
 

1 

Retinal self-organization: a model of RGC and SAC mosaic formation 1 

Short title: Computational model of retinal mosaic formation 2 

Jean de Montigny1*, Evelyne Sernagor1 and Roman Bauer2 3 

Affiliations 4 

1 Biosciences Institute, Newcastle University, Newcastle upon Tyne, United Kingdom, 5 

2 Department of Computer Science, University of Surrey, United Kingdom, 6 

* Corresponding author 7 

E-mail: Jean.de-Montigny@newcastle.ac.uk 8 

Abstract 9 

Individual retinal cell types exhibit semi-regular spatial patterns called retinal mosaics. These 10 

mosaics enable uniform sampling of visual information and are formed to varying degrees across 11 

cell types. Retinal ganglion cells (RGC) and amacrine cells (including starburst amacrine cells 12 

(SAC)) are notably known to exhibit such layouts. Mechanisms responsible for the formation of 13 

such organised structures and their requirements are still not well understood. Mosaic formation 14 

follows three main principles: (1) homotypic cells prevent nearby cells from adopting the same 15 

type, (2) cell tangential migration, with homotypic cell repulsion, (3) cell death (with RGCs 16 

exhibiting high rates of apoptosis). 17 

Here, we use BioDynaMo, an agent-based simulation framework, to build a detailed and 18 

mechanistic model of mosaic formation. In particular, we investigate the implications of the three 19 

theories for RGC’s mosaic formation. We report that the cell migration mechanism yields the most 20 

regular mosaics and that cell death can create regular mosaics only if the death rate is kept below 21 

30%, after which cell death has a negative impact on mosaic regularity. In addition, and in 22 

accordance with recent studies, we propose here that low density RGC type mosaics exhibit on 23 
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average low regularities, and thus we question the relevance of regular spacing as a criterion for a 24 

group of RGCs to form a RGC type. 25 

We also investigate SAC mosaics formation and possible interactions between the ganglion cell 26 

layer (GCL) and inner nuclear layer (INL) populations. Investigations are conducted both 27 

experimentally and by applying our simulation model to the SAC population. We report that 28 

homotypic interactions between the GCL and INL populations during mosaics creation are required 29 

to reproduce the observed SAC mosaics’ characteristics. This suggests that the GCL and INL 30 

populations of SACs might not be independent during retinal development. 31 

Author Summary 32 

Retinal function depends on cells self-organisation during early development. Understanding the 33 

mechanisms underlying this self-organisation could improve not only our comprehension of the 34 

retina and its development but also of the cortex. Ultimately, this could lead to novel therapeutic 35 

approaches for developmental diseases. Computational models can be of precious help to study this 36 

process of self-organisation, given that they are biologically plausible. In this sense, it is important 37 

that implemented developmental mechanisms follow the principle of locally available information, 38 

without any global knowledge or external supervisor. Here, we follow this principle to investigate 39 

mosaic formation during retinal development. In this work, we demonstrate that tangential 40 

migration is the only mechanism able to form regular mosaics and that the GCL/INL SAC 41 

populations might not be independent during their mosaic formation. More, we question the 42 

relevance of regular spacing for RGC types classification. 43 

Introduction 44 

The mammalian retina is composed of six main types of neuronal cells (cones, rods, horizontal, 45 

bipolar, amacrine and ganglion cells), subdivided into many different anatomical and functional 46 

subtypes, forming a complexly organised structure. Notably, individual cell types exhibit semi-47 
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regular spatial patterns called retinal mosaics. Regular spacing between homotypic cells enable 48 

homogeneous processing of the light signals, leaving no perceptual holes within our visual field. In 49 

particular, sub-groups of retinal ganglion cells (RGCs) and star burst amacrine cells (SACs) are 50 

known to form regular mosaics and both cell types are widely used to study mosaic organization. 51 

SACs are divided into two populations, one located in the inner nuclear layer (INL), and the other 52 

in the ganglion cell layer (GCL). Each population forms an independent mosaic. 53 

RGCs are located in the GCL and are the output cells of the retina, sending all visual information 54 

processed in the retina to the brain visual areas. There are many ways RGCs can be classified into 55 

subgroups. One simple, basic approach is to classify them into three functional and morphological 56 

groups depending on the sub-layer their dendrites laminate into in the inner plexiform layer (IPL), 57 

forming the On, Off and On-Off groups. On cells respond to increase of light while Off cells 58 

respond to a decrease of light and On-Off cells respond to both increase and decrease of light. 59 

RGCs can however be divided into more than 40 types (1–3), each having different functional and 60 

anatomical characteristics. Their density is also known to greatly differ, varying from less than 50 61 

cells/mm² to more than 300 cells/mm² (3). It has been proposed that a group of RGCs has to fulfil 62 

four criteria in order to be considered a RGC type (3): 1. Morphological homogeneity (dendritic tree 63 

shape). 2. Identical physiological properties (electrophysiological response to light). 3. Similar gene 64 

expression (molecular signature). 4. Regular spacing (mosaic). Thus, being organised in mosaics 65 

could represent an important feature of each RGC type. Even if the total number of RGC types is 66 

estimated to more than 40, only 19 have been fully characterised (cellular density, morphology, 67 

molecular signature and functions) (3). Other RGC types have been only partially characterised. 68 

RGCs are the first cell class to differentiate in the immature retina, generated in the ventricular 69 

zone, followed by migration to the GCL, where they start extending dendrites towards the IPL. 70 

RGCs are the only cell class notably more numerous in the immature retina than in the adult retina. 71 

Indeed, around 60% of newly born RGCs undergo programmed cell death (apoptosis) during the 72 
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perinatal period (4). Interestingly, not much is known yet about the impact of RGC apoptosis on the 73 

maturation of retinal circuitry and visual pathways. 74 

Despite being an important feature of retinal organization, retinal mosaic' formation is not fully 75 

understood yet. In particular, three mechanisms are believed to potentially take part in their 76 

development: cell-fate determination (CF), programmed cell death (CD) and tangential cellular 77 

migration (CM) (2,5). 78 

Cell fate determination 79 

CF is a process by which a cell of a certain type will prevent the emergence of same type cells in its 80 

immediate vicinity (6). After passing through an intrinsically determined state, retinal progenitors 81 

are still left in an undifferentiated state, but are now only capable of giving rise to a limited subset 82 

of cell types. The precise type the cells choose to differentiate into depends on extrinsic signals (7). 83 

These extrinsic signals can consist of chemical cues such as trans-membrane proteins (8–10) and 84 

may be delivered by an already differentiated retinal cell in order to block neighbouring 85 

undifferentiated cells from differentiating into the same cell type. This mechanism has been 86 

demonstrated in the retina (7) and is believed to be ubiquitous in the developing CNS. 87 

Programmed cell death 88 

RGCs exhibit a very high rate of programmed death, or apoptosis (60-70% of the initial population 89 

(11)), during normal development. The CD mechanism is believed to be implicated in the selection 90 

of relevant cells in order to build a functional retina. Following this principle, cellular death has 91 

been proposed to be a consequence of RGCs not being able to establish correct axonal connections 92 

in the lateral geniculate nucleus in the thalamus (12). RGC cell death has also been shown to 93 

depend on neighbouring cells' electrical activity (13,14). Creating either spatial or functional 94 

competition between homotypic cells could lead to the formation or refinement of mosaics. Due to 95 

major differences in death rate, the importance of programmed cell death upon mosaic formation 96 

seems however to vary between cell classes, and even between subgroups within the same cell 97 
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class. Cell death has been proposed to contribute to mosaic formation for several cell groups in the 98 

retina, including amacrine cells (15,16) and at least one RGC type (14). 99 

Cellular migration 100 

All retinal cells undergo migration during retinal development, both vertical (from one layer to 101 

another) and tangential (horizontal migration within the same layer). Cells can move between 20 102 

and 100 μm tangentially from their initial location (17,18). This mechanism is believed to be 103 

implicated in mosaic formation. This has been demonstrated for SACs mosaic formation, where 104 

homotypic cells move tangentially away from each other (19). Tangential migration is believed to 105 

be a key mechanism in mosaic formation (15). Mechanisms responsible for this migration are not 106 

fully understood, even if chemical cues seem to play a key role, such as in the case of SACs (20). 107 

Diffusible signals or contact-mediated interactions between homotypic cells may be responsible for 108 

mosaic formation (21). It is important to note that mosaics appear, partially or completely, before 109 

extensive dendritic growth (21,22), and thus without contact-mediated interactions. However, other 110 

studies point out the importance of dendritic growth upon tangential migration (20,23,24). In all 111 

cases, cell-cell interactions seem to be mandatory for tangential migration. 112 

Of course, it is likely that the formation of mosaic patterns is due to the combinations of all three 113 

mechanisms (22). Previous mathematical simulations of retinal mosaic formation have been 114 

conducted (5,13). These studies investigated the involvement of the CF, CD and CM mechanisms, 115 

suggesting a central role for the CM mechanism. However, these studies are highly abstract and do 116 

not mechanistically model retinal mosaic formation, thus limiting their biological relevance. No 117 

mechanistic or biologically plausible model of mosaic formation currently exists. 118 

Agent-based (AB) simulation is a type of computational model in which each simulation object is 119 

an autonomous agent. Despite the absence of any global supervisor, highly complex structures can 120 

emerge from local interactions of agents that self-organise (25,26). It is a particularly relevant 121 

approach to model biological phenomena where cells exhibit this characteristic as well. Using the 122 
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AB approach would allow the construction of mechanistic and realistic models of retinal mosaic 123 

formation. 124 

The impact and implications of all mechanisms involved in mosaic formation (cell-fate, cell death, 125 

tangential migration) are not fully understood, and much remains to be done in order to establish the 126 

detailed mechanisms governing mosaic formation. In this work, we analyse mechanisms underlying 127 

retinal mosaics self-organisation using AB computational modelling. In particular, the biological 128 

requirements and the effect of individual mechanisms generating these cellular patterns are 129 

investigated. 130 

Results 131 

RGC mosaic development 132 

We demonstrate here that a realistic AB implementation of the CF is able to significantly increase 133 

the mosaic regularity compared to a random distribution (p < 0.001). Indeed, as shown in Figure 134 

1A, the average regularity index (RI, used to assess the regularity of the mosaics) values rapidly 135 

increase from random levels (between 1.8 and 2) until reaching a value of 2.42 (±0.09) at the end of 136 

the CF mechanism. However, such RI values are lower than the experimentally observed values (> 137 

3), and so cannot be considered as solely responsible for the formation of regular mosaics. 138 

Moreover, we find that the CF mechanism alone cannot explain high RI scores observed for some 139 

RGC types (> 5). As shown in Figure 1B, if CF is the only simulated mechanism, no correlation can 140 

be established between cell density and final RI values (correlation magnitude of 0.31). Thus, 141 

mosaics of high cell density reach similar RI values as seen in mosaics of low cell density, as 142 

illustrated by the blue and orange lines in Figure 1A. 143 
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 144 

Figure 1: RGC mosaic formation modelling using an ABM approach. A,C,E: RI score 145 

evolution during simulation (x axis: 10 visualisation steps correspond to 1 developmental day in 146 

mouse). Average RI values for all RGC types are displayed in black while two populations of high 147 

and low densities (250 and 20 cells/mm 2 respectively) are displayed in blue and orange. The first 148 

vertical grey dashed line on the left indicates, if implemented, the end of the CF mechanism and if 149 

implemented, the beginning of the CD mechanism. The second grey dashed line indicates the end of 150 

the CD mechanism. B,D,F: Final RI score depending on cell density at the final step of the 151 

simulation. Error bars represent standard deviations for average RIs and densities. Red lines 152 

represent linear regressions (correlation coefficient: r=0.31, r=0.58 and r=0.87 for B, D and F 153 

respectively). The blue line in D represents a non- linear regression (a*x / b+x), while the horizontal 154 

dashed line represents the RI value under which no cell type of density higher than 125 is observed. 155 

A,B: CF mechanism only. C,D: CD mechanism only. E,F: Combination of CF, CD and CM 156 

combination. 157 
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The CD is also able to significantly increase RI compared to a random distribution (p<0.001), alone 158 

or in combination with the CF mechanism. As shown in Figure 1C, the average RI value increases 159 

from random (around 1.8) to 3.31 (±0.33) at the end of CD. This death rate amounts to around 65% 160 

when it reaches a steady state at the end of the simulation. These death rate dynamics are very 161 

similar to rates observed in-vitro (see Figure 2A). Moreover, and unlike for the case of the CF 162 

mechanism, CD is able to generate mosaics of medium regularities (RI > 3). 163 

 164 

Figure 2: CD mechanism impact on RGC population. A: RGC population measured in-vitro 165 

(blue) and in simulations (orange). In-vitro population at day 1 is an estimation based on a final CD 166 

of 65%. Error bars represent standard deviation. B: RI score depending on final CD rate in a 167 

simulation implementing only the CD mechanism, for selected RGC populations of high density 168 

(blue curve, initial density = 571 cells/mm 2) and low density (orange curve, initial density = 114 169 

cells/mm2). The vertical dotted line indicate a death rate of 65%. Error bars represent standard 170 

deviation. 171 

 

Interestingly, and as shown by Figure 2B, the death rate measured in-vitro and selected for our 172 

simulations (grey vertical dashed line) is not the one generating the highest regularity. Indeed, the 173 

highest scores of RI are achieved for death rates between 5 and 30% of the RGC population, 174 

regardless of the initial density of the considered population. After 30% of cell death, RI decreases 175 

until it reaches a random distribution once around 90% of cell death is achieved. This is observed 176 

under both high and low-density conditions. This is observed in simulations with CD alone or in 177 
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combination with CF. Interestingly, and in contrast to the CF mechanism, we observe strong 178 

differences between populations of high and low initial densities. As shown in Figure 1B, the high-179 

density population is able to generate more regular mosaics than the population of low density, both 180 

for their maximum value (RI > 9 and RI > 5, respectively, when cell death is below 30%) and at 181 

65% of cell death (RI = 4.49 ±0.36 and RI = 3.61 ±0.59, respectively). Therefore, a positive 182 

correlation between cell density and the final regularity is observed when the death rate is set to 183 

65%. Mosaics of low density exhibit low RI values, while those of cell density higher than 65 184 

cells/mm2 (vertical dashed line of Figure 1D) exhibit a higher average RI score of 3.35 (horizontal 185 

dashed line of Figure 1D). 186 

While no differences are observed in RI scores between simulation of the CD mechanism and a 187 

combination of the CF and CD mechanisms if all mosaics are considered (3.31 ±0.33 and 3.48 188 

±0.44 respectively, p = 0.76), a positive impact on dense mosaics' regularity (for cell densities 189 

higher than 125 cells/mm2) is to be noted. Thereby, RI values in the case of CF and CD combination 190 

plateaus around 4.1 instead of 3.6 if CD is the only implemented mechanism. 191 

A combination of all three mechanisms (CF, CD and CM) is also able to generate mosaics 192 

significantly more regular than random distributions (p<0.001). Different steps of a simulation are 193 

illustrated by Figure 3. 194 
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 195 

Figure 3: Time lapse of mosaic formation, using a combination of CF, CD and CM 196 

mechanisms using BioDynaMo. A: Simulation at step 0. All cells are undifferentiated and 197 

represented in blue. B,C,D: On cells are represented in green, Off cells in red and On-Off cells in 198 

blue. B: Simulation after the end of CF mechanism, at step 180. Average RI = 2.41. C: Simulation 199 

at the end of CD mechanism, step 1000. Average RI = 3.42. D: Simulation at the end of CM 200 

mechanism, step 2240. Average RI = 3.99. 201 

 

As the CD and CM mechanisms require cells to be differentiated, CF is simulated beforehand. A 202 

first RI increase corresponding to the effect of CF is observed (see Figure 1E). After the CD and 203 

CM mechanisms are triggered (first dashed line), they give rise to a significant second increase, 204 

until the RI value stagnates toward the end of CD (simulation day 4 to 5.5 depending on the cell 205 
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type). Finally, a third RI increase is observed after CD is over (second dashed line) due to the CM 206 

mechanism, leading to an average RI score of 4.01 (±0.75) at the end of the simulation. Unlike any 207 

other mechanism alone, and thanks to tangential migration, this simulation condition is able to 208 

generate highly regular mosaics (RI > 5). Moreover, a strong correlation appears between cell 209 

density and RI values (linear correlation magnitude of 0.87) as shown by Figure 1F. Thereby, only 210 

RGC types exhibiting a cell density higher than 125 cell/mm2 are able to generate mosaics with a RI 211 

value higher than 5. Thus, as illustrated by the blue and orange lines in Figure 1E, significant 212 

differences emerge between mosaics of high and low density. No significant differences are seen 213 

between simulations of CD and CM combination and simulations of CF, CD and CM combination. 214 

When all three mechanisms are implemented, surviving cells migrate tangentially with an average 215 

distance of 8.72 μm (±0.11, n = 8 simulations), which is in accordance with in-vivo measurements 216 

reporting migration distance below 30µm (22). Important disparities in migration distance between 217 

cells are to be noted, as shown in Figure 4A, with an average migration distance standard deviation 218 

of 9.44 (±0.18). No correlation between final RI and migration distance can be seen. Likewise, no 219 

correlation appears between final density and migration distance if the whole population is 220 

considered. However, if only populations with a final density higher than 100 cells/mm 2 are 221 

considered, a strong correlation can be observed (correlation coefficient r = 0.92, see Figure 4B red 222 

line). Hence, the denser the cell type the larger the distance cells migrate. 223 
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 224 

Figure 4: Migration distance measured in simulations implementing CF, CD and CM. A: 225 

Migration distance distribution. B: Relation between cell type density and migrating distance. The 226 

red line represents the correlation between migration distance and cell type density for densities 227 

higher than 100 cells/mm 2 (correlation coefficient r=0.92). 228 

 

SAC mosaic development 229 

The SAC population is divided between two different cellular layers, the GCL and the INL, forming 230 

two separate populations (see Figure 5 for an illustration). Our In-vitro results exhibit no significant 231 

differences in the GCL and INL populations densities from P4 to P10 (p=0.27 and p=0.32 232 

respectively, see Figure 6A). These two SAC populations exhibit regular pattern organisation, and 233 

no significant difference over time of their RI is measured from P4 to P10, as shown by Figure 6B. 234 

GCL and INL SAC mosaics are reported to be independent, in line with experimental data showing 235 

that SAC populations in the GCL and the INL only moderately overlap (20,27,28). A measure of 236 

these populations’ exclusion has then been conducted, showing no significant difference from P4 to 237 

P10, as shown by Figure 6C. This indicates that the INL and GCL SAC populations have already 238 

formed regular structures from P4 (shortly after GCL and INL separation), and do not exhibit 239 

further significant cell migration. This could indicate that mosaics are already formed and do not 240 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 24, 2021. ; https://doi.org/10.1101/2021.10.22.465398doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465398
http://creativecommons.org/licenses/by/4.0/


 

13 

improve their regularity once SACs have migrated to their respective cellular layer. For this reason, 241 

SAC mosaics formation is implemented before GCL/INL separation in our simulations. 242 

 243 

Figure 5: ChAT immunostaining on a P9 pup retina. A: GCL level. B: INL level. C: overlap of 244 

GCL (red) and INL (green) levels. GCL and INL level images are taken at the same x,y position, but 245 

at different depth focus. Regular SACs positioning can be observed in each cellular layer. Few cells 246 

overlap between GCL and INL levels are noted. 247 
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Figure 6: In-vitro SAC population characteristics through development. A,B: SACs in the CGL 248 

population are represented in blue, and the INL population is represented in orange. A: Cell density 249 

over time. B: Regularity index over time. C: GCL and INL SAC population exclusion. A score of 250 

1 denotes two mosaics with a perfect exclusion and a score of 0 a total overlap of mosaics. 251 

Exclusion diameter of 32μm. Error bars represent standard deviation. P4: n=14; P5: n=15; P6: 252 

n=14; P7: n=12; P8: n=10; P9: n=9; P10: n=10. No differences are to be noted between P4 and P10. 253 
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Interestingly, by using an identical concentration threshold triggering CM for SAC in the GCL and 254 

INL, the GCL SAC population exhibits less regular mosaics than the INL population at the end of 255 

the simulation. This is observed in both developmental conditions, using either one common or two 256 

separate (one for the GCL population, one for the INL population) chemical substances for mosaic 257 

formation (RI of 3.57±0.12 and 4.11±0.12 respectively when one substance is used, RI of 3.36±0.07 258 

and 4.37±0.15 respectively when two substances are used, n=8 for each group, p<0.0001). This 259 

mosaic regularity disparity is in accordance with observations in mouse (see Figure 6B) where the 260 

INL population has been reported to be more regular than in the GCL population. In our 261 

simulations, this disparity can be explained by the cell density difference between these two layers. 262 

Indeed, and as previously demonstrated in our simulations, the denser a cell population is, the more 263 

regular its mosaic can be.  Hence, our model provides a mechanistic explanation for this observed 264 

difference in RIs between the two SAC populations. 265 

However, we find that an important difference emerges between the two conditions concerning the 266 

exclusion factor of the two SACs populations: if one common developmental cue is used, GCL and 267 

INL mosaics exclude each other with a calculated exclusion factor of 0.71 (±0.01, n=8), similar to 268 

what has been measured in-vitro (0.74±0.09, n=5, see Figure 6). This indicates that the GCL and 269 

INL populations’ mosaics tend not to overlap, and so are not fully independent of each other. 270 

However, if two distinct developmental cues are used, the exclusion factor is lower, at 0.31 (±0.1, 271 

n=8), denoting independent mosaics that tend to overlap. In this second condition, the measured 272 

exclusion factor is significantly lower than the one observed in mouse (p<0.0001 using a T-test for 273 

two independent samples, n=8 and 5 respectively). Thus, only the first condition is able to 274 

reproduce the results observed in-vitro. 275 

Discussion 276 
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All computational simulations must be built upon biological data in order to offer relevant insight of 277 

a scientific problem. For this reason, information about retinal development has been gathered using 278 

in-vitro experimental observations. Thus, we followed RGCs characteristics through development 279 

using RBPMS staining in neonatal mouse retinas. This allowed us to measure death dynamic from 280 

P2 to P11. Using biological data from ours in-vitro experiments and from the literature, we built 281 

realistic simulations of retinal cells self-organization. This includes the number of RGCs types 282 

incorporated in our simulations, based on evidence from the literature (1–3). Notably, Sanes and 283 

Masland (2015) speculated that known RGC types represent only about 60% of the total RGC 284 

population, corresponding to around 1740 cells/mm2 from the total 3000 cells/mm2 observed in the 285 

mouse retina. In addition, it is important to note that from these known RGC populations, only 286 

12.4% are On type. As On, Off and On-Off are equally numerous (30% to 35% each), a great 287 

number of On cells still needs to be discovered in order to reach the theoretical percentage of On 288 

RGC in the total RGC population. Thus, we can hypothesize that either: 1. Several high density On 289 

types have not yet been discovered. 2. There are more On types than Off or On-Off types. 290 

The first hypothesis appears unlikely as RGCs are widely studied, especially with the emergence of 291 

large-scale and high density MEA recordings, but also using morphological and molecular 292 

characterisations. Thus, it is unlikely that the existence of dense On RGC types (representing the 293 

majority of the On population, and so being the most common On type) has not been captured by at 294 

least one of these techniques. The second hypothesis appears to be supported by experimental 295 

evidences because mice, similarly to other nocturnal animals, have rod-dominated vision. Indeed, 296 

rods are known to project their dendrites and to establish synaptic connections only to On bipolar 297 

cells, that in turn establish synaptic connections to On RGCs. In order to extract as many features as 298 

possible from a visual scene using mainly rod vision, a great diversity of specialized RGCs can be 299 

justified. The hypothesis of a great diversity of low density On types is also in agreement with 300 

Masland et al., (2015), who speculate that around 30 low density RGC types exist and are yet to be 301 

discovered. Baden et al. (2016) also estimate the total number of RGC types to be over 40, 302 
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supporting the hypothesis of numerous low density RGC types, including On types. As it is still 303 

possible that On types of mid density has not been discovered, we chose to allow the possibility for 304 

this hypothesis in our simulations, in addition to adding multiple low density On RGCs. 305 

One major basis of our simulations is the presence of chemical cues supporting cellular self-306 

organization mechanisms. Evidences of such chemical cues have been previously reported 307 

(20,29,30). 308 

RGC mosaic formation 309 

CF implication on RGC mosaics’ regularity is particularly difficult to study in-vitro or in-vivo as 310 

RGC progenitor cells do not express RGC type-specific markers cells will differentiate into. Despite 311 

experimental studies on RGC progenitors, no evidence has been found for RGC type-specific 312 

progenitors (31). Hence, RGC types are probably not pre-determined early on and so are likely to 313 

depend on extrinsic factors, such as the presence of chemical cues (7). Thereby, it allows for the 314 

contribution of a mechanism such as CF for RGC type differentiation, and its potential implication 315 

in mosaic formation. One major conclusion from our simulations is that highly regular mosaics 316 

(RI > 2.5) cannot be explained only through the CF mechanism. Likewise, the CF mechanism does 317 

not significantly increase the power of other mechanisms (CD and/or CM) neither. This suggests 318 

that RGC types are unlikely to be defined by cell body mosaics. They may instead be dictated by 319 

intrinsic factors (that still remain to be discovered), functional determination (dictated by the input 320 

from other cells), or a combination of intrinsic factors interacting with extrinsic factors. 321 

In our simulations, the CD mechanism (alone, or in combination with the CF mechanism) is able to 322 

create regular mosaics (RI > 3.5) with a death rate of 65%. As this mechanism is based on a locally 323 

diffused chemical substance, homotypic cellular spacing (and therefore cell type initial density) has 324 

an important impact on the CD mechanism. For this reason, only populations with a high initial cell 325 

density exhibit regular mosaics. Importantly, our CD implementation is able to match measured 326 

RGC death dynamics during development, thus strengthening its plausibility. It should be pointed 327 
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out that CD serves additional purposes in the retinal maturation process and is not only geared 328 

towards mosaic creation. Indeed, some cell types which do exhibit mosaic regularity do not undergo 329 

any significant levels of CD (such as horizontal cells or photoreceptors). In addition, as 330 

demonstrated here, the maximum positive impact of CD upon RI is reached at death rate lower than 331 

30%, which is below the 60-70% death rate observed in mouse. This implies that even if CD can be 332 

involved in mosaic formation at early stages, cell death at levels above 30% is likely to be driven by 333 

other mechanisms and for other purposes than mosaic regularity. For instance, CD could be 334 

implicated in refining retinal functional connectivity and activity. CD could also have evolutionary 335 

advantage with regard to generating an optimised neural architecture (32). 336 

Finally, CM is the only mechanism able to explain the formation of highly regular mosaics (RI > 5). 337 

As for the CD mechanism, the efficacy of the CM mechanism is dependent on cell density as it is 338 

based on local interactions. The shorter homotypic cellular distances are, the more they can sense 339 

and repulse each other. Thereby, a strong correlation emerges between RGC type populations 340 

densities and the regularity of their mosaics. Therefore, we propose here that low density RGC type 341 

mosaics exhibit on average significantly lower regularities than high density RGC types mosaics. It 342 

would be very informative to experimentally verify this prediction. To this date, this question 343 

remains unanswered. This hypothesis is in accordance with recent studies showing that some low 344 

density RGCs do not exhibit regular spacing (33). Moreover, we question here the relevance of 345 

regular spacing as a criterion for a group of RGC to form a RGC type. Indeed, if all low density 346 

RGC types do not exhibit highly regular spacing as predicted here, this criterion does not 347 

discriminate RGC types. 348 

We show here that high mosaic regularity can be achieved with limited migration distance (8.72μm 349 

±0.11 in average, n = 8). This average migration distance is in accordance with in-vivo 350 

measurements, reporting that RGCs and SACs tangential migration does not exceed 30μm (22). 351 

However, the average migration distance measured in our simulations is notably lower than the 352 
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average migration distance experimentally measured at around 20μm (19) and could be explained 353 

by the absence of retinal surface expansion implementation in our simulations. The CM mechanism 354 

implemented here is based only on local cues and short-distance interactions, and thereby follows 355 

the description of tangential dispersion in mouse, reported as a local, short-distance, phenomenon 356 

(21). Our results are consistent with previous studies showing that a tangential cell dispersion does 357 

not appear to be directly related to the cell time of birth, but rather to its cell type (21). 358 

The cellular migration and RI dynamics resulting from the CM mechanism are in agreement with 359 

the literature, where it is reported that RI increases mostly between P1 and P5, with the spacing 360 

between cells still increasing after that period, until P10 (2). After reaching the correct cell layers, a 361 

slower and finer tangential positioning phase of RGC within the GCL has been reported (19,34). 362 

Cellular movement during this period has been described as random but important for exact cellular 363 

positioning (34). In accordance with our results and as stated by other studies (27), these highly 364 

varied movements are likely to be related to mosaic formation and refinement. Indeed, these 365 

movements appear random as the whole RGC population (On, Off, On-Off population) is 366 

considered, while RGC populations should themselves be divided into types in order to 367 

meaningfully investigate RGCs lateral migration. If it were possible to examine each type 368 

independently, our model suggests that these movements, reported as random, would appear as 369 

coherent, as illustrated by Figure 7. 370 
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 371 

Figure 7: Cellular migration appearing as random if the whole population is considered 372 

homogeneously (A) or coherent (homotypic avoidance) if the population is sub-divided into two 373 

population (B). 374 

 

SAC mosaic formation 375 

Beside most of RGCs, other retinal cell types are known to exhibit regular spacing, including SACs. 376 

This cell population is divided into the GCL and the INL. Both SAC layers form mosaics, that are 377 

reported to be independent from each other. Thus, there are only few overlaps between their 378 

populations. We found no RI variation from P3-4, indicating that these two SACs populations have 379 

already created their mosaics by P3-4, hence shortly after SACs migration into their respective 380 

cellular layer. In addition, we observed that the calculated exclusion factor does not vary, also 381 

supporting this assumption. Moreover, the observed complementarity of GCL and INL mosaics 382 

perhaps indicates interactions between these two SAC populations during their cellular 383 

organisation, before they migrate to their respective layer. 384 

Here, we investigated this GCL/INL population interaction hypothesis further by building a 385 

simulation of SACs mosaics development. These simulations clearly show that our modelling 386 

procedure can successfully be applied to another cell population, without changing any simulation 387 

parameters. Indeed, we have been able to explain differences in GCL and INL mosaic regularities 388 
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(the RI of the INL population being higher than that of the GCL population) by using only local 389 

interactions between SACs. This is the case if SACs constitute a unique population, or if GCL and 390 

INL populations are distinct (in other words, if one common or two distinct chemical cues are 391 

used). In the former case, this RI difference can be explained by the higher number of cells 392 

migrating to the INL compared to the GCL. Precisely, the percentage of a population characterised 393 

by a highly regular mosaic dictates the regularity of the resulting sub-population. Hence, the bigger 394 

the sub-population, the closer the obtained RI will be to the RI of the initial population, if cells 395 

constituting this sub-population are chosen randomly. For instance, if a population with a high RI is 396 

randomly divided into two sub-populations of 80% and 20% of the initial population (denoted 397 

respectively sub-population A and B), the sub-population A will have a RI closer to the initial 398 

population than the sub-population B. Thus, in the latter case, this observed RI difference between 399 

the GCL and INL populations can be explained by the higher cell density of SACs in the INL. This 400 

higher cell density in the INL allows more interactions and homotypic repulsion and thus the 401 

emergence of a higher RI than for the cells located in the GCL. 402 

However, and importantly, only the simulation condition using a common chemical cue for mosaic 403 

formation is able to explain the complementarity observed between the GCL and INL populations. 404 

Indeed, if the two mosaics (GCL and INL) are formed independently, they largely overlap without 405 

exhibiting the mutual exclusion observed in-vitro. This suggests that the GCL and INL populations 406 

of SACs are not fully independent. Hence, our results predict that a shared guidance cue is 407 

responsible for mosaic formation of SACs in the GCL and INL. Locally diffused chemical 408 

(molecular) guidance could be a possible cue candidate for mosaic formation. If this is the case, our 409 

prediction could be potentially experimentally verified by using knock-out experiments blocking 410 

either the secretion or the reception of this chemical guidance. 411 

Methods 412 

Experimental work 413 
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Immunohistochemistry 414 

Retinal wholemounts were prepared from mouse pups aged P2-P11, flattened on nitrocellulose 415 

membrane filters and fixed for 45 min in 4% paraformaldehyde. Retinas were then incubated in 416 

blocking solution — consisting in 5% of secondary antibody host species serum with 0.5% Triton 417 

X-100 in 0.1M phosphate buffer solution (PBS) — for 1 hour. 418 

Retinas were incubated with 0.5% Triton X-100 with RBPMS (1:500) and ChAT (1:500) in PBS for 419 

3 days at 4°C, then washed with PBS and incubated with 0.5% Triton X-100 with donkey anti rabbit 420 

Alexa 568 (1:500) and donkey anti goat Dylight 488 (1:500) in PBS for 1 day at 4°C. Finally, 421 

retinas were washed with PBS and embedded with OptiClear. Primary antibodies used were ChAT 422 

(AB144P, goat polyclonal, Merck Millipore) for SACs staining and RBPMS (1830-RBPMS, rabbit 423 

polyclonal, Phosphosolutions) for RGCs staining. Secondary antibodies used were Donkey anti 424 

rabbit Alexa 568 (A10042, Invitrogen) and Donkey anti goat Dylight 488 (SA5-10086, 425 

ThermoFisher Scientific). 426 

Zeiss AxioImager with Apotome processing and the Zeiss LSM 800 confocal microscope were used 427 

to image the retinas. High-resolution of the whole retinal surface was achieved by imaging multiple 428 

individual adjacent areas. Individual images were subsequently stitched back together to view the 429 

entire retinal surface. Images at 40x magnification were also acquired in mid-peripheral regions in 430 

order to perform cell count and mosaic regularity measures. 431 

Cell populations density 432 

The average RGC and SAC density for each developmental day was measured by performing a 433 

manual cell count from P2 to P10 for RGCs and from P4 to P10 for SACs. By accounting for the 434 

surface expansion observed during retinal development, we estimated changes in populations 435 

through development. The estimated total RGC and SAC populations for a given retina are 436 

calculated by multiplying the averaged cell density (obtained from 3-6 sample areas per retina) by 437 

its corresponding retinal surface. These individual measurements are then averaged for each 438 
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developmental day to give an estimation of the total population from P2 to P10. Cell population 439 

death rate during development is then calculated. In detail, the population of each retina measured 440 

on day D+1 is subtracted from the population of each retina measured on day D to calculate the 441 

amount of CD between day D and D+1. The amount of apoptosis measured between two 442 

consecutive days is then averaged to calculate the daily death rate of RGC and SAC populations. 443 

SAC populations in the GCL and INL are calculated separately. 444 

SAC mosaics 445 

Positions of SACs in the GCL and INL are also extracted in order to calculate mosaic regularities of 446 

these two populations from P4 to P10. A measure of GCL and INL mosaics exclusion has also been 447 

conducted. The calculated exclusion factor is based, for two distinct populations, on a count of cells 448 

from the first populations located within a determined distance (exclusion diameter) from cells 449 

belonging of the second population. This score is then normalised, to give an exclusion factor 450 

between 0 and 1. 1 denotes a perfect exclusion, meaning that all cells of the first population are 451 

located at a distance greater than the exclusion diameter from all cells of the second population. By 452 

consequence, only exclusion factors calculated with an identical exclusion diameter can be 453 

compared. A unique exclusion diameter of 32μm has been chosen here, corresponding to about 3 454 

times the diameter of a SAC soma, and allowing a good discrimination between our different 455 

mosaics. 456 

Ethics Statement 457 

The experimental work was approved by the Animal Welfare Ethical Review Board (AWERB) of 458 

Newcastle University. 459 

BioDynaMo 460 

Simulations were conducted using the agent-based simulation framework BioDynaMo (35). 461 
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Each object in BioDynaMo is denoted as a simulation object, and possesses its own characteristics, 462 

such as its 3D geometry, mass, adherence and position in space. Individual neurons are represented 463 

by a sphere. Diffusion in 3D of chemical substances in the extracellular space has also been 464 

implemented, with the discrete central difference method. This diffusion is supported by grids 465 

representing substances concentration and gradients. Mechanical forces are also taken into account 466 

between all simulation objects such that they cannot overlap, but mechanically repulse each other. 467 

Each simulation object can have a biology module attached to it, that describes its behaviour at each 468 

simulation time step, such as substance secretion, cell migration or cell growth. 469 

As an AB simulation framework, each simulation object is independent, without a central 470 

organisation unit that orchestrates the behaviour of all simulation objects. Thus, simulation objects 471 

only have access to their micro-environment, which consists of other simulation and chemical 472 

substances of the extracellular matrix in their proximity. 473 

Several biology modules have been defined and used in our simulations, in order to describe cells 474 

behaviour for self-organisation (cell fate, cell death and cell migration) and chemical substances 475 

secretion. 476 

Simulations 477 

All simulations took place in a cubic space of 1,300μm3, with cells of 7 to 8μm diameter randomly 478 

distributed (uniform distribution) in a space of 1,000μm×1,000μm×22μm. The initial cell density 479 

has been set to 8600 cells/mm2, in order to reach the RGC density once programmed CD 480 

mechanism is over — around 3000cells/mm2 reported in literature (3) and around 3500cells/mm2 in 481 

our measures. Mechanical interactions between simulation objects are taken into account, such that 482 

they cannot overlap, and mechanically repulse each other. The time step is set such that 160 steps 483 

simulate one day of development. Mosaic formation simulations run for a maximum of 2240 steps, 484 

corresponding to 14 days of development. 485 
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The global RGC population is subdivided into 43 types. Some have been precisely documented, 486 

such as the On or On-Off direction selective ganglion cells (DSGC), the local edge detector (LED), 487 

or the Off J-RGCs, and their population densities and dendritic arbours characteristics are known. 488 

However, these precisely documented RGC groups represent only 19 types, and merely about 60% 489 

of the total RGC population (~1700 cells/mm2 over ~3000cells/mm2) (3). RGC types composing the 490 

remaining 40% of the population have been estimated using results from Sanes and Masland 491 

(2015), Reese and Keeley (2015) and Baden et al. (2016). These authors state that numerous RGC 492 

types are still unknown and these cells are probably sparsely distributed across the retina. Thus, we 493 

implemented 24 additional RGC types of various but low densities. All implemented RGC types 494 

and their corresponding starting and final densities are summarised in Table 1. 495 
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 496 

Table 1: Implemented RGC types and parameters used for different conditions. D: death 497 

mechanism only. FD: fate and death mechanisms. FDM: fate, death and migration mechanisms. 498 

Death: concentration threshold for death mechanism. Migration: concentration threshold for 499 

migration mechanism. Parameters have been empirically chosen. 500 

 

Cells are created with no predefined types when simulating the CF mechanism. Otherwise, cells of 501 

each RGC type are created matching their experimentally observed initial density. 502 

Substance secretion 503 
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Each RGC type secretes a specific chemical substance that diffuses in the extracellular space, using 504 

grids of 2μm3 voxels. This secretion corresponds to an increase of substance concentration by 1 at 505 

the cell centre position. Undifferentiated cells do not secrete any substance. 506 

RGC mosaic formation: CF 507 

CF is implemented such that substances act as an inhibitor for cell differentiation, preventing 508 

nearby undifferentiated cells to adopt the same types. In this way, neighbouring cells are forced to 509 

differentiate into other RGC types. CF is the first event to occur during simulations, because CD 510 

and CM mechanisms operate on differentiated cells. 511 

RGC mosaic formation: CD 512 

The CD mechanism corresponds to the cells removing themselves from the simulation if their 513 

corresponding substance concentration is higher than a defined threshold. In this way, the clusters of 514 

homotypic cells exhibit high death rates and become sparser. As the cell density decreases, the 515 

initial multilayer collapses into a RGC monolayer. This is implemented as cells moving along the z 516 

axis toward the centre of the RGC layer, using their chemical cue. CD is triggered after completion 517 

of CF, and continues until a steady-state is reached, around a death rate of 65%. This steady-state is 518 

reached without global controllers but depends on the chosen concentration threshold triggering cell 519 

death. If this threshold is low the steady-state will be reached with a high death rate, while if this 520 

threshold is high the steady-state will be reached with a low death rate. 521 

RGC mosaic formation: CM 522 

CM is implemented such that the homotypic substances act as a repulsive factor. Thereby, cells 523 

exhibit short distance avoidance, moving tangentially against their substance gradient, distancing 524 

themselves from homotypic neighbours. We assume that CM is triggered after completion of CF, at 525 

the same time as CD, and continues either until a steady state or day 13 is reached. 526 
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Development conditions incorporating all combinations of these three mechanisms have been 527 

investigated. As the mechanisms influence each other, parameters vary depending on the 528 

implemented mechanisms. The CD mechanism parameters were chosen for each RGC type such 529 

that its final death rate is about 65%. The CM parameters were chosen depending on the CD 530 

parameter value and such that the interaction is kept to close range distance. Pseudocode 531 

corresponding to these three biology modules can be found in Pseudocode 1. Table 1 summarises 532 

the parameters used for RGC mosaics formation mechanisms. 533 

 534 

Pseudocode 1: Pseudocode describing biology modules. A: cell fate. B: cell death. C: cell 535 

migration. 536 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 24, 2021. ; https://doi.org/10.1101/2021.10.22.465398doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.22.465398
http://creativecommons.org/licenses/by/4.0/


 

29 

 

SAC mosaic formation 537 

The simulation of SAC mosaic formation is achieved using locally diffused chemical cues 538 

triggering homotypic avoidance (tangential migration mechanism). Once mosaics are formed, the 539 

two populations migrate to their respective layers, along the Z axis. Two different developmental 540 

conditions have been implemented, using either one common or two separated (one for GCL 541 

population, one for INL population) chemical substances for mosaics formation. Importantly, 542 

concentration thresholds are identical for the GCL and INL populations. Parameters have been set 543 

such that the mosaic RIs match the measured RIs in mouse SACs mosaics. 544 

Data analysis 545 

The RI was used to assess the regularity of the mosaics. It is computed as the average value of the 546 

closest neighbour distribution (distribution of the closest neighbour measured for each cell) divided 547 

by its standard deviation (36). The RI offers a single score that is able to discriminate regularity 548 

differences between mosaics of low regularities. In addition, and as previously reported by Reese 549 

and Keeley (2015), the RI offers a scale-invariant measure of mosaic regularity and thus more direct 550 

evidence of any change in the mosaic spatial organisation during development. It is not only the 551 

absolute RI value that carries information, but also its evolution across development, related to the 552 

contribution of each mosaic developmental mechanism (CF, CD, CM). However, it should be 553 

pointed out that RI is sensitive to a low sampling rate, leading to significant variability in RI scores 554 

for mosaics constituted of few cells. 555 

Comparisons between two RI values have been conducted using T-tests for two independent 556 

samples. 557 

Author Contributions 558 

JdM, ES and RB conceived and designed the experiments and wrote the paper. JdM performed the 559 

experiments and analyzed the data. 560 
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