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Genomic Control of Neuronal Demographics in the Retina

Benjamin E. Reese1,2 and Patrick W. Keeley1,3
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2Department of Psychological & Brain Sciences, University of California, Santa Barbara, CA 
93106-5060 USA

3Department of Molecular, Cellular & Developmental Biology, University of California, Santa 
Barbara, CA 93106-5060 USA

Abstract

The mature retinal architecture is composed of various types of neuron, each population differing 

in size and constrained to particular layers, wherein the cells achieve a characteristic patterning in 

their local organization. These demographic features of retinal nerve cell populations are each 

complex traits controlled by multiple genes affecting different processes during development, and 

their genetic determinants can be dissected by correlating variation in these traits with their 

genomic architecture across recombinant-inbred mouse strains. Using such a resource, we 

consider how the variation in the numbers of twelve different types of retinal neuron are 

independent of one another, including those sharing transcriptional regulation as well as those that 

are synaptically-connected, each mapping to distinct genomic loci. Using the populations of two 

retinal interneurons, the horizontal cells and the cholinergic amacrine cells, we present in further 

detail examples where the variation in neuronal number, as well as the variation in mosaic 

patterning or in laminar positioning, each maps to discrete genomic loci where allelic variants 

modulating these features must be present. At those loci, we identify candidate genes which, when 

rendered non-functional, alter those very demographic properties, and in turn, we identify 

candidate coding or regulatory variants that alter protein structure or gene expression, respectively, 

being prospective contributors to the variation in phenotype. This forward-genetic approach 

provides an alternative means for dissecting the molecular genetic control of neuronal population 

dynamics, with each genomic locus serving as a causal anchor from which we may ultimately 

understand the developmental principles responsible for the control of those traits.
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1. Introduction

The nervous system is assembled during development through various processes that control 

the size, the distribution, and the connectivity of different populations of neurons. Neuronal 

function, in turn, depends upon the effective outcome of these various developmental events, 

leading to the common presumption that there is an optimal number of neurons in each 

population in order to establish the proper ratio of afferent and target cells in a neuronal 

circuit. Indeed, different species exhibit conspicuous variation in both neuronal number and 

in the ratios of their pre-to post-synaptic populations, suggesting that such developmental 

processes are precisely controlled to ensure the neuronal wiring and connectivity that is 

unique to each species.

For instance, numerous studies have shown how manipulating the expression of a particular 

gene can yield conspicuous alterations in the proportions of different neuronal populations, 

for instance, increasing the numbers of some cell types at the expense of others. This 

approach has been most fruitfully employed in the study of fate assignment within the retina, 

where a hierarchical transcription factor code has been shown to modulate neuronal 

competence, determination and differentiation (Bassett and Wallace, 2012; Ohsawa and 

Kageyama, 2008; Xiang, 2013), and where the associated gene regulatory networks 

mediating these events are being dissected in increasing detail (Kwasnieski et al., 2012; Mu 

and Klein, 2008; Wang et al., 2014). Others studies have demonstrated how modifying the 

size of a target population of neurons during development can yield corresponding changes 

in the number of their afferents. Such target-dependency, best illustrated within the 

peripheral nervous system, has been shown to depend upon trophic factors that control cell 

survival (Cowan, 2001; Davies, 1996). “Quantitative (or numerical) matching” of pre- and 

post-synaptic populations was said to be achieved by such a mechanism, placing the critical 

control of neuronal number upon a target-dependent modulation of programmed cell death 

(Buss et al., 2006). Within the central nervous system, the retinal ganglion cell population 

has been one of the most thoroughly studied populations, having been shown to undergo 

substantial programmed cell death during development (Linden and Reese, 2006), where the 

amount of cell loss is modulated by the size of the target tissue (as well as by afferent 

innervation) and factors secreted therein (Spalding et al., 2004; Voyatzis et al., 2012). 

Together, these studies would suggest that the precision in neuronal number within the retina 

is regulated with exquisite cell-intrinsic transcriptional control but also modulated by target-

dependent trophic support to establish the characteristic neuronal architecture and associated 

cellular ratios that underlie visual performance unique to each species (figure 1). We begin 

by considering the evidence for this presumption using the mouse retina.

2. Neuron number is precisely specified in the mouse retina

In order to examine the generality of these conclusions, we recently quantified the sizes of 

twelve different neuronal populations in the retina across a collection of 26 genetically 

distinct recombinant inbred mouse strains (Keeley et al., 2014a). Specifically, we sought to 

assess the extent to which the population size of retinal neurons is tightly controlled, and 

whether such specification serves to ensure consistent species-typical afferent-to-target cell 

ratios. These strains, the AXB/BXA strain-set, were originally derived from two parental 
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inbred laboratory strains (C57BL/6J, called B6/J hereafter, and A/J), each one of them being 

a unique mix, due to recombination during meiosis, of their respective haplotypes 

(abbreviated B versus A, respectively) throughout the genome (Williams et al., 2001) (figure 

2). We sampled the populations of rod and cone photoreceptors, horizontal cells, four types 

of bipolar cells, and five different populations of amacrine cells (figure 3A), populations that 

can be reliably determined and discriminated from other cells of the same class. These 

different populations exhibit a massive range in their absolute numbers, from millions of rod 

photoreceptors to as few as hundreds of dopaminergic amacrine cells (figure 3B). Despite 

this enormous variation in number between the cell types, we found the range of variation 

for any particular cell type in a strain to be limited, and fairly consistent, across the twelve 

cell types. For example, the coefficient of variation (CoV), averaged across the 26 strains, 

ranged from a low of 0.030 for the VGluT3+ amacrine cell population, to a high of 0.065 for 

the Type 4 cone bipolar cell population (figure 3C).

We expected to find that estimating the size of larger populations through sampling only a 

small proportion of total retinal area would lead to greater variability across individuals, yet 

we found no such correlation between population size and CoV: for instance, we found a 

comparably low average CoV for the largest neuronal population (the rod photoreceptors, 

being 0.036), for which we had sampled only ∼0.1% of total retinal area, as we did for the 

sparsest neuronal population (the dopaminergic amacrine cells, having an average CoV of 

0.045), for which we sampled the entirety of the retina (Keeley et al., 2014a). As every 

individual mouse within each strain should be genetically identical, this variation observed 

within any strain should arise from some combination of technical or sampling variance plus 

that due to any intrinsic variability in biological processes governing the determination of 

cell number (see Keeley et al., 2016, for a fuller consideration of this point). That these non-

genetic contributions yielded relatively meager variation would indicate an impressive 

degree of precision in the control of neuronal number. Indeed, one may marvel as much at 

the fidelity by which the developing retina produces a precise if tiny number of cells (the 

dopaminergic amacrine cells, totaling ∼0.01% of all retinal neurons) as when it consistently 

produces a precise if enormous number (the rod photoreceptors, totaling about three-quarters 

of all retinal neurons; (Jeon et al., 1998; Macosko et al., 2015).

3. Different strains of mice show considerable variation in neuron number

This degree of control over neuronal number within a strain is the more remarkable when 

considering the terrific variation in number between the strains, for every cell type. For 

instance, the population of rod photoreceptors increases, from the strain with the lowest 

number (having 6,051,100 cells) to the strain with the highest number (with 8,227,260 cells), 

by 36%. The population of Type 3b cone bipolar cells shows a 60% increase, and that for the 

horizontal cells shows a 92% increase, while the population of dopaminergic amacrine cells 

increases by 298% (Keeley et al., 2014a) (figure 3C). For every one of these different cell 

types, the variation in cell number (from the strain with the lowest number to the strain with 

the highest number) is graded, rather than conspicuously step-like with discrete phenotypic 

groupings of the strains (histograms in figure 3B), indicating that cell number must be a 

complex trait controlled by multiple genes for which variants discriminate the two parental 

genomes. Nerve cell number, therefore, varies substantially across these different mouse 
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strains, due to the actions of allelic variants in many genes. Imagine how many more variants 

would be brought into play on a mixed genetic background like our own.

4. Variation in neuron number is largely uncorrelated between different cell 

types

We can use this dataset on neuronal number, derived from twelve different cell types across 

26 genetically distinct recombinant inbred strains, to determine the extent to which different 

pairs of cell types have their numbers correlated, either positively or negatively. Figure 4A 

displays this correlation matrix for every pair-wise comparison within the dataset, indicating 

the Pearson correlation coefficient (r) for each linear regression. It shows that, for most pairs 

of cell types, no significant correlation between them exists. Considering first the 

populations of cells that are synaptically connected to one another, which define the radial 

transmission of visual information through the retina, there is no significant correlation 

between the number of cones with any of the three types of cone bipolar cell (e.g. figure 

4B), between the number of rods with the rod bipolar cells, nor between the number of rod 

bipolar cells with their postsynaptic target, the AII amacrine cells. Considering those cell 

types of the same major classes, there is not a hint of a negative correlation between any 

pairs of cell types, and rarely a significant positive correlation. For instance, the numbers of 

rod and cone photoreceptors are not significantly correlated (figure 4C), though their 

numbers have been shown to be inversely regulated by transcription factors governing cell 

fate specification and terminal differentiation (Swaroop et al., 2010). Neither are the 

numbers of the three cone bipolar cell types significantly correlated, though their numbers 

might have been expected to be positively correlated in the process of stipulating the overall 

size of the OFF cone bipolar cell population, or to be negatively correlated as OFF cone 

bipolar cells differentiate into one, rather than another, OFF cone bipolar type. Likewise, 

most types of amacrine cell show no significant correlation with other amacrine cell types, 

although there is one notable exception, being the correlation between the number of 

cholinergic amacrine cells in the INL versus the number in the GCL (figure 4D). This strong 

positive correlation would be the exception that proves the rule: our lack of detecting strong 

correlations between any of the other cell types is not some consequence of working with a 

strain-set comprised of only 26 strains. These results point to a strong degree of 

developmental relatedness between the two types of cholinergic amacrine cell (Whitney et 

al., 2014), as might have been expected given their similar morphologies and functional 

contributions to ON versus OFF processing of directional movement (Vaney et al., 2012). 

What is unexpected is the absence of any strong positive or negative correlations between 

the various other cell types.

5. Genetic manipulations altering the number of afferents or targets do not 

modulate the size of neuronal populations in the mouse retina

The results in figure 4 would suggest that the final number of a given type of neuron in the 

retina is largely independent of the number of other cells that share transcriptional regulatory 

control during development. They also suggest that neuronal number is largely independent 

of the number of other cells that are synaptically connected to that population. This latter 
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conclusion is bolstered by a variety of other manipulation studies within the retina showing 

that altering the number of target cells, like altering the number of afferents, does not change 

the size of a synaptically-connected population of neurons therein (e.g. Strettoi and Volpini, 

2002). For instance, the early elimination of the population of cone photoreceptors, in the 

coneless mutant mouse (figure 5A), affects neither the number of target horizontal cells, 

which are generated contemporaneously with the cones (Raven and Reese, 2003), nor the 

numbers of three different types of OFF cone bipolar cells (Keeley et al., 2014c), which are 

all generated after the cone photoreceptors (Young, 1985). Likewise, the ultimate size of the 

cone photoreceptor population is not altered by doubling or halving the thickness of the 

inner nuclear layer during early development, within which the numbers of multiple types of 

ON and OFF cone bipolar cells are modulated up or down (Lee et al., 2011) (figure 5B), nor 

by reducing the number of horizontal cells extending dendrites into the outer plexiform layer 

(Keeley et al., 2013) (figure 5C). And doubling the number of retinal ganglion cells does not 

alter the size of three different OFF cone bipolar cell populations (Keeley et al., 2014c) 

(figure 5D). The numbers of these OFF cone bipolar cell types have each been shown to be 

modulated via Bax-mediated cell death during development, so it is particularly surprising 

that altering neither their cone afferents (figure 5A) nor their ganglion cell targets (figure 

5D) modulates the degree of this loss (Keeley et al., 2014c).

6. Variation in neuron number maps to independent genomic loci for each 

cell type

The above results demonstrate that neuronal number, at least within the retina, has little 

dependency on the size of other transcriptionally-related or synaptically-connected neuronal 

populations. The former conclusion is not to dismiss the role of such transcriptional control 

during retinal development; only that variants in those genes are unlikely to contribute 

substantially to the variation observed across these strains. Rather, these results show that 

there must be multiple other factors normally controlling the final number of neurons in the 

retina, and would suggest that these factors disproportionately alter neuronal number across 

different types of retinal neurons. This is borne out when considering how the variation in 

neuron number, across the strains, maps to distinct genomic loci for each cell type. Because 

each of these strains has been genotyped at high density for single nucleotide 

polymorphisms (SNPs) and microsatellite markers (Williams et al., 2001), we can assess the 

degree of linkage between genotype with phenotype by comparing the variation in A versus 

B haplotype across the strains with the variation in their number of cells (figure 2). Such 

“quantitative trait locus” (QTL) mapping reveals unique genomic loci for every cell type 

(figure 6). Each of these genomic maps shows the strength of this linkage across the genome 

(the likelihood ratio statistic, or LRS score), drawing our attention to those most prominent 

loci containing genetic variants that modulate retinal cell number. The fact that they do not 

all coincide at the same genomic locus shows that there is no single determinant responsible 

for the variation in population sizes, for instance, that such variation cannot be a simple 

consequence of a genetic variant controlling proliferation, yielding differences in the overall 

size of the retina. The strongest loci identified for each cell type (with the exception of the 

cholinergic amacrine cells in the GCL) is associated with a sizable proportion of the range 
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exhibited for each of the cell types indicated in figure 3C, accounting for 23–40% of that 

range (Keeley et al., 2014a).

7. Multiple variant genes contribute to the variation in cell number

While some of the genomic maps reveal only a single conspicuous peak, there may be 

multiple genetic variants residing within that locus exerting distinctive and independent 

contributions in setting retinal cell number. For instance, the variation in dopaminergic 

amacrine cell number maps a broad genomic locus on Chr 7 (figure 6), where at least three 

independent genes have been shown to contribute to the variation in dopaminergic amacrine 

cell number observed across these recombinant inbred strains (Whitney et al., 2009). Other 

genomic maps in figure 6 contain multiple QTLs on different chromosomes, for instance, 

that for the variation in Type 3b cone bipolar cell number. Here, the two largest QTL are 

located on Chrs 3 and 6, and the effects attributed to each locus have countervailing 

influences: the strains containing the B haplotype at the Chr 3 locus have higher Type 3b 

cone bipolar cell numbers, while the strains containing the B haplotype at the Chr 6 locus 

have lower numbers (Keeley et al., submitted). This should contribute to the fact that the 

parental strains barely differ in their number of this type of cone bipolar cell, despite the 

large variation across the set of recombinant inbred strains (shown in figure 3B): some of the 

strains will have the A haplotype at one locus and the B haplotype at the other (as well as at 

other controlling loci), and so will contain numbers of bipolar cells that may be higher or 

lower than either of the two parental strains (Keeley et al., 2014a).

8. Identifying candidate genes modulating neuron number

The genetic variants operating at each of these loci may be exerting their effects by 

modulating distinct biological processes, for instance, by affecting programmed cell death or 

by altering cell fate assignment. They may be regulatory variants, affecting transcript levels, 

or they may be coding variants, altering or disrupting a functional protein. Various strategies 

can be pursued to assess a gene from amongst the collection of candidates at a given locus. 

One approach is to examine its loss of function upon retinal development, thereby 

confirming that the gene does indeed modulate the number of the very cell type in question. 

Consider, for example, the QTL for horizontal cell number on Chr 13 (figure 7B), where the 

B haplotype is associated with a sizeable increase in the number of horizontal cells (a QTL 

effect amounting to 28% of the range in variation across the strain-set) (figure 7A). 

Positioned at this locus is the LIM homeodomain transcription factor gene, Isl1 (figure 7B), 

and the conditional knock-out of Isl1 during ocular development yields a 41% increase in 

the density of horizontal cells in the central retina relative to littermate control mice 

(Whitney et al., 2011b) (figure 7C). Sequence analysis reveals only synonymous (non-

functional) coding variants discriminating the two parental genomes, but multiple SNPs are 

also present in potential regulatory regions of the Isl1 gene (figure 7D). That differences in 

Isl1 expression might relate to the variation in horizontal cell number is supported by the 

negative correlation between horizontal cell number and Isl1 expression (figure 7E), 

assessed using microarray analysis of ocular mRNA for each strain (Whitney et al., 2011a). 

Quantitative PCR confirmed differences in Isl1 expression in maturity (> twofold), as well 

as during the period of horizontal cell genesis, on embryonic day 13.5 (> four-fold), with the 
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A/J strain showing higher levels of expression (figure 7F). That such differences in Isl1 
expression reflect the action of a cis-modulatory variant was further supported by an allele-

specific expression assay, revealing a greater number of A relative to B Isl1 transcripts in the 

F1 progeny generated from a parental cross that could not be ascribed to any difference in 

amplification efficiency discriminating the genomic sequence (figure 7G) (Whitney et al., 

2011b). Given such differences in expression, one can, in turn, interrogate those prospective 

regulatory SNPs to identify any predicted to create/disrupt novel transcription factor binding 

sites. Indeed, one such variant in a hexanucleotide sequence in the 5´ UTR establishes an E-

box due to the B variant (figure 7D, inset), being a binding site for bHLH transcription 

factors, some of which are known to repress transcription (Fischer and Gessler, 2007). 

Curiously, it is the A variant that is the conserved sequence across mammals. Binding at this 

E-box may therefore disrupt some other conserved motif that normally serves to drive Isl1 
expression, lowering transcript levels in strains carrying the B variant (e.g. Thiel et al., 

2004).

Together, these studies in figure 7 support the view that a regulatory variant, possibly this 

particular SNP, discriminating the two parental genomes modulates Isl1 expression, in turn 

contributing to the variation in horizontal cell number. Such a forward-genetic approach, 

beginning with an analysis of cell number across the collection of recombinant inbred 

strains, can thereby facilitate the identification of genes controlling the size of a neuronal 

population, which can be further pursued to define their role in the developmental processes 

that modulate, for instance, neuronal production or survival. Furthermore, this strategy can 

be applied to any quantifiable trait, including other demographic features that characterize 

neuronal populations in the retina.

9. Gene variants modulate the local patterning of retinal mosaics

These populations of retinal neurons are organized as “mosaics” (Wässle & Riemann, 1978), 

where the patterning in their local spatial distribution is typically, although not always, found 

to be more orderly than for a random distribution of similarly sized cells at the same density 

(Reese, 2008a). Different types of retinal neuron vary in the degree of orderliness (or 

“regularity”) attained by their mosaics, but in general, the key to understanding how such 

patterning is generated lies in the local interactions between neighboring cells. Assessing the 

local “spacing rules”, either as a function of development, or in genetically modified retinas 

(Kay et al., 2012; Raven et al., 2005b), and defining the relationship between such variation 

in spacing with the variation in mosaic regularity, has shed light on the biological events 

underlying such patterned distributions of nerve cells (Reese and Keeley, 2015).

While one might expect that variation in the number of a particular type of retinal neuron 

should be a major contributor to intercellular spacing, and in turn, to mosaic regularity, 

multiple studies have revealed that the variation in local spacing (specifically, the effective 

radius; Cook, 1996) which correlates with the variation in cell density, shows little or no 

correlation with the variation in mosaic order. Where there is a slight negative correlation 

between the variation in density with regularity (Whitney et al., 2008), such variation in 

regularity has been shown to map, across this same recombinant inbred strain-set, to 

genomic loci distinct from those QTL mapped for the variation in cell number or cell 
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density. For instance, the population of retinal horizontal cells shows a nearly two-fold 

variation in cell number (figure 3b), and this variation maps to a genomic locus on Chr 13 

mentioned above (figure 6) (Whitney et al., 2011b), yet the variation in the regularity of the 

horizontal cell mosaic across the strains maps to distinctive genomic loci on Chrs 1 and 14 

(Keeley and Reese, 2014). Cholinergic amacrine cells also show a conspicuous if less 

pronounced variation in their number across the same strain-set, being a roughly 50% 

increase from the lowest to the highest strain (figure 3C), and this maps to two suggestive 

QTLs on Chrs 13 and 16 (figure 6), for the population in the inner nuclear layer. The 

variation in the regularity of this population, by contrast, maps to a different locus, on Chr 

11 (figure 8B). At this locus, the B haplotype is associated with an increase in regularity 

across the strains (figure 8A), and this was confirmed by examining the consomic 

(chromosome substitution) strain B6.A<11>, which possesses the A haplotype for Chr 11 

introgressed upon the B6/J genetic background (Singer et al., 2004). These mice show a 

decrease in mosaic regularity of a magnitude predicted by the size of the QTL effect, with 

many more pairs of cells being positioned side-by-side (Keeley et al., 2014b) (figure 8C).

Of the genes present at this locus on Chr 11, pituitary tumor transforming gene 1 (Pttg1) 

stood out as a strong candidate (figure 8B), for multiple reasons. First, its own expression 

across these recombinant inbred strains showed a positive correlation with regularity (r = 

0.47) (figure 8D). This variation in Pttg1 expression across the strain-set also mapped to the 

same genomic locus (an eQTL), suggesting the presence of a cis-regulatory variant 

controlling expression (figure 8E). Second, the B6/J and A/J strains are discriminated by a 

seven nucleotide INDEL at the transcriptional start-site (the only sequence variant associated 

with Pttg1), providing a candidate variant in the promoter that may be responsible for this 

difference in expression (figure 8F). Indeed, qPCR confirmed significantly greater 

expression of Pttg1 in mature C57BL/6J retina relative to A/J retina, while an in vitro 
luciferase assay, in turn, confirmed the A variant to be significantly less effective in driving 

expression relative to the B variant (figure 8G). Finally, Pttg1 was shown to modulate the 

mosaic regularity of this same population of retinal neurons, as its knockout showed a 

reduction in mosaic order coupled to an increase in the frequency of neighboring cells that 

failed to space themselves apart (Keeley et al., 2014b) (figure 8H).

Pttg1 is likely to exert its effects upon local cell-cell interactions as a transcriptional 

regulator (Tong and Eigler, 2009), and while its ultimate mechanism of action upon 

intercellular spacing remains to be determined, this and other studies reveal that the genetic 

underpinnings of mosaic patterning are distinct from those driving cell number (Kay et al., 

2012). While variants modulating fate assignment or cell survival might have been expected 

to impact cellular patterning as well as final cell number, the lack of coincidence between 

their respective controlling genomic loci suggests quite distinctive processes involving genes 

modulating cell-cell interactions after final cell number is established.
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10. Gene variants modulate cellular positioning within the retinal 

architecture

The correlation between the sizes of the populations of cholinergic amacrine cells in the INL 

and the GCL (figure 4D) suggested a unique degree of relatedness between them, consistent 

with the view that they arise from a single population that is subsequently divided into two 

independent sub-populations (Kim et al., 2000), each forming its own respective retinal 

mosaic on opposing sides of the emerging inner synaptic layer (figure 1). The population in 

the ganglion cell layer in maturity is conspicuously less orderly than the population in the 

inner nuclear layer, though this appears to be largely a consequence of the passive lateral 

displacement of neurons in the ganglion cell layer as the vasculature and optic fiber bundles 

form and settle amongst the neurons in this layer (Whitney et al., 2008). While the sizes of 

these two populations of cholinergic amacrine cells are highly correlated to one another 

(figure 4D), they are not perfectly matched in number, always being more numerous in the 

INL in the mouse retina (Whitney et al., 2014). In each of the two parental strains, B6/J and 

A/J, the ratio of cells in the two layers (GCL/INL) was identical, being 0.86 for each strain, 

falling close to the overall average across the recombinant inbred strain-set. Yet across those 

26 strains, this ratio varied, from a low of 0.75 to a high of 0.95 (figure 9A) (being the 

residual variance shown in figure 4D), and was largely independent of the variation in total 

cholinergic amacrine cell number (figure 9C), indicating a heritable contribution in the 

allocation of a cholinergic amacrine cell to one or the other population. Indeed, the variation 

in this ratio trait mapped to a unique location in the genome, on Chr 3 (figure 9B), where a 

gene or genes containing variants between the two parental strains must modulate one or 

another biological process that alters their positioning between the two layers (Whitney et 

al., 2014).

One particular candidate at this locus stood out, being Sox2 (figure 9B). Sox2 is one of four 

stem cell transcription factor genes that are sufficient for maintaining pluripotency and for 

reprogramming differentiated cells (Pei, 2009). Sox2 is expressed in all retinal progenitors 

(Ferri et al., 2004), and is critical for maintaining this progenitor pool for normal ocular 

development (Matsushima et al., 2011; Taranova et al., 2006), as Sox2 mutations in humans 

cause anophthalmia or microphthalmia (Fantes et al., 2003; Schneider et al., 2009), a 

condition mimicked by a hypomorphic allele in mice (Taranova et al., 2006). Sox2 also 

contains a functional variant discriminating the two parental strains, being a six nucleotide 

INDEL that extends a polyglycine tract due to the B variant (figure 9D). Curiously, Sox2 
continues to be expressed into maturity in only one type of retinal neuron, the cholinergic 

amacrine cell (figure 9E), and is the most highly expressed gene in cholinergic amacrine 

cells during postnatal development found at this genomic locus (Whitney et al., 2014). The 

maintained expression of Sox2 in cholinergic neurons would suggest some novel function 

uniquely associated with their development.

To test this, conditional knockout mice were generated to remove Sox2 exclusively from the 

cholinergic amacrine cells as they initiate their differentiation as cholinergic neurons 

(Whitney et al., 2014). Their retinas achieve normal size and architecture, and the total 

number of cholinergic amacrine cells in these retinas is not significantly different from 
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littermate control retinas, but their distribution between the two layers is conspicuously 

altered, there now being nearly twice as many cholinergic amacrine cells in the INL relative 

to the GCL (figure 9F). While this rearrangement might suggest that the role of Sox2 is 

associated with proper migration of cells that are normally destined for the ganglion cell 

layer, the cholinergic amacrine cells in both layers of such Sox2-conditional knockout 

retinas exhibit other morphological and molecular changes as well, suggesting instead some 

alteration in the assignment of sub-type identity amongst all cholinergic amacrine cells 

(Whitney et al., 2014). For instance, the P2×2 receptor, normally present on cholinergic 

amacrine cells in the inner nuclear layer, is abolished in the Sox2-conditional knockout 

retina, while many of the cholinergic amacrine cells in the ganglion cell layer differentiate 

bistratified dendritic arbors, extending processes that arborize in both cholinergic strata in 

the inner synaptic layer (figure 9G). The presence of bistratified dendrites is not observed in 

either the B6/J and A/J parental strains, however, so exactly how the INDEL might 

differentially modulate the role of Sox2 in controlling cellular positioning, while not 

affecting these other functions of Sox2, is not immediately clear. As the polyglycine tract 

resides outside of the DNA binding domain, perhaps it serves to modulate DNA-binding 

stability in association with a co-factor expressed by cholinergic amacrine cells. The fact 

that the polyglycine tract is conserved across other mammalian orthologs of the SoxB1 

family members (Katoh and Katoh, 2005; Mojsin et al., 2010), and that such polyglycine 

tracts are frequently found in transcription factors (Albà and Guigó, 2004), would together 

support the hypothesis that this Sox2 variant should be functional, contributing to the 

variation in cholinergic positioning that maps to this genomic locus.

11. Functional consequences of the independent control of neuronal 

number

The retina of each of these different mouse strains has its own unique proportions of these 

twelve different cell types (figure 10). In all likelihood, this variability in the size of these 

neuronal populations extends to all 85 or so of the different cell types present in the mouse 

retina (Sanes and Masland, 2015), but to date the only other support for this assumption 

stems from an analysis of the size of the total retinal ganglion cell population, showing 

conspicuous variation between different inbred laboratory strains (Williams et al., 1996). 

There is no reason to assume we had fortuitously sampled from only those cellular 

populations showing such variability, nor that the AXB/BXA strain-set encapsulates the 

maximum range of variation present in the mouse retina; those other inbred laboratory 

strains may exhibit even greater differences in the sizes of some of these neuronal 

populations, as has been demonstrated for the dopaminergic amacrine cells (Whitney et al., 

2009). Indeed, given the right mix of genetic variants, a mouse retina might contain ratios 

between certain cell types approaching those characteristic of other species. For instance, the 

BXA12 recombinant inbred strain contains two cones for every one Type 3b OFF cone 

bipolar cell; one can envision the additive effects of other variants yielding even a one-to-

one ratio in the mouse retina, being the cone-to-midget bipolar cell ratio in the primate’s 

fovea (albeit lacking the dense packing therein).
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The majority of the genetic variants frequenting the landscape of the mouse genome are 

believed to derive from differences that arose amongst isolated founder populations in the 

wild, well before the modern era of mouse breeding, being the source of much phenotypic 

variation present between different inbred laboratory mice (Reuveni et al., 2010). 

Genetically diverse populations such as ours may likewise harbor a degree of independent 

variability in the sizes (and therefore ratios) of their various retinal cell populations, though 

this has been supported by only a couple of studies in primates, examining the density of 

cone photoreceptors at the human fovea, which shows a 1.8-fold variation between 

individuals (Zhang et al., 2015), or the total number of retinal ganglion cells in the rhesus 

monkey, varying from 1.4 to 1.8 million cells (Spear et al., 1996). Whether differences in 

visual function accrue as a consequence has yet to be determined, but an increase in foveal 

cone density might not necessarily translate into increased acuity without a corresponding 

increase in midget bipolar and ganglion cell densities at the fovea (Rossi and Roorda, 2010). 

The optical resolution of the mouse eye, as well as the Nyquist limit for each population of 

(cone as well as rod) photoreceptors, far surpasses the behavioral resolution of the mouse, 

suggesting a post-receptoral constraint upon resolution perhaps associated with a particular 

type of ganglion cell critical for mediating behavioral acuity (Geng et al., 2011). In 

principle, variation in the size of this population should yield a corresponding change in 

visual resolution, assuming dendritic field area scales inversely with cell density. Indeed, in 

the primate retina, midget retinal ganglion cells extend their dendritic arbors to tile the retina 

in a density-dependent fashion (Dacey, 1993), setting the grain for visual acuity across the 

retinal surface (Rossi and Roorda, 2010).

While this assumption of dendritic tiling appears to be valid for most populations of retinal 

bipolar cells in the mouse retina (Lee et al., 2011; Wässle et al., 2009; but see Helmstaedter 

et al., 2013), it has not yet been demonstrated for any single population of mouse retinal 

ganglion cells; to the contrary, some ganglion cell classes in the mouse do not tile the retina, 

extending their dendrites to overlap with neighboring cells of the same type (Bleckert et al., 

2014; Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion et al., 2011). Recent 

physiological evidence would suggest that this may be the norm for nearly all of the ∼30 

different types of ganglion cell in the mouse retina (Baden et al., 2016). Such overlap is 

characteristic of many other types of retinal neuron, wherein some types engage in 

homotypic regulation of their dendritic growth while others do not modulate that growth in 

association with any variation in local density (Reese and Keeley, 2015). For example, the 

horizontal cells, a cell type that undergoes a nearly two-fold variation in number across 

mouse strains, modulate their dendritic field areas inversely with density (up to a limit) to 

maintain a uniform dendritic coverage factor around six (Keeley et al., 2013; Poché et al., 

2008; Reese et al., 2005). As these cells are interconnected via gap junctions under ambient 

illumination that may be typical for the mouse, their functional properties may not be 

substantially impacted by such variation in number (Dorgau et al., 2015; Xin and 

Bloomfield, 1999), though any variation in such gap junctional connectivity has yet to be 

assessed. Cholinergic amacrine cells, by contrast, exhibit some 30-fold dendritic overlap 

with neighboring like-type cells, yet this cell type does not show an inverse relationship 

between dendritic field area and cell density between strains that differ in their number 

(Keeley et al., 2007), and nor do these cells expand their dendritic fields following early 
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depletion of their like-type neighbors (Farajian et al., 2004). Variation in the number of this 

cell type, therefore, would impact retinal coverage, and may in turn affect the efficiency by 

which directional selectivity is computed for direction-selective retinal ganglion cell types 

(Vaney et al., 2012).

Two other retinal cell types that do not modulate their dendritic growth proportionately with 

their variation in density are the dopaminergic amacrine cells and the melanopsin-positive 

M1 retinal ganglion cells. The dopaminergic amacrine cells show the greatest variation in 

cell number across these strains, yet they do not reduce the size of their dendritic arbors 

accordingly when cell number is increased by a factor of four (Keeley and Reese, 2010a). 

Whether this cell type modulates the release of dopamine inversely with variation in the 

density of dopaminergic processes remains to be seen. The M1 (melanopsin-positive) retinal 

ganglion cells do not modulate the size of their dendritic fields when the frequency of like-

type neighbors is reduced (Lin et al., 2004), but there may be little functional need to do so 

as irradiance detectors. Yet recent studies have shown these cells to also receive input from 

rods and cones, and that this input to the M1 ganglion cells is critical for rod/cone-driven 

photoentrainment of circadian rhythms, so any variation in the density and spacing of these 

cells between different mouse strains (yet to be assessed) might be predicted to affect 

circadian entrainment (Chen et al., 2013).

Consider as well the conspicuous variation in cone photoreceptor number across the 

AXB/BXA strain-set, varying from 116,000 to 204,000 cones. While this variation would be 

expected to affect photopic threshold, it should also be noted that there is no direct 

correlation between cone opsin gene expression and cone photoreceptor number across the 

recombinant inbred strain-set. Other variants are acting independently to modulate 

transcription across the strains, and one can envision yet others that might alter features 

affecting sensitivity, for instance, outer segment length, etc.

For those cell types that modulate dendritic growth inversely with cell density, this may 

suggest a means of conserving a constant level of dendritic coverage that may be more 

critical for retinal function than absolute cell density (Reese et al., 2011), at least for retinal 

neurons upstream of the ganglion cells (but see Freeman et al., 2015). One might similarly 

question the functional significance of any variation in the mosaic orderliness of a neuronal 

population if their dendritic arbors engage in homotypic interactions to regulate the overall 

size of the field in order to maintain a constant dendritic coverage, as is the case for the 

populations of bipolar cells and the horizontal cells (Reese et al., 2011). For example, the 

somata of Type 2 OFF cone bipolar cells are distributed in their array no different from the 

patterning achieved by a random distribution of similarly sized cells (Keeley et al., 2014b). 

Where dendritic arbors do not interact homotypically though (e.g. the cholinergic amacrine 

cells), spacing cells apart in a manner that gives rise to regularity in a retinal mosaic should 

be functionally beneficial, ensuring that the integrated profiles of the receptive fields of such 

a population of cells will be more uniform than that for a population that is randomly 

distributed. Testing directly, however, for any functional consequence of the variation in 

mosaic regularity (like that for the variation in number of a particular type of retinal cell) 

across the recombinant inbred strain-set, would be difficult, given all of the other variables 

present in each of the retinas of these different strains (e.g. figure 10). Functional 
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assessments across the strain-set, would, however, provide a trait that itself can be mapped 

and correlated with these other gene expression and anatomical traits that in turn may 

suggest avenues for further exploration.

The benefits of engaging in the pursuit of the genetic determinants of these population 

dynamics is that one may gain insight into their development, specifically, into the genetic 

and molecular control of the processes commanding their establishment. These may, in turn, 

lead to more selective genetically modified mouse models wherein one may come closer to 

isolating a single variable in order to examine the physiological or behavioral consequences 

of such selectively altered demographics. One must, of course, remain alert to the possibility 

that still other unexpected compensatory changes partially mitigate, or obscure the 

interpretation of, any functional deficits (Hassan and Hiesinger, 2015). Much as a dendritic 

arbor can be modulated by proximity to like-type neighbors, for some cell types, so we 

might also expect other forms of regulation, in some cases even ensuring the functional 

fidelity of a neuronal population despite variation in its size, patterning or positioning. By 

proceeding cautiously, we may ultimately come to understand how variation in such 

demographic traits is not only established during development but also how it affects visual 

performance.
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Figure 1. 
The retinal architecture is composed of five major classes of retinal neurons, being the 

photoreceptor cells, horizontal cells, bipolar cells, amacrine cells and ganglion cells. Each 

class is composed of multiple types which, together, approach perhaps as many as 85 

different cell types in the mouse retina (Sanes and Masland, 2015). The developmental 

program generates a particular number of each cell type, which can vary by four orders of 

magnitude across these different cell types. A: Those different cell types become positioned 

in at specific depths within the retina, shown here for the cone photoreceptors in the outer 

nuclear layer at the top (in red, labeled for CtBP2), the horizontal cells (in green, labeled for 

calbindin), and the cholinergic amacrine cells (in cyan, labeled for choline 

acetyltransferase). B: Within each population, the cells are typically distributed as regular 

arrays of cells, commonly referred to as “retinal mosaics”, shown here for the VGluT3 

amacrine cells (in yellow, labeled for the vesicular glutamate transporter 3), the AII 

amacrine cells (in magenta, labeled for Prox1), and the cholinergic amacrine cells in the 

inner nuclear layer (in cyan), ensuring a uniformity in their contribution to retinal processing 

across the visual scene. Calibration bar = 50 µm.
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Figure 2. 
Recombinant inbred strains of mice provide a resource for locating regions in the genome 

that contribute to the variation in any quantifiable trait of interest. Recombinant inbred 

strains are generated by inbreeding different pairs of F2 offspring following an initial cross 

of the two parental strains (in this case, the B6/J and A/J inbred strains), to yield mice that 

are homozygous for either the B or the A haplotype throughout the genome. Each 

recombinant inbred strain differs in the unique assembly of the two haplotypes due to 

random recombination events during meiosis. This variation in the presence of the two 
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haplotypes (known through genotyping each strain with high density SNPs and 

microsatellite markers that discriminate the two parental genomes) can be compared with the 

variation in cell number, permitting an assessment of the strength of linkage between 

genotype and phenotype across the genome. Where linkage is strong at a particular genomic 

locus, it is termed a quantitative trait locus (QTL), where genetic variants must contribute to 

the variation in cell number.
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Figure 3. 
The total numbers of twelve different retinal cell types were determined in the 26 

recombinant inbred strains of the AXB/BXA strain-set. A: Schematic indicating the 

particular types of neurons quantified, including (from left to right) rod and cone 

photoreceptors, horizontal cells, rod bipolar cells, Types 2, 3b and 4 cone bipolar cells, and 

AII amacrine cells, dopaminergic amacrine cells, VGluT3+ amacrine cells, and cholinergic 

amacrine cells positioned in either the INL or GCL. B: The numbers of four of these 

different types in each of the mice (colored circles) analyzed from this strain-set. Those mice 

of the same recombinant inbred strain share the same color, while the parental strains are 

indicated in black (B6/J) and white (A/J), and the F1 strains are indicated in grey. The bars 

of the histogram, for each cell type, indicate the strain means and standard errors, 
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descending from highest to the lowest. The coefficient of variation for each strain (CoV; the 

ratio of the standard deviation to the mean) is indicated to the right of each bar. Notice that 

the ordinal position of a strain can vary conspicuously across the different cell types. For 

instance, the AXB6 strain, in orange, is shifted progressively to lower relative numbers 

across the four cell types illustrated. C: The range of variation across the strains, from lowest 

to highest strain average, for each cell type is indicated, expressed also as the percent 

increase from lowest to highest strain, along with the average CoV across all of the strains, 

for each cell type. (Modified from Keeley et al., 2014a.)
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Figure 4. 
Pearson correlation coefficients (r) were calculated for every pair-wise comparison of the 

strain averages across the twelve different cell types. A: The correlation matrix indicates the 

r for each linear regression, with significant correlation coefficients (p value < 0.05) being 

emboldened. B-D: Scatterplots showing the data for three different comparisons: for Type 4 

cone bipolar cells and cone photoreceptors (B), for rod and cone photoreceptors (C), and for 

the two populations of cholinergic amacrine cells in the INL and GCL (D). For most 

comparisons, particularly those between cell types that share transcriptional control (e.g. the 
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rod and cone photoreceptors) or those that define the radial transmission of visual 

information through the retina (e.g. the cones and cone bipolar cells), there is no significant 

relationship. Cholinergic amacrine cells in the two layers are the exception, showing a strong 

correlation in their numbers across the strains. (Modified from Keeley et al., 2014a and 

Whitney et al., 2014).
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Figure 5. 
Genetic manipulations that alter the number of targets or afferents in the retina do not 

modulate neuronal number. A: Coneless mutant mice lose nearly all of their cones during the 

first postnatal week (yellow), yet the numbers of target neurons in the inner nuclear layer in 

maturity is unaffected (blue). B: Isl1-conditional knockout mice, that show a reduced 

number of bipolar cells and an increased number of horizontal cells (yellow), leave the 

number of cone photoreceptors unaffected (blue). C: Lim1-conditional knockout mice, that 

reduce the number of horizontal cells contributing processes to the outer plexiform layer 

(yellow), do not alter the numbers of cone or rod photoreceptors (blue). D: Retinal ganglion 

cell-specific Bax-conditional knockout mice, having excess retinal ganglion cells (yellow), 

do not support a larger than normal number of cone bipolar cells (blue).
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Figure 6. 
The variation in the numbers of each type of retinal neuron map to genomic loci (QTL) that 

are largely independent of one another. Each genomic map shows strength of linkage 

between genotype (being the A versus B haplotype) and phenotype (the number of a 

particular cell type). The trace shows the likelihood ratio statistic (LRS), assessing the 

strength of this linkage between cell number and genomic locus, across the genome, while 

the horizontal lines define significant and suggestive thresholds determined through 
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permutation testing of the strain data. Genetic variants that discriminate the parental 

genomes at these largest peak loci should contribute to the variation in phenotype.
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Figure 7. 
Variation in the number of horizontal cells maps to a distal locus on Chr 13. A: The variation 

in haplotype on Chr 13 across the strains, here ranked by the variation in horizontal cell 

number across the strains (shown in figure 3B), reveals the basis for identifying the QTL at 

the distal locus on Chr 13 (shown in figure 6). B: The map of Chr 13 is aligned directly 

beneath the haplotypes, showing the effect of the B haplotype at this locus, indicated by the 

red trace, contributing an additive effect of 2490 cells. The magnitude of this QTL effect is 

28% of the range observed across the recombinant inbred strains. The transcription factor 

gene Isl1 is positioned at this locus. C: The density of horizontal cells is significantly 

increased in the Isl1-conditional knockout mouse retina. D: No functional variants 

discriminate the parental genomes, but numerous potential regulatory variants are present, 

including one in a genomic region that is highly conserved across species (shown is the 

percent of conservation between mouse and human genomes). The T for G substitution is 

the novel variant, establishing a hexanucleotide “E-box” sequence in the 5´UTR in the B6/J 

genome. E: Horizontal cell number is negatively correlated with Isl1 expression across the 

recombinant inbred strains. F: qPCR confirms significantly greater expression in the A/J 

strain in maturity as well as during embryonic development, when horizontal cells are being 

generated. G: Isl1 A allele transcripts significantly outnumber Isl1 B allele transcripts in the 

F1 progeny of a cross between the parental strains, confirming that at least a portion of the 

expression difference between the parental strains must be cis-regulated.
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Figure 8. 
Genes controlling other demographic traits associated with retinal cell populations can be 

identified using this same forward-genetic approach. A: The regularity index, derived from 

the distribution of nearest neighbor distances for the population of cholinergic amacrine cells 

in the inner nuclear layer, shows conspicuous variation across the strains, correlating with 

the variation in haplotype to a locus on Chr 11. B: The variation maps a significant QTL, 

where the presence of the B haplotype is associated with an increase in regularity. C: The 

chromosome substitution strain B6.A<11>, containing the A haplotype throughout Chr 11 

on a C57BL/6J genetic background, confirms the presence of genetic variants on Chr 11 

affecting mosaic regularity. B6.A<11> mice show a significant reduction in regularity and a 

significant increase in the number of cells that fail to space themselves apart. D: The 

regularity index correlates with the expression of Pttg1 across the recombinant inbred 

strains. E: Expression of Pttg1 maps an expression QTL (eQTL) to the same genomic locus, 

suggesting the presence of a cis-regulatory variant. F: A seven-nucleotide deletion at the 
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transcriptional start-site discriminates the B6/J strain from the A/J strain (inset), being the 

only variant present. G: Luciferase assay showed the B variant to be a significantly more 

effective transcriptional activator than the A variant. H: Pttg1 knockout mice show a 

significant reduction in mosaic regularity and a significant increase in the frequency of 

neighboring cells that fail to space themselves apart. Dashed horizontal lines in C and H 

indicate the values associated with random distributions matched in density and constrained 

by soma size (Modified from Keeley et al., 2014b).
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Figure 9. 
Sox2 is a candidate gene modulating the positioning of cholinergic amacrine cells in the 

GCL versus the INL. A: Cholinergic amacrine cells are positioned in both the INL and GCL, 

always being slightly more numerous in the INL. This ratio of cells in the two layers (GCL/

INL) is also a heritable trait. B: The variation in this ratio trait maps a QTL on Chr 3, where 

the A haplotype correlates with an increase in this ratio, driving it towards parity. C: This 

ratio trait shows no correlation with the total number of cholinergic amacrine cells, 

indicating a difference in the relative positioning of the two cell types rather than being due 

to the modulation of the size of one of their two populations (p = 0.2). D: A six-nucleotide 

insertion in the B6/J strain extends a polyglycine tract in Sox2. E: The candidate gene, Sox2, 

is expressed exclusively by cholinergic amacrine cells amongst neuronal populations in the 
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mature retina. F: Sox2 conditional knockout mice show a mis-positioning of their 

cholinergic amacrine cells between the two layers, though show no significant difference in 

their total numbers. G: The loss of Sox2 modulates sub-type specification, rather than 

simply migration, as other discriminating features of the ON from OFF cholinergic amacrine 

cells are altered, for instance, the entire loss of P2×2 labeling, and the novel presence of 

bistratifying dendrites (Modified from Whitney et al., 2014.)
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Figure 10. 
Each strain contains its own unique mix of the twelve different retinal cell populations 

identified. The magnitude of the different cellular populations is ignored here; rather, each 

population has been normalized to the maximal number observed (i.e. in the strain with the 

greatest number), to portray the variation in each strain across all of the cell types relative to 

that maximum number. (Only those strains for which every cell type had been sampled are 

included herein—see Table S1 in Keeley et al., 2014a).
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