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Abstract

Developing retinal neurons differentiate their distinctive dendritic morphologies through cell-

intrinsic instructions and cellular interactions within the local environment. This review examines 

the contributions of interactions with afferents and with homotypic neighbors upon the dendritic 

morphogenesis of retinal bipolar cells in four different mouse models that modulate the frequency 

of these interactions. Comparisons with horizontal cell differentiation are discussed, and 

differences between the dendritic plasticity within the outer versus inner plexiform layers are 

highlighted. Finally, the developmental plasticity of the bipolar and horizontal cells is considered 

in light of the natural variation in afferent and target cell number, ensuring a uniformity of 

coverage and connectivity across the retinal surface.
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Introduction

The morphogenesis of a nerve cell is controlled by a combination of cell-intrinsic 

instructions set in motion at the time of fate assignment interacting with environmental 

signals arising from other cells. Transcription factors coordinate the developmental 

expression of downstream genes that command the differentiation of a neuron into one 

particular class (Parrish et al., 2007; Jan and Jan, 2010), and features of the cellular 

morphology characteristic of this class can occasionally be observed during differentiation 

as single dissociated cells in vitro, removed from their normal environment (Bartlett and 

Banker, 1984; Powell et al., 1997; Dunn et al., 1998; Zmuda and Rivas, 1998). That neurons 

develop a polarized morphology in vitro indicates a cell-intrinsic capacity to do so, but 

within their normal environment, the increasingly complex apico-basal axis of the 

developing neural tube must provide a multitude of signals that serve to orient such 

polarized neurons and to target their axons and dendrites, particularly within layered 

structures such as the neocortex, hippocampus, cerebellum and retina (Randlett et al., 2010).
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Within the retina, a combinatorial transcription factor code instructs newborn neurons to 

differentiate as one of the main classes of retinal nerve cell, being the ganglion cells, 

amacrine cells, bipolar cells, horizontal cells and photoreceptors (Ohsawa and Kageyama, 

2008; Agathocleous and Harris, 2009). Each of those main classes can be subdivided into 

different types, readily discriminated on the basis of cellular morphology and occasionally 

by other features including the synthetic enzymes for neurotransmitter production and the 

receptors that render these neurons sensitive to afferent input (Masland, 2001; Wässle, 

2004). These features are likewise assumed to be directed by distinct combinations of 

transcription factors expressed during their development. For example, retinal ganglion cells 

require Math5 for their formation (Brown et al., 2001; Wang et al., 2001), but further require 

Brn3a, Brn3b or Brn3c for discrete subtypes to differentiate (Badea and Nathans, 2010), 

while amacrine cells require the coordinated expression of NeuroD and Math3 in order to 

form (Inoue et al., 2002), yet their subsequent differentiation into unique morphological and 

neurotransmitter phenotypes requires the further expression of Barhl2, Isl1 or Bhlhb5 in 

order for glycinergic, cholinergic or GABAergic subtypes to differentiate (Mo et al., 2004; 

Feng et al., 2006; Elshatory et al., 2007b). The dendritic features characteristic of these 

subtypes have not been evidenced in dissociated cell cultures, and so it is unknown whether 

the morphological differences that characterize these subtypes emerge largely through cell-

intrinsic mechanisms driven by such factors, or whether they are driven by interactions with 

environmental signals arising from other neurons. Indeed, it is easy to imagine how, once a 

nerve cell initiates its differentiation program, expressing cell surface receptors that guide 

migration, direct outgrowth and detect neurotransmitters, such cells become sensitive to 

environmental signals that instruct or constrain further morphological differentiation (Horch 

and Katz, 2002; Hoogenraad et al., 2005; Espinosa et al., 2009).

The mouse retina, like that of other mammals, contains at least ten different subtypes of 

bipolar cell, including nine cone bipolar cell types and one rod bipolar cell (Wässle et al., 

2009). All of them are responsive to the neurotransmitter glutamate, with four of the former 

signaling decrements of light (OFF bipolar cells), while the remainder signal increments of 

light (ON bipolar cells), due to the different ionotropic and metabotropic receptors expressed 

on their dendritic endings, respectively (Brandstätter et al., 1998; Strettoi et al., 2010). Each 

of these bipolar cell subtypes is known to differentiate a terminal that stratifies at a 

characteristic depth within the inner plexiform layer (IPL), where these cells influence 

subsets of amacrine and ganglion cells with which they co-stratify and synapse upon (Ghosh 

et al., 2004; Pignatelli and Strettoi, 2004). This celltype-specific stratification in the IPL is 

readily observed when comparing the morphology of single cells in retinal section, but such 

radial sections through the retina do not permit much appreciation of how each of these 

subtypes differentiates a unique dendritic morphology. Figure 1 illustrates five of the ON-

types of bipolar cell, the Types 6, 7, 8 and 9 cone bipolar cells, and the rod bipolar cell, 

viewed en face in retinal wholemounts. The five cells show conspicuous features that 

discriminate them from one another: the rod bipolar cell exhibits a dense distribution of 

dendritic terminals that receives innervation from the rod spherules, while the others are 

innervated primarily, if not exclusively, by cone pedicles (Mataruga et al., 2007; Tsukamoto 

et al., 2007; Haverkamp et al., 2008). Amongst the latter, the Type 9 cell is innervated 

exclusively by UV cone photoreceptors in the mouse retina (Haverkamp et al., 2005), while 
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the others are either non-selective for M and UV cones or may selectively avoid the UV 

cones (Breuninger et al., 2011). Each of them differentiates a dendritic morphology distinct 

from one another, although appreciating the features that truly differentiate one type from 

another requires morphometric analysis of multiple cells of each type.

When viewing the detailed dendritic morphology of single labeled cells such as these, it is 

easy to lose sight of the other neurons within the local environment that may participate in 

their differentiation. Figure 2 intimates a degree of this complexity of the outer plexiform 

layer (OPL). Figure 2a shows the mosaic of cone pedicles within the OPL that synapse upon 

the dendrites of the cone bipolar cells. Each of these pedicles is believed to innervate every 

type of cone bipolar cell (Wässle et al., 2009), with the exception of the specificities 

mentioned above, and the image in figure 1 includes locations where the Types 6, 7 and 8 

dendritic arbors coalesce upon what are presumed to be the sites of shared pedicles 

(unlabeled) in that sample. Figure 2b shows the population of one type of these cone bipolar 

cells, the Type 7 cone bipolar cells (those cells more intensely fluorescent for green 

fluorescent protein, GFP), along with the population of rod bipolar cells (being lightly 

labeled with GFP). This image makes clearer the fact that Type 7 cells such as that shown in 

figure 1 differentiate amongst many other Type 7 cells as they colonize the pedicles (shown 

together in figure 2d as bright green and blue, respectively), and the same must be true for 

each of the other bipolar cell subtypes. In addition, the one other class of post-synaptic 

neuron with connections in the OPL is shown in figure 2c, the horizontal cells, extending 

dendrites to every pedicle within their dendritic fields (Reese et al., 2005). Unlike the 

bipolar cell subtypes, that are each believed to “cover” the retina once (Wässle et al., 2009), 

the horizontal cells exhibit dendritic overlap, such that on average six neighboring cells have 

dendritic fields that form synapses with each pedicle (Reese et al., 2005). Each of these 

neurons, the afferents, the homotypic neighbors, and the other heterotypic neighbors, may 

participate in the differentiation of a particular type of bipolar cell, yet how much the 

features readily revealed in images such as that shown in figure 1, including the the size of 

the dendritic arbor, the branching pattern of the dendrites, and the number of its connections, 

depend upon these cellular interactions is unclear.

To address these issues, we have begun exploring the differentiation of particular types of 

bipolar cells within genetically modified retinas that alter the abundance of these 

populations. To study the detailed morphology of individual bipolar cells, we have used 

gustducin-GFP transgenic mice (Huang et al., 2003) to identify the axon terminals of single 

Type 7 cone bipolar cells (figure 3a) or rod bipolar cells (figure 3b), which can be traced 

back to their somata of origin in the inner nuclear layer (figure 3c and e, d and f, 

respectively). Once visualized in lightly fixed wholemount preparations, we impale the axon 

terminals in the IPL to deposit the lipophilic tracer, DiI, thereby producing enhanced filling 

of the entire cellular membrane, including the fine invaginating terminations of the dendrites 

in the OPL (figure 3g–j). Examination of single, DiI-labeled, bright versus dim GFP-positive 

cells confirms their identity as Type 7 cone versus rod bipolar cells, respectively, in both 

wholemount preparations as well as in sectioned retinas (Keeley and Reese, 2010b). We 

have crossed this gustducin-GFP reporter transgene onto several genetically modified lines 

and used this labeling approach to analyze the dendritic morphology of these cells under 

different conditions.

Reese et al. Page 3

Dev Neurobiol. Author manuscript; available in PMC 2013 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This review will first examine the role played by afferents in the differentiation of rod versus 

cone bipolar cells. Might those features that most distinguish the rod bipolar cell from cone 

bipolar cells reflect a specification carried by the afferents themselves? Bipolar cells have 

been shown to depend upon their afferents in order to maintain their characteristic 

morphologies in maturity (Marc et al., 2003), but whether they are critical for the 

development of that morphology has, until recently, been unexplored. Second, we will 

consider the role played by homotypic neighbors. Are bipolar cells sensitive to the presence 

of neighboring like-type cells? While such interactions are widely assumed to ensure a 

uniform coverage of the retinal surface, multiple recent examples within the retina have 

been shown to differentiate independent of homotypic influences (Farajian et al., 2004; Lin 

et al., 2004; Keeley et al., 2007; Keeley and Reese, 2010a). Finally, we will compare these 

results with those for retinal horizontal cells exposed to comparable manipulations, and 

consider the implications of these studies for understanding the natural variation in retinal 

nerve cell morphology.

The Role of Afferent Innervation

The rod bipolar cell shown in figure 1 differs characteristically from all types of cone 

bipolar cell, having a dense, bushy, dendritic field distributed through the depth of the OPL 

where, in the mouse retina, rod spherules are known to terminate. These are features that 

typify the rod bipolar cell in most other mammalian retinas (Greferath et al., 1990; Wässle et 

al., 1991), and might be expected to reflect a cell-intrinsic specification of dendritic 

morphogenesis. That this cell might be sensitive to afferent specification, however, comes 

from studies examining the morphology of this cell type wherein rods are a minority 

photoreceptor, in diurnal species such as the ground squirrel. Unlike the mouse, where the 

rods comprise roughly 97% of all photoreceptors (Young, 1985; Jeon et al., 1998), the 

ground squirrel has about 17% of its photoreceptor complement comprising rods, with a 

dorso-ventral gradient where the rods may be as sparse as only 5% within the visual streak 

(Kryger et al., 1998). The dendritic field of the rod bipolar cell in the ground squirrel retina 

is conspicuously sparse (Linberg et al., 1996), bearing no obvious resemblance to rod 

bipolar cells in other species with the exception of another diurnal mammal, the tree shrew 

(Müller and Peichl, 1989), but for being immunopositive for protein kinase C (PKC) and 

stratifying in the innermost stratum of the IPL (Cuenca et al., 2002). The cone bipolar cells 

in the mouse retina extend dendritic endings that are sparsely distributed, in accord with the 

lower density of cones therein (e.g. figure 3g). To ascertain whether the characteristic 

differences between the dendritic morphology of rod bipolar cells and cone bipolar cells in 

the mouse retina reflects afferent specification, we examined “coneless” transgenic mice, in 

which a diphtheria toxin transgene is expressed in differentiating cones (Wang et al., 1992; 

Soucy et al., 1998), killing them during the first postnatal week (Raven and Reese, 2003), 

prior to the differentiation of the bipolar cells (Morgan et al., 2006). We also compared these 

with Nrl knockout mice, in which all rods differentiate as cones, producing a “conefull” 

retina (Mears et al., 2001).

Figure 4a shows the dendritic morphology of single Type 7 cone bipolar cells in individual 

wildtype, coneless and conefull retinas, while figure 4b shows single rod bipolar cells, 

respectively. Despite the fact that the coneless retina has been depleted of roughly 97% of its 
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cone afferents, while the conefull retina has undergone an approximately 20-fold increase in 

this same population, cone bipolar cell morphogenesis is largely unaltered, and by eye, these 

cells can hardly be discriminated from wildtype cells (figure 4a). Those in the coneless 

retina show no signs of stunted development, while those in the conefull retina are not 

obviously hypertrophic (Keeley and Reese, 2010b). Rod bipolar cells are also hardly altered 

in their dendritic morphology in these retinas (figure 4b): while there is little surprise that 

they are largely identical in the coneless retina, they show no hint of underdevelopment in 

the conefull retina, nor of any hint of a cone bipolar-like morphology (Keeley and Reese, 

2010b), consistent with previous studies examining the morphology of PKC-

immunoreactive cells in these conefull mice (Strettoi et al., 2004). Those results contrast 

with expectations from the above-mentioned studies from diurnal species in which rod 

bipolar cell dendritic morphology is conspicuously sparse in the presence of low densities of 

rod photoreceptors.

Closer examination of these labeled cells shows that finer features of their differentiation are 

in fact altered. The cone bipolar cells, absent a normal distribution of periodic pedicles in 

both the coneless and conefull retinas, fail to differentiate clustered terminations of dendritic 

endings across the dendritic field (Keeley and Reese, 2010b), instead having sparse terminal 

endings distributed more uniformly across the field area. The rod bipolar cells, apparently 

innervated directly by these genetically re-specified cones, exhibit longer and coarser 

dendritic stalks due to the increased thickness of the OPL in the conefull retinas, and 

position their dendritic endings less uniformly due to the crowding of re-specified pedicles 

therein (Keeley and Reese, 2010b). Despite these finer differences that implicate a role for 

normal afferent innervation upon the detailed differentiation of dendritic endings, the rod 

and Type 7 cone bipolar cells appear to differentiate their characteristic morphologies 

largely independent of afferent specification: rod bipolar cells retain their fundamental rod 

bipolar cell morphology when differentiating only in the presence of cones, while Type 7 

cone bipolar cells do not lose their characteristic morphology in the entire absence of cones, 

nor when differentiating amongst an excess of them (figure 5).

The Role of Homotypic Neighbors

Neither the rod bipolar cells nor the Type 7 cone bipolar cells showed any change in the 

areal size of their dendritic fields in the above coneless or conefull retinas (Keeley and 

Reese, 2010b), indicating that afferent innervation does not control this feature of dendritic 

morphology. Bipolar cells in the mouse retina (Wässle et al., 2009), like those in other 

species (Boycott and Wässle, 1999), and like some other types of retinal nerve cells (Dacey, 

1993), differentiate dendritic fields that approximate a tiling of the retinal surface, producing 

a coverage factor around 1. Such tiling is generally assumed to reflect some form of 

signaling between like-type cells that constrains further dendritic growth, through contact-

mediated inhibition (Reese, 2008b). Curiously, in two types of retinal ganglion cell with 

coverage factors close to 1, neither showed any evidence for homotypic regulation of 

dendritic field size when neighboring homotypic density was genetically reduced (Lin et al., 

2004).
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We are currently addressing this directly for the Type 7 cone bipolar cell by modulating the 

density of homotypic neighbors in knockout mice that have increased or decreased densities 

of inner, but not outer, retinal neurons. Specifically, we are examining Bax-KO retinas, in 

which loss of this pro-apoptotic gene leads to a doubling of the retinal ganglion cell 

population and thickness of the inner nuclear layer without affecting the size of the outer 

nuclear layer (Mosinger Ogilvie et al., 1999; Péquignot et al., 2003), and Isl1 conditional 

knockout (CKO) retinas, in which loss of this transcription factor results in a conspicuous 

reduction of inner, but not outer, retinal neurons (Elshatory et al., 2007b; Pan et al., 2008). 

We have confirmed that neither of these manipulations affects the size of the cone 

photoreceptor population, ensuring that afferent density for Type 7 cone bipolar cells is 

unaffected. We have also verified that Type 7 cone bipolar cell number is increased, and 

decreased, respectively, in these two modified retinas (Lee et al., in prep.).

Figure 6a–c shows an example of a Type 7 cone bipolar cell in each of the wildtype, Bax-

KO, and Isl1-CKO retinas. Those in the Bax-KO retina are smaller than in littermate control 

retinas, while those in the Isl1-CKO are larger. Coincident with this modulation of dendritic 

field size in the presence of unchanging densities of cone afferents, the Type 7 cone bipolar 

cells in the Bax-KO retinas contact fewer pedicles, while those in the Isl1-CKO retinas 

contact more pedicles (labeled for PNA, in blue, in figure 6d–f). The average number of 

contacts per pedicle appears to remain constant across these conditions, suggesting that Type 

7 cone bipolar cells are not cell-intrinsically constrained to specify the number of cone 

afferents with which they form connections, nor the total number of terminal endings a cell 

forms. While these results are preliminary (Lee et al., in prep.), they contrast with the above 

results from the conefull (Nrl-KO) retina (Keeley and Reese, 2010b), presumably because 

that retina fails to form normal pedicles altogether (Raven et al., 2007), although whether 

this is due simply to crowding of the pedicles that prohibits them from differentiating their 

normal structural features, or to a lack of complete re-specification as “cone”, remains 

unclear (Daniele et al., 2005). (Indeed, this latter possibility might account for the 

connectivity formed between rod bipolar cells and re-specified cones in the conefull retina). 

In short, these experiments suggest that homotypic density commands the size of the 

dendritic field of a Type 7 cone bipolar cell (figure 7), and that those dendritic fields in turn 

colonize the population of pedicles lying within it.

The fact that Type 7 cone bipolar cells in the coneless retina differentiate comparable 

dendritic arbors in the absence of cone afferents (figure 4a) would suggest a degree of 

intrinsic specification of such dendritic patterning. Exactly how the pedicles interact with 

differentiating bipolar cells in this process is unclear. The occasionally abrupt turns of single 

dendrites to reach pedicles (Keeley and Reese, 2010b) might suggest a modulation of this 

cell-intrinsic program by the presence of pedicles detected locally as these dendrites grow 

out. An alternative interpretation, however, is that such turns do not reflect directional 

choices made during the process of differentiation, but rather are sculpted from an initially 

more complex set of outgrowing processes, as initial studies in our lab suggest. Detailed 

evaluation of differentiating bipolar cells in the absence of all cones should clarify the role 

played by the pedicles in this process.

Reese et al. Page 6

Dev Neurobiol. Author manuscript; available in PMC 2013 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Comparison with Horizontal Cells

The sensitivity to homotypic interactions evidenced by the Type 7 cone bipolar cell is 

similar to that described for retinal horizontal cells. As mentioned above, the horizontal cells 

have far more extensive dendritic arbors contacting many more pedicles that the bipolar 

cells (figure 8a) and which overlap the fields of five other homotypic neighbors. When 

homotypic density is reduced by greater than half, in Lim1-CKO mice, the remaining 

horizontal cells differentiate dendritic arbors nearly twice their normal area (Poché et al., 

2008). As afferent density is unchanged in these mice, those horizontal cells may potentially 

receive innervation from a larger number of cone afferents, and consistent with this, they 

show a significant increase in the total number of terminal clusters per dendritic field, 

indicative of the sites of the pedicles innervating them (Poché et al., 2008). More recent 

studies have shown that Isl1-CKO retinas, while having reduced densities of bipolar cells, 

actually have increased densities of horizontal cells (Whitney et al., 2011b), and in accord 

with such heightened densities, those cells now have smaller than normal dendritic arbors 

contacting fewer total pedicles (figure 8b–d; S. Lee, unpubl. obs.). Such sensitivity to 

homotypic interactions within the outer retina is in marked contrast to what has been 

recently documented for neurons differentiating their dendritic fields in the IPL. There, 

excitotoxic reduction of the density of cholinergic amacrine cells by 40% produces no 

change in the remaining cholinergic dendritic fields (Farajian et al., 2004), despite the 

presence of synaptic connectivity between such like-type neighbors (Zhou and Lee, 2008). 

Genetic manipulations reducing the densities of melanopsin-positive and SM132-positive 

neurofilament-rich retinal ganglion cells by 80–95% also produce no compensatory changes 

in the dendritic fields of remaining like-type cells (Lin et al., 2004). And dopaminergic 

amacrine cells have also recently been shown to differentiate dendritic fields of a size and 

orientation that suggests an indifference to the presence of homotypic neighbors (Keeley and 

Reese, 2010a).

This comparable developmental plasticity between the horizontal cells and the Type 7 cone 

bipolar cells in response to modulation of homotypic density is in marked contrast to their 

responses to modulation of afferent density in the above mouse models: whereas the 

morphogenesis of Type 7 cone bipolar cells was largely unaltered in the coneless and 

conefull retina, exhibiting only a loss of terminal clustering within an otherwise normal 

dendritic field, the horizontal cells undergo conspicuous changes in higher order dendritic 

branching and in the number of terminal endings in direct association with the variations in 

afferent density shown in these very same (coneless and conefull) mouse models (Reese et 

al., 2005; Raven et al., 2007). Indeed, the dendritic arbors of horizontal cells colonize the 

entire thickness of the OPL in the conefull retina, being hypertrophic in both density as well 

as depth, whereas the Type 7 cone bipolar cells refrain from extending into the outer extent 

of the OPL where the re-specified cones are positioned (Keeley and Reese, 2010b). As the 

Type 7 cone bipolar cell is normally innervated by both M cones as well as UV cones 

(Breuninger et al., 2011), their failure to extend into the outer parts of the OPL cannot be 

explained by the respecified photoreceptors being UV-sensitive (Daniele et al., 2005). 

Clearly, the Type 7 cone bipolar cell and the horizontal cell, each of which normally makes 

invaginating synaptic contacts with cone pedicles, must be differentially sensitive to some 
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feature of the cone pedicle that is made apparent in the re-specified cones of the Nrl 

knockout mouse, but what this might be remains to be determined.

The Natural Variation in Afferent and Homotypic Cell Number

The modulation of dendritic field size by homotypic density, and the number of afferents 

accordingly connecting to them, brings to mind the possibility that midget bipolar cells 

subserving foveal vision in the primate retina differentiate their unique morphology under 

the constraints of local afferent and homotypic density rather than reflecting any 

developmental processes specific to the primate fovea. Indeed, similar intercellular 

determinants may shape the connectivity of midget-like bipolar cells in the ground squirrel 

retina (Puller et al., 2011). Midget bipolar cells in the primate retina increase their dendritic 

field size as their density declines with eccentricity, in turn contacting an increasing number 

of cone pedicles since the latter density does not decline as fast (Wassle et al., 1994; Telkes 

et al., 2008). This variation in natural density across eccentricity in the primate retina is not 

observed within the mouse retina, but different strains of mice exhibit a conspicuous natural 

variation in multiple types of retinal nerve cell number (Williams et al., 1998; Whitney et 

al., 2008;, 2009). While bipolar cell types have not yet been determined, the cones show a 

conspicuous variation in number: mice of the C57BL/6J strain have 70% more cones than 

do mice of the A/J strain (Whitney et al., 2011a). Horizontal cells show an even greater 

variation, exhibiting a nearly two-fold difference between these same strains (Raven et al., 

2005a). That such natural variation in cone and horizontal cell density influences horizontal 

cell differentiation is suggested by the fact that dendritic field size is twice as large in the 

strain with half the density of horizontal cells, while the density of terminal clusters and 

higher order dendritic branches within the field matches the variation in afferent density 

(Reese et al., 2005), exactly as expected from genetic manipulations of afferent or 

homotypic densities (Raven et al., 2007; Poché et al., 2008; figure 8).

Such within-species variation in the numbers of interconnected nerve cells might be 

expected to co-vary as a consequence of allelic variants of genes that modulate proliferation 

and retinal size. Yet in the mouse retina, this variation is independent of retinal area (Raven 

et al., 2005a), and by examining different recombinant inbred strains derived from two 

parental C57BL/6J and A/J strains, the genetic variants that modulate cone cell number and 

horizontal cell number must be numerous and at least partially independent (figure 9). Each 

point in figure 9 indicates the estimated total number of cones (Whitney et al., 2011a) and 

horizontal cells (Whitney et al., 2011b) for each of 26 recombinant inbred strains of mice, as 

well as the two parental strains used to derive them. (Each recombinant inbred strain is a 

unique mix of the two parental haplotypes throughout the genome). That there is minimal 

correlation present across these strains (figure 9) indicates the two traits are largely 

controlled independently (Whitney et al., 2011a, b). The plasticity of post-receptoral neurons 

like the bipolar cells and horizontal cells, modulating their field size and connectivity in 

accord with the genetically-modified variation in the numbers of afferents and homotypic 

neighbors described above, would be well-suited to ensure uniformity of coverage and 

connectivity at this first synaptic layer in the retina in the presence of such natural variation 

in afferent and target cell numbers.
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Conclusions

The present studies make clear that, while much of the morphogenesis of rod and Type 7 

cone bipolar cells must be the product of cell-intrinsic signals that drive these features rather 

than arising through afferent specification of their distinctive forms, afferents and homotypic 

neighbors participate in defining the patterned distribution of dendritic terminations and in 

the size of the dendritic field itself. Indeed, the local density of homotypic neighbors is a 

major determinant of the connectivity associated with the cone bipolar cells, as its 

modulation has a direct effect upon the cone-to-bipolar cell convergence ratio, as observed 

for the horizontal cells as well. Through this plasticity, a uniformity in retinal coverage is 

ensured within the OPL. Ongoing studies are dissecting the role heterotypic interactions play 

in the colonization and maturation of the pedicle itself.
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Figure 1. 
Five single ON-cone bipolar cells viewed en face in retinal wholemount preparations, 

illustrating the breadth of dendritic morphology in the outer plexiform layer (OPL). All but 

the Type 9 cell had been labeled in the same retina, and show their true spatial relationships 

to one another. The Type 9 cell is from another wholemounted retina, positioned aside these 

other four cells for direct comparison. Each cell had been labeled with DiI, reconstructed, 

and then pseudo-colored to discriminate them. Calibration bar = 10 μm.
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Figure 2. 
a: Cone photoreceptors extend axons through the outer nuclear layer to reach the innermost 

stratum of the OPL where they form a periodic distribution of pedicles across the retina, 

labeled with PNA (blue in panel d), viewed here in a wholemount preparation. b: Type 7 

cone bipolar cells, brightly labeled (green in panel d) due to a gustducin-GFP reporter 

transgene, extend their dendritic fields to contact the pedicles in the presence of numerous 

homotypic neighbors. Other heterotypic neighbors, including the rod bipolar cells 

(expressing the gustducin-GFP transgene weakly, and hence dimly labeled), also extend 

dendrites into the OPL, receiving innervation from the rod spherules (unlabeled herein) 

distributed through the full depth of the OPL. c: Each cone pedicle innervates nearly every 

type of cone bipolar cell, as well as one other post-receptoral neuron, the horizontal cell, the 

somata and processes of which are immunolabeled for calbindin (red in panel d). d: 

Superposition of all three labels: cone pedicles are shown in blue, bipolar cells in green, and 

horizontal cells in red. Calibration bar = 25 μm.
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Figure 3. 
a–f: Different depths of a wholemount retina showing GFP (all panels) along with PKC 

immunofluorescence (b, d, f) in the inner plexiform layer (IPL; ad) and inner nuclear layer 

(e, f) of a gustducin-GFP transgenic mouse. GFP-positive axon terminals of three Type 7 

cone bipolar cells in stratum 4 of the IPL are indicated by arrows in a. Their axons can be 

traced through the confocal Z-stack reconstruction (in c) to intensely fluorescent Type 7 

cone bipolar cells in e (arrows). GFP-positive axon terminals of three rod bipolar cells 

(double-labeled for PKC in magenta) in stratum 5 of the IPL of the same specimen are 

indicated by arrowheads in b. Their axons can likewise be traced (in d) to less intensely 

fluorescent rod bipolar somata, evidenced by their PKC labeling, in f (arrowheads). Note 

that not every rod bipolar cell shows detectable GFP fluorescence. g–j: When single GFP 

axon terminals are impaled with a pipette and injected with DiI (red), those labeled from 

stratum 4 are invariably associated with intensely fluorescent somata giving rise to dendritic 

labeling characteristic of the Type 7 cone bipolar cell morphology, shown in i, innervating 

individual cone pedicles (labeled with PNA in blue in g). Those labeled from stratum 5 

show dendritic labeling characteristic of the rod bipolar cell morphology, shown in j, with 

barely detectable GFP-somal labeling subsequent to DiI and PNA labeling, bypassing the 

cone pedicles (shown in blue in h). A brightly GFP-labeled Type 7 cone bipolar cell is 

immediately to the left of this labeled rod bipolar cell. Panels h, i and j reproduced with 

permission, Society for Neuroscience. Calibration bars = 10 μm.
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Figure 4. 
a: Single DiI-labeled Type 7 cone bipolar cell dendritic arbors viewed en face in wildtype, 

coneless and conefull retinas. b: Single DiI-labeled rod bipolar cell dendritic arbors in 

wildtype, coneless and conefull retinas. Each cell is a Z-stack reconstruction through the 

OPL to include the full extent of the dendritic arbor. The gross morphogenesis of Type 7 

cone or rod bipolar cells is largely unaffected in both conditions. Reproduced with 

permission, Society for Neuroscience. Calibration bar = 10 μm.
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Figure 5. 
The fundamental dendritic organization of Type 7 cone bipolar cells is maintained despite 

large modulation of afferent density in these coneless and conefull retinas. The distribution 

of dendritic terminals is, however, afferent-dependent, portrayed here by the absence of 

discrete clusters of terminations in the OPL.
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Figure 6. 
a–c: Single Type 7 cone bipolar cells in wildtype, Bax-KO, and Isl1-CKO retinas show a 

modulation of dendritic field area within the OPL. d–f: The number of pedicles contacted 

(blue) by these cells varies accordingly. Calibration bar = 20 μm.
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Figure 7. 
Type 7 cone bipolar cell dendritic fields decrease their dendritic field area in the presence of 

heightened densities of like-type neighbors, and increase them when like-type densities are 

reduced. Such modulation in dendritic field size yields a corresponding change in the 

convergence ratio of the cones upon these Type 7 cells.
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Figure 8. 
a: Horizontal cells have large dendritic fields (labeled with DiI, in red) that extend fine 

terminal endings clustering at the sites of individual pedicles in the OPL (labeled with PNA, 

in blue). Calibration bar = 20 μm. b–d: Dendritic field area is reduced in the Isl1-CKO retina 

(p = 0.0001, Student’s t-test), as is the number pedicles contacted (p = 0.009), along with the 

total number of terminations contacting pedicles per cell (p = 0.00008). The DiI labeling and 

morphometric procedures were identical to those described in Reese et al., 2005, while the 

PNA labeling procedures were identical to those described in Keeley and Reese, 2010a. 

Sampled cells came from comparable retinal eccentricities, ranging from 0.5 to 1.8 mm from 

the optic nerve head (p = 0.5). n equals the number of labeled cells measured.

Reese et al. Page 20

Dev Neurobiol. Author manuscript; available in PMC 2013 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Variation in estimated total cone photoreceptor number and estimated total horizontal cell 

number in the C57BL/6J and A/J strains of mice, and in 26 recombinant inbred strains of 

mice derived from these same parental lines. While the A/J strain has the lowest number of 

both cones and horizontal cells, and C57BL/6J has 70% more cones and nearly 90% more 

horizontal cells, there is little correlation between them across the recombinant inbred strain-

set. Both traits must be controlled by numerous genetic variants modulating developmental 

processes affecting cell number, and that do so for each population largely independently.
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