin

SHH Sonic hedgehog

SynCAM Synaptic cell adhesion molecule

Tbx T-box 5

TeNT Tetanus toxin

TH Thyroid hormone
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TH (DAC) Tyrosine hydroxylase

Trβ2 Thyroid hormone receptor β2

TRPM1 Transient receptor protein cation channel subfamily M member 1

UV Ultraviolet

VAMP2 Vesicle-associated membrane protein 2

Vax Ventral anterior homeobox

VGluT Vesicular glutamate transporter

VIAAT Vesicular inhibitory amino acid transporter

Wk Week

WT Wildtype
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Figure 1. Schematic organization of neurons in the mammalian retina
(Left) Vertical section of mouse retina showing labeling of the major neuronal cell types. 

Immunostaining for cone photoreceptors (anti-cone arrestin, blue), horizontal cells (anti-

calbindin, pink), bipolar cell terminals (anti-synatotagmin2 and anti-PKC, red), amacrine 

cells (anti-calretinin, purple), and ganglion cells (SMI-32, white). Immunolabeling was 

performed on a retina from a transgenic line in which a subtype of bipolar cell (ON-type) 

express yellow fluorescent protein (green). ONL: outer nuclear layer, OPL: outer plexiform 

layer, INL: inner nuclear layer, IPL: inner plexiform layer and GCL: ganglion cell layer.

(Right) Schematic of the retina. R: rod photoreceptor, C: cone photoreceptor, HC: 

horizontal cell, BC: bipolar cell, AC: amacrine cell, RGC: retinal ganglion cell. The rod 

pathway (cells shaded in grey) conveys scotopic information to the photopic cone pathway, 

via the AII amacrine cell. Colored cells represent cone pathways. Neurons that are 

depolarized by light increments restrict their synaptic connectivity to the ON sublamina of 

the IPL, whereas connections of cells that are hyperpolarized instead form the OFF 

sublamima.
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Figure 2. Retinal architecture across species
The retinas of mouse, primate (macaque) and zebrafish exhibit a common basic architecture, 

but with functional variations. Notably, cone composition (A) varies across these species. 

UV: ultraviolet, S: short, M: medium, L: long wavelength cones. Primate retina has 

pathways dedicated for color processing as shown for L and S cone pathways. Illustrations 

depict the absorption spectra of the various cone opsins across species (bold colored lines) 

compared to rhodopsin (dotted line) (summarized from: Baylor et al., 1987; Cameron, 2002; 

Chinen et al., 2003; Govardovskii et al., 2000; Imai et al., 2007; Robinson et al., 1993; 

Wang et al., 2011). Note that the spectrum of S opsin in mouse retina closely resembles that 

of UV opsin in zebrafish retina. In addition the cellular distribution and connectivity patterns 

also vary across species. Shown in B are species differences in the number of horizontal cell 

(HC) types and the connectivity of rod bipolar cells (RBC). ONL: outer nuclear layer, OPL: 

outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer and GCL: 

ganglion cell layer.
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Figure 3. Molecular regulation of the branching patterns of amacrine cell neurites
Schematics illustrating the lack of dendritic self-avoidance of two amacrine cell types in 

mouse mutants. (A) Dopaminergic amacrine cells (DACs) in wildtype (WT) and Dscam 

knockout (KO) animals. (B) Starburst amacrine cell (SAC) processes in wildtype (WT), 

Semaphorin6A (Sema6A) KO, plexinA2 (PlexA2) KO, Sema6A-PlexA2 double KO mice or 

protocadherin KO (Pcdhgrko/rko). Summarized from: Fuerst et al., 2008; Lefebvre et al., 

2012; Sun et al., 2013.
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Figure 4. Mosaic arrangements of retinal photoreceptors and their formation
(A) Cone photoreceptor distributions in primate (macaque), mouse and zebrafish retina. 

Macaque retina: Differential interference contrast (DIC) image of peripheral retina. Large 

profiles are cone photoreceptor inner segments interspersed amongst rod photoreceptors. 

Mouse retina: Mosaic arrangement of cone pedicles revealed by immunostaining for cone 

arrestin. Zebrafish: Cone mosaics in adult retina. UV cones, violet; S cones, cyan; M cones; 

green, L cones, red. Maximum intensity projection of a confocal image stack of a quadruple 

transgenic line Tg(gnat2:histone2ACFP; sws1:histone2AYFP; trβ2:tdtomato; sws2:GFP). 

Promoters are: sws1, UV opsin, sws2, S opsin, and trβ2, L opsin. Cones with nuclei labeled 

by the gnat2 promoter (labels all cones) that did not express UV, S or L opsins were 

identified as M cones. (Image courtesy: macaque retina, R. Sinha; mouse retina, F. A. Dunn, 

and zebrafish retina, S. C. Suzuki.)

(B) Possible mechanisms that could play a role in organizing the cone photoreceptor mosaic 

in zebrafish retina.

Hoon et al. Page 79

Prog Retin Eye Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Mosaic arrangements of retinal cells and their development
(A) Mouse starburst amacrine cells (SAC). Biolistic labeling of a mouse SAC (magenta) 

together with immunolabeling for choline acetyltransferase (green) to visualize the cell 

population. The image is a maximum intensity projection of confocal image planes acquired 

from the ganglion cell layer to the ON sublamina of the IPL in a wholemount retina.

(B) Mouse horizontal cell (HC) somata and their dendrites. A HC was intracellularly dye-

filled with Alexa-555 (magenta) in the GAD1-GFP transgenic line (green), in which 

horizontal cells express GFP. (Adapted from Huckfeldt et al., 2009).

(C) Mouse bipolar cell axon terminals in the IPL. Individual ON-bipolar cells, including 

Type 7 bipolar cells, are visualized by tdtomato expression in the grm6-tdTomato transgenic 

line (Kerschensteiner et al., 2009). Virtually all Type 7 bipolar cells are labeled in the 

Gus8.4-GFP (Wong et al., 1999) line (Huang et al., 2003). A retina from a double transgenic 

animal shows an individual Type 7 bipolar cell (magenta-white) within the Type 7 

population (green). Image adapted from Dunn and Wong, 2012.

(D) Illustration depicting the disruption of the cell body mosaic arrangement of SACs in the 

Megf10-deficient (Megf10−/−) mouse retina (Kay et al., 2012). The dendritic arbor of an 

individual SAC is provided in the background.

(E) Illustration showing perturbation of HC mosaics in Megf10/11-double knockout 

(Megf10−/−; Megf11−/−) animals (Kay et al., 2012). Dendritic arbor of an HC is illustrated 

in the background.
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Figure 6. Possible mechanisms regulating retinal mosaic development
(A) Immature horizontal cells transiently project vertical processes that form non-

overlapping territories before extending lateral dendrites that overlap at maturity. Shown 

here are two developing horizontal cells labeled in the GAD1-GFP transgenic mouse retina, 

pseudocolored in green and magenta imaged with time-lapse multiphoton microscopy (h, 

hour). The vertical arbors of these immature cells re-tile after laser-ablation of a neighbor, 

suggesting that homotypic interactions regulate spacing between neighbors. Image adapted 

from Huckfeldt et al., Nat Neurosci., 2009.

(B) Illustrations of how potential adhesive and repulsive interactions could mediate 

homotypic interactions among neighboring horizontal cells that initially define their cell 

body mosaic arrangement, and later permit overlap of their lateral dendrites. For example 

repulsive cues could be downregulated either all through the horizontal cell arbor (1) or 

specifically from lateral processes (2) to permit dendritic overlap of mature horizontal cells. 

Additionally, adhesive cues (3) could facilitate dendritic overlap between neighboring 

horizontal cells.
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Figure 7. Formation of the foveal specialization in primate retina
(A) Schematic illustrating how the density of cone photoreceptors increases in the primate 

(macaque) fovea as the retina develops (Fd: fetal day, P: Postnatal, wk: week). Retina size at 

each age is drawn to scale.

(B) Schematic depicting the re-arrangements of retinal cells during foveal pit formation in 

macaque retina. Cone photoreceptors in the outer nuclear layer (ONL) increase in density at 

the foveal pit (Hendrickson, 1992), whereas second order neurons in the inner nuclear layer 

(INL) and ganglion cell layer (GCL) are pushed aside and decrease their density 

concurrently. Asterisk depicts increase in cone density at the center of the foveal pit.
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Figure 8. Molecular interactions generating opsin expression gradients in the mouse retina
(A) Expression of S opsin follows a dorsal (low) to ventral (high) gradient in mouse retina. 

Images show immunostaining for S opsin (cyan) and cone-arrestin that labels all cones of an 

adult mouse retina (red)(Images by F. A. Dunn). D: dorsal, V: ventral, S: S opsin, M: M 

opsin.

(B) Several morphogens, transcription factors, hormones and nuclear hormone receptors 

contribute towards generating the gradients of opsin expression. Summarized are the spatial 

expression patterns of known factors. N.D. : not determined.

(C) Illustration of the action of known nuclear hormone receptors that could regulate M and 

S opsin expression in the mouse retina. (+) Promotes, (−) suppresses.

(Schematics in B and C summarized from Alfano et al., 2011; Fujieda et al., 2009; Koshiba-

Takeuchi et al., 2000; McCaffery et al., 1992; Ng et al., 2001; Peters and Cepko, 2002; 

Roberts et al., 2005; Roberts et al., 2006; Satoh et al., 2009; Srinivas et al., 2006; Zhang and 

Yang, 2001).
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Figure 9. Timeline for cell genesis in the vertebrate retina
Sequence of cell genesis in the vertebrate retina, schematized here for the mouse. Horizontal 

cells (HCs), cone photoreceptors (cone) and retinal ganglion cells (RGC) are the first cells to 

be generated. Amacrine cell (AC) genesis follows, with their peak production occurring 

around embryonic day 16 (E16). Rod photoreceptors (rod) have a protracted period of 

genesis beginning before birth and continuing until a week after birth. Bipolar cells (BC) 

and Müller glial cells (Glia) are produced postnatally (P) until about a week after birth 

(summarized from Marquardt and Gruss, 2002; Rapaport et al., 2004; Young, 1985). Bars 

demonstrate the progressive increase and later decrease in neurogenesis as indicated by the 

intensity gradient.
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Figure 10. Molecular cues guiding retinal lamination
(A-B) Schematic showing the expression pattern of heterotypic repulsive (mouse, A) and 

homotypic adhesive (chick, B) molecular cues across different laminae of the retina. 

Expression for Sema5A/5B revealed by in situ hybridization, and expression for all other 

molecules was determined by immunolabeling.

(C) Illustration showing aberrant lamination of mouse retinal cell types when semaphorin 

(Sema)-plexin (Plex) signaling is disrupted compared to wildtype retina (WT). KO: 

knockout, dKO: double knockout, M1 RGC: Type 1 melanopsin positive ganglion cell, 

DAC: dopaminergic amacrine cell, T2 BC: Type 2 OFF-cone bipolar cells, RBC: rod bipolar 

cell, HC: horizontal cell and SAC: starburst amacrine cell.

(D) Schematic showing disrupted dendritic lamination of R-cadherin (R-cad+) positive 

ganglion cell in the Dscam knockdown (by RNAi) retina, and unusual lamination of 

substance P positive (SP+) amacrine cells in sidekick1 (Sdk1) over-expressing (OE) chick 

retina.

Summarized from Matsuoka et al., 2011a; Matsuoka et al., 2012; Matsuoka et al., 2011b; 

Sun et al., 2013; Yamagata and Sanes, 2008, 2012; Yamagata et al., 2002.
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Figure 11. Synaptic connectivity at the OPL
Schematics and ultrastructure of cone and rod photoreceptor synapses and receptor 

composition at each synapse type.

ON BC: ON-cone bipolar cell, OFF BC: OFF-cone bipolar cell, RBC: rod bipolar cell, HC: 

horizontal cell. Metabotropic glutamate receptors (mGluR6) on ON-bipolar cell dendrites 

mediate a hyperpolarization (sign-inverting) response to glutamate, whereas ionotropic 

glutamate receptors (AMPA and Kainate receptors) mediate a sign-conserving response in 

OFF-bipolar cells and horizontal cells. As different species or different OFF-bipolar 

subtypes express Kainate and/or AMPA receptor both are represented in the schematic, but 

OFF-bipolar cells in mouse and macaque retina primarily use Kainate receptors for signal 

transmission through the OPL (see text for details). Red arrow indicates negative feedback 

and black arrow indicates feedforward modulation. Electron micrographs of rod and cone 

photoreceptor terminals are from mouse retina. Arrow in electron micrograph points to a 

ribbon.
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Figure 12. Assembly of OPL synapses
(A) Schematic illustrating the formation of the photoreceptor triad at the OPL. Horizontal 

cells (HCs) contact photoreceptors first, followed by dendrites of ON-bipolar cells (ON BC) 

and later by the dendrites of OFF-bipolar cells (OFF BC). Ribbons and associated vesicles 

are shown in red and purple.

(B) Relative expression levels of pre- and postsynaptic proteins in the OPL at different time-

points from immunohistochemistry of rodent retina (summarized from: Dick et al., 2003; 

Dunn et al., 2013; Guo et al., 2009; Hack et al., 2002; Johnson et al., 2003; Koulen, 1999; 

Nomura et al., 1994; Regus-Leidig et al., 2009; Ribic et al., 2014). The color gradients are 

representative of the total expression of the synaptic proteins, rather than their distribution 

pattern.
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Figure 13. Mechanisms regulating synapses at the OPL
Schematic summary of the role of synapse organizing molecules in the mouse retina that 

establish connectivity between: (A) rod photoreceptors (Rod) and rod bipolar cells (RBC), 

(B) cone photoreceptors (Cone) and ON cone bipolar cells (ON BC) and (C) rod 

photoreceptors and horizontal cells (HC) (summarized from: Dick et al., 2003; Dunn et al., 

2013; Omori et al., 2012; Ribic et al., 2014; Sato et al., 2008; Soto et al., 2013). The 

presence of mGluR6 on cone bipolar cell (CBC) dendrites in the bassoon KO has not been 

determined and is thus represented with a question mark.
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Figure 14. Synaptic connectivity in the IPL
Schematics showing basic organizations of cone bipolar cell (CBC) and rod bipolar cell 

(RBC) synapses. Neurotransmitter receptor types are shown. AC: amacrine cell, RGC: 

retinal ganglion cell. Only AI/A17 and AII amacrine cells are postsynaptic to RBCs. 

Examples of the ultrastructure of bipolar and amacrine cell synapses in mouse retina are 

provided in the electron micrographs. Arrow indicates ribbon.
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Figure 15. Synapse assembly in the IPL
(A) Sequential development of synapses in the IPL. Amacrine cells (ACs) first establish 

contact with dendrites of retinal ganglion cells (RGC) and other amacrine cells. Next, 

bipolar cell (BC) terminals synapse onto ganglion cells. Thereafter, presynaptic inhibition 

provided by amacrine cells is established at the axon terminals of bipolar cells (see text for 

details).

(B) Relative expression levels of excitatory and inhibitory synaptic proteins at different 

time-points in the IPL from immunolabeling experiments carried out in rodent retina 

(summarized from: Fletcher and Kalloniatis, 1997; Guo et al., 2009; Hack et al., 2002; 

Johnson et al., 2003; Kim et al., 2000; Koulen, 1999; Sassoe-Pognetto and Wässle, 1997; 

Witkovsky et al., 2005). The color gradients are representative of the total expression of the 

synaptic proteins, rather than their distribution pattern. Note for synaptic proteins mediating 

excitatory neurotransmission AMPA (GluA1-4) receptors seem to be expressed prior to 

Kainate (GluK2/3 and GluK5) receptors in the developing IPL. On the other hand, inhibitory 

neurotransmitters GABA and glycine seem to be expressed at a similar timeline. The 

receptors mediating inhibitory neurotransmission, however, reach adult expression levels at 

different time-points with GABAAα2 and GABAAα3 receptors preceding GABAAα1 and 

GlyRα1 receptors.
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Figure 16. Role of neurotransmission in regulating synaptic connectivity in the mouse IPL
(A) Synapse number between cone bipolar cells (CBC) and ganglion cells (RGC) is 

regulated by neurotransmission. Type 6 bipolar cells that express tetanus toxin (TeNT) make 

fewer synapses with dendrites of large-field ON alpha-like ganglion cells compared to 

wildtype (WT) bipolar cells (Kerschensteiner et al., 2009; Morgan et al., 2011; Okawa et al., 

2014).

(B) GABAergic neurotransmission is necessary for maintaining specific GABA receptor 

subtypes on rod bipolar cell (RBC) axon terminals. Impairing inhibitory neurotransmission 

from amacrine cells (ACs) in the GAD67 (GABA synthetic enzyme) deficient (GAD1 

mutant) retina leads to a reduction in GABAA but not GABAC receptors on RBC axon 

terminals (Schubert et al., 2013).
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Figure 17. Convergence and divergence of connectivity in the zebrafish retina
(A-B) Convergence of photoreceptor (UV and S cone) input onto the H3 subtype of 

horizontal cells (HC). Cx55.5:Gal4;UAS:MFP plasmid was injected at the one-cell stage to 

label the H3 horizontal cells (yellow) in double transgenic (sws1:GFP;sws2:mcherry) fish 

with both UV (pseudocolored magenta) and S cones (pseudocolored cyan) labeled by 

expression of different fluorescent proteins.

(C-E) Divergence of photoreceptor (L cone, pseudocolored cyan) output onto ON (yellow) 

and OFF (magenta) subclasses of bipolar cells (BC). Confocal reconstructions acquired from 

triple transgenic Tg(trβ2:tdTomato;vsx1:MCerulean;nyx:Gal4;UAS:MYFP) fish where the 

various cell types expressed different fluorescent proteins. Trβ2 drives expression in L 

cones; vsx1 in some OFF BCs; nyx in ON BCs. (B,D,E) Arrowheads indicate dendritic tips 

inserting into the cone pedicles. (Image courtesy, T. Yoshimatsu.)

Hoon et al. Page 92

Prog Retin Eye Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 18. Large-scale changes in retinal structure in disease
(A) Examples of perturbations to spatial arrangements of cell layers. GCL: ganglion cell 

layer, INL: inner nuclear layer, ONL: outer nuclear layer.

(B) Common spatial patterns of cell loss across the retina (large circle). Relative extent of 

cell loss represented by gray scale: dark regions correspond to regions of extensive cell loss 

(see Table 1). Small circle: optic nerve head.
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Figure 19. Cell death, functional alterations and secondary remodeling of the diseased retina
(Left column) Neuronal types (red) primarily affected by retinal disease.

(Middle column) Scotopic and photopic electroretinograms (ERGs) of normal animals and 

of animals afflicted by disease.

(Right column) Neurons commonly undergoing remodeling (colored) after cell loss (shown 

in red in left column). Pr: photoreceptor, Rod: Rod photoreceptor, Cone: Cone 

photoreceptor, HC: horizontal cell, BC: bipolar cell, CBC, cone bipolar cell, RBC: rod 

bipolar cell, RGC: retinal ganglion cell.

Hoon et al. Page 94

Prog Retin Eye Res. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hoon et al. Page 95

Table 1

Animal models of common retinal diseases, primary neurons affected and associated spatial distribution of 

cell loss

Disease Animal models Cell types
affected

Topology
of cell
death/
vision loss

Outer retina Retinitis pigmentosa Mouse: 1rd1, (rd1/rd1,
rd/rd), 1rd10, 2C3H
Zebrafish: 3Prpf31,
4XOPS-mCFP

Rods, then cones Periphery to
center

Leber’s congenital
amaurosis

Mouse: 1rd3, 5rd12,
6,7Crx−/−, 8RetGC1/2 −/−

Zebrafish: 9Gucy2d

Rods, then cones
or
Rod and cone

Periphery to
center

Macular degeneration Mouse: 10rds,
Zebrafish: 11gantembein

RPE, cones and
Rods

Center to
periphery

Startgardt disease Mouse: 12ELOVL4
mutant, 13abcr −/−

RPE, cones and
Rods

Center to
periphery

Cone-rod dystrophy Mouse: 14GCAP1(Y99C) Cones then rods Peripheral

Retinoschisis Mouse: 15Rs1h−/− Photoreceptors
and bipolar cells

Macular +
Peripheral

Congenital Stationary
Night Blindness

Mouse: 16CACNA1F
mutant,
17PDE6β(H258N), 18Lrit3
Zebrafish: 19Nyctalopin

Photoreceptor to
bipolar cells
connection

Presumed
Uniform.

Inner retina Glaucoma Mouse: 20DBA/2J,
21Microbeads injection,
22laser photocoagulation,
23Episcleral vein
coagulation
Monkey: 24Microbeads
injection, 25laser
photocoagulation.
Zebrafish: 26Irp2, 27wdr36
mutants

Retinal Ganglion
Cells

Periphery to
Center,
Sectorial.

Optic nerve neuropathy Mouse/Monkey: 28Optic
nerve crush, 29Optic
nerve transection.

Retinal Ganglion
Cells

Presumed
Uniform.
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2
Lolley et al., 1974

3
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5
Pang et al., 2005
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Hennig et al., 2008

8
Baehr et al., 2007
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23
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24
Weber and Zelenak, 2001

25
Zhang et al., 2009

26
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27
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28
Li et al., 1999
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