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Abstract  24 

How does evolution act on neuronal populations to match computational characteristics to functional 25 

demands? We address this problem by comparing visual code and retinal cell composition in closely 26 

related murid species with different behaviours. Rhabdomys pumilio are diurnal and have 27 

substantially thicker inner retina and larger visual thalamus than nocturnal Mus musculus. High-28 

density electrophysiological recordings of visual response features in the dorsal lateral geniculate 29 

nucleus (dLGN) reveals that Rhabdomys attains higher spatiotemporal acuity both by denser 30 

coverage of the visual scene and a selective expansion of elements of the code characterised by non-31 

linear spatiotemporal summation. Comparative analysis of single cell transcriptomic cell atlases 32 

reveals that realignment of the visual code is associated with increased relative abundance of bipolar 33 

and ganglion cell types supporting OFF and ON-OFF responses. These findings demonstrate how 34 

changes in retinal cell complement can reconfigure the coding of visual information to match changes 35 

in visual needs.  36 

Introduction 37 

Vertebrate central nervous systems share common structural, developmental and genetic blueprints. 38 

This standard architecture must accommodate species-specific differences in dominant sense(s), 39 

modes of locomotion, and strategies for food seeking, predator avoidance, and reproduction. Such 40 

profound differences in functional requirements can exist for species that are closely related by 41 

phylogeny, highlighting the need for plasticity in the common blueprint of the brain.1 Recent 42 

technological developments allow exploration of how such adaptations arise with unprecedented 43 

resolution.  On the one hand, large-scale recordings of neuronal populations facilitate an unbiased 44 

comparison of information channels across species2,3, linking coding strategies to ecological niches. 45 

On the other, high-throughput single cell transcriptomics allows comprehensive identification of cell 46 

types and cross-species comparisons4-6. With these techniques in hand, it becomes possible to 47 

describe the process of central nervous system evolution by tracing changes in cell type complement 48 

and adaptations in computational characteristics. 49 
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Here we apply this approach to a comparison of the early visual system in two closely related murid 50 

rodents. The laboratory mouse (Mus musculus) is a popular model for understanding mammalian 51 

vision in health and disease and for establishing general principles of neural function. Like most murid 52 

species, Mus are predominantly nocturnal, and this is reflected in key features of the visual system, 53 

including a rod dominant retina and a UV transmitting lens7. However, some Muridae are diurnal, 54 

including the four striped mouse, Rhabdomys pumilio, of sub-saharan Africa8,9. The switch to 55 

diurnality in Rhabdomys has been associated with substantial changes in visual system anatomy10,11. 56 

The Rhabdomys retina is cone-dominated, its lens absorbs UV light, and both its retina and visual 57 

centres in the brain are expanded in volume compared to Mus10-12. Moreover, an unbiased analysis of 58 

the Rhabdomys genome reveals that genes involved in vision exhibit accelerated evolution compared 59 

to related murids13.  60 

Rhabdomys and Mus represent a case study in how differences in temporal niche are reflected in 61 

visual system anatomy14. However, an important unanswered question is how such anatomical 62 

expansion impacts the visual code. In principle, the enhanced capacity to process visual information 63 

in Rhabdomys could allow: the same computations to be performed with higher precision; a wider 64 

array of visual features to be extracted, describing the scene with greater granularity; or 65 

reconfigurations of the visual code towards features of particular ecological importance. Similarly, 66 

contributors to the anatomical expansion remain unclear. For example, both inner nuclear and 67 

ganglion cell layers are thicker in the Rhabdomys retina10-12, but the increased cell number might be 68 

accompanied by altered frequencies of cell types shared with Mus, emergence of new types, or both. 69 

Addressing these questions will help reveal how the blueprint of neural circuits can be adjusted to 70 

align computation to changing ecology.  71 

To address these issues, we combined high-density electrophysiological recordings of visual 72 

response properties in the dorsal lateral geniculate nucleus (dLGN; primary visual thalamus) of Mus 73 

and Rhabdomys with comparative analyses of retinal cell atlases from these species. We find that the 74 

enhanced capacity of the Rhabdomys visual system is applied not only to sample the scene with 75 

higher density but also to facilitate a realignment towards nonlinear spatiotemporal summation. This 76 

functional realignment can be traced to adjustments in the relative abundance of multiple bipolar and 77 

retinal ganglion cell types. Our data thus show how evolution can shape computation by selective 78 

expansion of cell types within the framework of a common neural circuit blueprint.  79 

Results  80 

Realignment in thalamocortical visual code between Mus and Rhabdomys  81 

Based on the assumption that thalamocortical vision may more reliably reflect inter-species 82 

differences in visual ecology than parts of the visual system responsible for reflexive behaviours such 83 

as optomotor coordination, pupil regulation and circadian entrainment, we set out to compare the 84 

visual code in Rhabdomys and Mus dorsal lateral geniculate nucleus (dLGN; principal relay of visual 85 

information to the cortex). Using a 256-channel recording electrode across multiple placements in 86 

both sagittal and coronal orientations we recorded visually evoked activity for neurons across the 87 

dLGN of both species (Figure 1a; Supplementary Figure 1). To broadly survey the diversity of visual 88 

responses in the two species, we applied a full field temporal modulation stimulus (Figure 1b) 89 

previously applied in both the retina and dLGN of Mus to identify functional response types15. dLGN 90 

neurons in both species showed strong yet diverse responses to this stimulus (n=611 and n=422 units 91 

in Rhabdomys and Mus, respectively; Figure 1).  92 

To explore the characteristics and numbers of response types within each species, we pooled light 93 

responsive units from Rhabdomys and Mus, and extracted isolated response features from the 94 

peristimulus histograms (PSTH) of light-responsive neurons using a sparse principal component 95 

analysis (sPCA; Supplementary Figure 2; see Methods). We then clustered the data by applying a 96 

Gaussian mixture model to the feature set and optimised the cluster number by minimising the 97 
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Bayesian Information Criteria (Supplementary Figure 2b). This approach produced 15 functional 98 

clusters, which varied in their response sign, temporal frequency tuning and/or contrast sensitivity 99 

function (Figure 1b-c; Supplementary Figure 3 and 4). Mapping the location of all recorded units 100 

across the dLGN ruled out any systematic sampling bias across clusters (Supplementary Figure 1c). 101 

As expected from earlier work, we found response types corresponding to transient ON (clusters 4, 5, 102 

9, 13) and transient OFF (10, 11), sustained ON (12, 14, 15), and ON-OFF responses (1, 2, 3, 7, 8). 103 

Within those categories, there was further diversity in temporal and contrast sensitivities. Clusters 1, 104 

3, 5, 9 and 13 showed band-pass temporal frequency tuning, with the remainder showing low-pass 105 

tuning. Clusters 5, 13 and 14 showed the highest contrast sensitivity (sensitivity defined by half-106 

maximum of Naka-Rushton curve, see Methods), while 4 and 6 had lowest sensitivity, and clusters 2 107 

and 5 showed saturating contrast sensitivity curves. Suppressed-by-contrast responses were also 108 

identified (clusters 6 and 8).  109 

We next compared the proportion of neurons from Rhabdomys or Mus that were assigned to each 110 

functional cluster (Figure 1d). Most clusters (12/15) contained units from both Mus and Rhabdomys, 111 

and where this was the case, the mean response profile remained consistent between species 112 

(Supplementary Figure 2H). However, three types appeared to be unique to one species (1, 3 and 15) 113 

and frequencies differed by >5-fold for others (2, 5, 9, 12, 13 and 14; Figure 1d). Accordingly, the 114 

overall frequency distribution of units across clusters was highly significantly different between 115 

species (chi square test, p<0.001). This pattern was consistent across experimental animals and 116 

robust to controls for cluster number, batch effects and critical analysis parameters (Supplementary 117 

Figure 2C-G).  118 

The 3 most common clusters in Rhabdomys (transient ON-OFF; clusters 1-3) were represented by 119 

only 4 units in Mus. Conversely the clusters with highest Mus representation (sustained ON; 12-15) 120 

were sparsely represented in Rhabdomys (21 units across these 4 clusters). To independently verify 121 

these prominent differences between the two species, we separately classified dLGN response units 122 

according to the kinetics and polarity of their response to a 2s step (2s 97% contrast step every 20s) 123 

(Methods; Figure 1e-f; Supplementary Figure 3). The distribution of units across the resultant 124 

categories was again significantly different between species (chi square test p<0.001), confirming that 125 

the most common response type was ON-OFF in Rhabdomys and sustained ON in Mus.  126 

Among the responses to the chirp element of the stimulus >50% of Rhabdomys units but only ~33% 127 

of Mus units were from clusters displaying band-pass temporal frequency tuning (1, 3, 5, 9, 13). 128 

Accordingly, calculations across the whole dLGN population confirmed a preference for higher 129 

frequencies in Rhabdomys (Supplementary Figure 4). There was a slight but significant shift towards 130 

increased contrast sensitivity in Rhabdomys compared to Mus (Supplementary Figure 4c, d, g and h). 131 

Mus neurons were overrepresented in clusters with the lowest contrast sensitivity (5, 13, 14), while 132 

Rhabdomys neurons predominated clusters with high contrast sensitivity (4, and 6). Clusters showing 133 

saturating responses (2 and 5) were also predominant in Rhabdomys. Suppressed-by-contrast 134 

profiles were detected in both species, albeit at low frequency (clusters 6 and 8).  135 

Rhabdomys dLGN provides higher temporal fidelity and denser coverage of the visual 136 

field 137 

To define the spatial information capacity of Mus and Rhabdomys, we next mapped receptive fields 138 

using a binary dense noise stimulus (5Hz). Using spike triggered averages (STAs), we were able to 139 

reconstruct receptive fields in 41% and 64% of light-responsive neurons in Mus and Rhabdomys, 140 

respectively. Spatial receptive fields (RFs) had robust centre responses, which were delineated as 141 

ON or OFF polarity (Figure 1g-i). Robust opposing surround responses were rare in both species, 142 

consistent with previous work in Mus, and are not further quantified here. In Mus, the mean RF 143 

diameter was consistent with prior estimates (median: 5.54;16,17; Figure 1i). In Rhabdomys, this value 144 

was only 6% smaller (median: 5.20; Kolmogorov-Smirnov P=0.036) although the distribution of RF 145 
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sizes in each species covered a similar range. The Rhabdomys dLGN displayed higher temporal 146 

fidelity, with the temporal filter in the receptive field centre having significantly shorter latency in this 147 

species (median = 134ms and 186ms in Rhabdomys and Mus, respectively; Kolmogorov-Smirnov 148 

test: P<0.001; Figure 1j). Although individual RFs were similar in the two species, the expanded 149 

volume of the dLGN allowed greater overlap of RFs in Rhabdomys and therefore denser coverage at 150 

the population level (Figure 1k).  151 

Enhanced non-linear spatial integration in Rhabdomys dLGN 152 

The higher frequency of ON-OFF units in Rhabdomys than Mus suggests that visual responses in this 153 

species may involve increased non-linear spatiotemporal integration18. To assess this directly, we 154 

recorded dLGN responses to inverting gratings at 6 spatial frequencies (each at two phases and at 4 155 

orientations; 1Hz; Michelson contrast = 97%) and identified the optimum phase/orientation for each 156 

neuron offline (see Methods). Quantifying the change in firing rate as a function of spatial frequency 157 

revealed a significant increase in the sensitivity of Rhabdomys dLGN neurons to higher spatial 158 

frequencies compared to Mus. Thus, at their preferred phase/orientation, most Mus neurons  showed 159 

low-pass tuning across the range of spatial frequencies tested, responding up to around 0.6 cpd 160 

(Figure 2a,c,d), while most Rhabdomys neurons remained responsive to inverting gratings at the 161 

highest spatial frequency tested (1.2 cpd; Figure 2b-e), much smaller than the predicted RF size (~3-162 

8°). Taken together, these results support the preponderance of non-linear spatial summation in 163 

Rhabdomys neurons, i.e. combining visual signals over space in a non-linear fashion. To further 164 

examine this, we quantified the response amplitude to inverting gratings that were larger than the 165 

calculated receptive field size of each neuron (identifying the optimal phase and stimulus orientation). 166 

We then calculated a linearity index (LI), a ratio of the response at the fundamental frequency of the 167 

stimulus (F1, 1Hz), to the second harmonic (F2; 2Hz)) in response to this stimulus in each species 168 

(Figure 2f-o). Around 25% of neurons were ‘non-linear’ in Mus dLGN (similar to17), in contrast with at 169 

least 60% in Rhabdomys. In both species, non-linear units responded to inverting gratings at spatial 170 

frequencies that were smaller than their receptive field sizes (Figure 2 I,j,n,o) whereas linear units did 171 

not (Figure 2g, h, l, m).  172 

Analysis of the inverting grating responses enabled us to determine the degree of orientation 173 

selectivity by calculating an orientation selectivity index (OSI; methods) for each neuron at its 174 

preferred spatial frequency and phase. The range of OSI values in the Mus dLGN was consistent with 175 

previous reports16,17, and a similar distribution was found in Rhabdomys (Figure 2p-r). At a 176 

conservative threshold of OSI=0.5, 10% and 11% of light-responsive neurons in Mus and 177 

Rhabdomys, respectively, were classed as orientation selective. In OSI neurons, we found a strong 178 

preference for horizontally orientated bars in Mus, whereas Rhabdomys showed a more even 179 

distribution around the tested orientations (Figure 2s); however, the low numbers of OS neurons 180 

make it hard to attribute significance to those differences.  181 

Direction selectivity and responses to motion 182 

We applied a moving bar stimulus to explore motion-sensitivity and direction-selectivity. ~90% of light-183 

responsive neurons in each species responded to this stimulus with a phasic change in firing. 184 

Responsive neurons showed changes in firing at the leading and/or trailing edge of the bar when 185 

moving over its receptive field (see representative neurons in Figure 3a,b). Consistent with the 186 

evidence of enhanced non-linear spatiotemporal summation in Rhabdomys, there was a bias towards 187 

responses to both the leading and trailing edge in this species. This could be seen most clearly in the 188 

spike-triggered average within an individual neuron’s receptive field (Figure 3c,d). We calculated a 189 

direction selectivity index (DSI) for neurons that responded to the moving bar. In a subset of neurons, 190 

the strength of responses was dependent on the direction of movement (Figure 3b), consistent with 191 

previous reports in Mus dLGN16,17, however there was a similar distribution of DSIs in both species 192 

(Figure 3e). We did not find any statistical difference in the preferred direction of motion between 193 
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species (Figure 3f; chi square test p<0.001), though Rhabdomys showed a bias towards motion 194 

sensitivity in the dorso-temporal and ventro-nasal directions.  195 

Electroretinogram recordings in Mus and Rhabdomys 196 

While the visual code is sculpted in the dLGN19, its fundamental properties are inherited from the 197 

retina. Given the marked increase in appearance of OFF excitation in Rhabdomys dLGN we therefore 198 

turned to in vivo electroretinography to determine whether this was also apparent in the retinal light 199 

response. Three components of the electroretinogram (ERG) are relevant: the a-wave is derived from 200 

photoreceptors, the b wave from ON bipolars and the d wave from OFF bipolars. In response to brief 201 

flashes of light under dark-adapted conditions, the a-wave was larger in Rhabdomys at high 202 

intensities and higher in Mus at low intensities, consistent with the relative paucity of rods, which are 203 

more sensitive than cones, in Rhabdomys (Figure 4A-C). Similarly, the b-wave implicit time (latency to 204 

peak), which reflects ON bipolar cell activity, was reduced in Rhabdomys, which would be consistent 205 

with a reduced contribution of the more sluggish rod pathway to ON responses. Turning to the 206 

question of OFF excitation, we recorded ERGs in response to an extended (250ms) step under light 207 

adapted (cone isolating) conditions. This stimulus can reveal the activity of ON and OFF cone BCs as 208 

separate b- and d-waves associated with the appearance and disappearance of the light step 209 

respectively. In accordance with the literature, we found that the light pulse ERG is dominated by the 210 

b-wave in Mus (Figure 4E-G). Conversely, in Rhabdomys, d-waves were at least as prominent (Figure 211 

4E-G) consistent with a strong contribution of OFF bipolar cells and a realignment towards OFF 212 

excitation from the earliest step of visual signal transduction in this species. 213 

Comparison of Mus and Rhabdomys retinal cell classes and types 214 

To understand the distinct coding properties in the primary visual pathway of Rhabdomys and Mus we 215 

compared retinal neuronal types of the two species, using atlases derived from single-cell and single-216 

nucleus RNA-seq20-23. The Rhabdomys atlas24 (Figure 5) contained 65,930 nuclei from 2 Rhabdomys, 217 

which could be classified via standard computational procedures into the five retinal neuronal classes 218 

(photoreceptors [PR], horizontal cells [HC], bipolar cells [BC], amacrine cells [AC] and retinal ganglion 219 

cells [RGC]) as well as multiple glial types (Muller, Astrocyte, and Microglia), endothelial and retinal 220 

pigment epithelial cells (Figure 5a). Each neuronal classes could be further divided into 221 

transcriptomically distinct clusters: 3 PR, 1 HC, 18 BC, 33 AC and 33 RGC clusters (Figure 5b). 222 

Altogether, the atlas included over 100 retinal clusters, representing putative cell types. Within each 223 

class, nearly all Rhabdomys clusters mapped in a specific fashion to Mus types (see below). This 224 

correspondence allowed us to transfer cell type labels of the better-studied Mus to Rhabdomys, 225 

facilitating comparison between the two species.  226 

Rhabdomys retina is cone-dominated  227 

Analysis of photoreceptor transcriptomes confirmed and quantified the known shift in rod:cone ratio 228 

between Mus and Rhabdomys: ~3% of Mus photoreceptors but >65% Rhabdomys photoreceptors 229 

are cones, a >20-fold difference (Figure 5c). Also anticipated was the degree of cone opsin co-230 

expression. ~40% of Mus M cones express S-opsins at low levels25, whereas this was true for only 231 

~1.3% of Rhabdomys M cones (112 out of 8622 cones), with the majority (92.7%) expressing only M-232 

cone opsin.   233 

A reduction in rod BCs and increased proportion of OFF BCs in Rhabdomys inner 234 

retina 235 

BCs can be subdivided into those that depolarize (ON) or hyperpolarize (OFF) to illumination. Cones 236 

innervate both ON and OFF BCs whereas all rod BCs are ON BCs. Clustering the ~11,400 237 

Rhabdomys BC transcriptomes generated 18 putative types (Figure 6a). Based on known markers, 238 

these types comprised 7 OFF cone BC types, 9 ON cone BC types, and 1 rod BC type. The final type, 239 

BC1B, receives no direct photoreceptor input20,26 so cannot be confidently classified as either ON or 240 

OFF. A supervised classification analysis based on transcriptomic signatures indicated a 241 
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predominantly 1:1 correspondence between the Rhabdomys BC types and Mus BC types (Figure 6b). 242 

The patterns of correspondence were consistent with the results of our recent comparative analysis of 243 

BC types across 13 mammals using an integrative clustering approach24.  244 

Three notable differences in BC composition between species were evident. First, the 18 BC types in 245 

Rhabdomys exceeded the 15 that have been identified and validated in Mus. Mus types BC1A, 3B 246 

and 5A each mapped to two Rhabdomys types (Figure 6b). Members of each pair (C3 and C18 for 247 

BC1B, C2 and C8 for BC3B, C6 and C9 for BC5A) differentially expressed multiple genes 248 

(Supplementary Figure 5), supporting their identity as distinct types. Second, rod BCs comprised 249 

around 3.5% of the total BCs in Rhabdomys, in contrast to ~43% in Mus, correlating with the 250 

difference in rod:cone ratio between species (Figure 6c; Supplementary Table 1). Immunostaining 251 

with the RBC marker PKCα validated this difference (Figure 6d). Third, among cone BCs (that is, 252 

separate from the difference in rod BC frequency), there are more OFF BCs and fewer ON BCs in 253 

Rhabdomys than in Mus. The four most abundant cone BC types in Rhabdomys retina (C1-4; clusters 254 

are numbered in order of their abundance) all corresponded to OFF types in Mus. Conversely, all but 255 

one of the ON cone BC types were more abundant in Mus (Figure 6e; Supplementary Table 2). This 256 

redistribution of CBC types would predict an enhanced OFF type response at the first retinal synapse, 257 

consistent with the enhanced photopic d-wave observed in the ERG (Figure 4).  258 

Increased abundance of OFF and ON-OFF RGCs in Rhabdomys 259 

Reclustering the 26,500 Rhabdomys RGCs transcriptomes yielded 33 clusters (Figure 7a), which is 260 

substantially lower than the 45 molecularly distinct RGC types in Mus. However, supervised classifiers 261 

trained on either Mus or Rhabdomys data indicated that all known 45 Mus RGC types were 262 

represented among the Rhabdomys clusters (Figure 7b). Thus, in several instances a Rhabdomys 263 

cluster was composed of a group of closely related Mus types. The difference in resolution was likely 264 

due differences in cell number (26539 in Rhabdomys vs 35699 in Mus), sequencing depth and/or 265 

modality (single-cell vs. single-nucleus).  266 

 267 

RGCs are conventionally classified as ON, OFF or ON-OFF types depending on whether they are 268 

excited by increases or decreases in light intensity or both. Previous studies have combined 269 

morphological, physiological, and transcriptomic data to characterize Mus RGCs21,27-29. Based on 270 

those results, we were able to assign 43 Mus types to one of these three categories (Figure 7c). 271 

Lacking physiological data from Rhabdomys RGCs, we used our supervised classification model to 272 

provisionally categorize Rhabdomys RGCs as ON, OFF or ON-OFF based on their assigned Mus 273 

label.  The 8 most abundant putative ON types in Mus were all under-represented in Rhabdomys, and 274 

most OFF or ON-OFF types were more abundant in Rhabdomys than in Mus, including all four of the 275 

known ON-OFF direction-selective types (ooDSGCs; Figure 7c,d; Supplementary Table 3). This bias 276 

is consistent with the preponderance of OFF BCs in retina and OFF and ON-OFF responses in dLGN 277 

noted above. Interestingly, orthologues of a subclass of Mus RGCs defined by expression in the 278 

“THWY3” transgenic line21,30,31 were enriched in Rhabdomys (Figure 7d); 2 of these types are OFF, 2 279 

ON, 1 ON-OFF, and 1 unknown.   280 

 281 

Depletion of ipRGCs in Rhabdomys  282 

Several types of melanopsin- (Opn4-) expressing ipRGCs have been characterized in Mus 32-35. Our 283 

Mus RGC atlas identifies 5 ipRGC types, which we have provisionally called M1a, M1b, Mx, M2 and 284 

M4. Two additional Mus RGC types, C7 and C8, are closely related to the ipRGCs; both express the 285 

subclass-defining transcription factor Eomes, and both express Opn4 at low levels21. Mus ipRGC 286 

types co-mapped to Rhabdomys clusters C16 and C27 (Figure 7b). However, for all these types, the 287 

relative abundance was substantially lower in Rhabdomys than in Mus (Figure 8a), which is the likely 288 

reason that they did not form separate clusters.  289 

 290 
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To validate these results, we used fluorescent in situ hybridisation chain reaction (HCR-FISH) to 291 

compare Opn4+ RGCs in retinal wholemounts from the two species (Figure 8b). Using an automated 292 

cell detection method (Supplementary Figure 6), we found that the number of Opn4+ cells per unit 293 

area was substantially lower in Rhabdomys than Mus (Figure 8c,d) indicating that both the absolute 294 

density of ipRGCs (5x lower) and their representation as a function of the total RGC population were 295 

greatly reduced in Rhabdomys compared to Mus. Quantification of soma size and FISH intensity in 296 

the two species (Figure 8e-g) revealed a bias towards cells with smaller soma sizes in Rhabdomys, 297 

and an increased proportion of cells with high Opn4 expression.   298 

Discussion  299 

We applied physiological and transcriptomic techniques to understand how the visual systems of 300 

closely related murid rodents are adapted to divergent visual ecology. Diurnal Rhabdomys have 301 

thicker inner retinas and larger dLGNs than nocturnal Mus. Our data reveal that although they apply 302 

this extra information capacity to provide denser coverage of the visual scene, this does not amount 303 

to simply ‘more of the same’ visual code seen in Mus.  Rather, we find a marked realignment towards 304 

nonlinear spatiotemporal summation in the Rhabdomys dLGN. This is apparent in a shift from 305 

predominantly ON responses in Mus towards biphasic, ON-OFF, responses and increased 306 

abundance of units able to track gratings sufficiently fine to fall entirely within their receptive field 307 

centre in Rhabdomys. These inter-species differences in visual code are accompanied by selective 308 

expansions in the abundance of OFF BCs and RGCs with transcriptional fingerprints of ON-OFF 309 

response types in Rhabdomys compared to Mus.   310 

In principle, the enhanced information capacity of the Rhabdomys early visual system could have 311 

been employed in numerous ways. One option would have been to transmit a higher fidelity, less 312 

filtered representation of the scene to the cortex. That would facilitate richer computations and 313 

interpretation at higher levels and is the strategy often employed by other species with enhanced 314 

visual systems such as primates, where a relatively unprocessed visual code is coupled with an 315 

expansion of the visual cortex36-38. However, we find that such simple ‘pixel encoders’ (characterised 316 

by sustained responses and linear spatial summation) are substantially less common in Rhabdomys 317 

than Mus (Supplementary Figure 3c). At the other extreme, Rhabdomys’ extra capacity could 318 

plausibly be applied to allow more diverse computations in the early visual system, parsing the visual 319 

scene in more complex ways 39,40. Our cell atlas analysis provides some support for that proposition, 320 

as there is evidence of increased diversity in the BC population with Mus subtypes BC1A, 3B and 5A 321 

each represented by two transcriptionally distinct clusters in Rhabdomys. However, we did not 322 

observe a corresponding increase in diversity in the Rhabdomys visual code. Thus, unbiased 323 

clustering returned around 14 functionally distinct channels in the dLGN of each species (with the 324 

proviso that more complexity is expected with a wider array of visual stimuli and/or in distinct RGC 325 

targets).  326 

Given the alternatives, what advantage might Rhabdomys attain by selectively increasing 327 

representation of units with non-linear spatiotemporal summation, especially as such non-linear 328 

feature detectors are often more abundant in the retinas of animals that invest less neural resources 329 

in (form) vision (e.g.30). One possibility is that it represents an efficient approach to enhance 330 

spatiotemporal resolution. We find that RF sizes are only marginally finer in Rhabdomys compared to 331 

Mus. With this constraint in mind, natural selection can take two routes to exploit the additional 332 

information of Rhabdomys to increase spatiotemporal acuity. On the one hand, it can increase the 333 

degree of overlap in RF between units to achieve denser coverage of the scene at neuronal 334 

population level. We find that this is indeed a feature of the Rhabdomys visual code. Alternatively, it 335 

can employ non-linear spatiotemporal summation to allow individual neurons to respond to patterns 336 

within their RF, achieving greater acuity at the single unit level. Rhabdomys appear to exploit this 337 

opportunity too, as we find that realignment of the visual code towards non-linear summation allows 338 

many units to respond to high frequency gratings.   339 
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The primary features of the thalamic visual code are inherited from the retina, and species differences 340 

in the visual code that we observe are accompanied by some substantial differences in retinal cellular 341 

composition. Most obviously, the Rhabdomys retina has many more cone photoreceptors and this is 342 

achieved by selective expansion of the M-cone opsin expressing cones (the fraction of photoreceptors 343 

expressing S-cone opsin hardly differs between species). The shift towards cones is expected for a 344 

more day active species. That this is restricted to M-cone opsin expressing cones is perhaps 345 

associated with Rhabdomys’ combination of UV sensitive S-cone opsin with a lens that filters out UV-346 

wavelength light11. 347 

Second order neurons are also substantially different in Rhabdomys with no overlap in the 3 most 348 

abundant BC types in each species. The switch to a cone-rich retina in Rhabdomys is accompanied 349 

by a large decrease in the relative proportion of rod BCs. This may be predicted given the cone bias 350 

of the Rhabdomys retina, but recent analysis reveals that rod BCs can be numerous even in species 351 

with high cone density24. Evidence that cones can signal via rod BCs supports the contention that rod 352 

BCs do not necessarily become redundant when rod numbers fall. Nevertheless, both anatomical and 353 

physiological characteristics of cone BCs facilitate information transfer at higher spatiotemporal 354 

resolution.  355 

The decrease in rod BC frequency in Rhabdomys compared to Mus is accompanied by an increase in 356 

cone BC frequency. However, the increase is not distributed equally across cone BC types. Instead, it 357 

appears disproportionately in OFF BCs (in order of fractional abundance BC3B, BC4, BC1A, BC3), 358 

while cone ON BCs occupy equivalent fractions of the BC population in the two species. The 359 

enrichment of OFF BCs in Rhabdomys is consistent with the enhanced ERG d-wave amplitude 360 

(measuring OFF responses) and the preponderance of OFF excitation responses in the dLGN of this 361 

species. A plausible function of the increase in OFF BC frequency facilitates non-linear 362 

spatiotemporal summation and, indeed, the two most expanded BC classes in Rhabdomys (BC3B 363 

and BC4) have characteristics well suited to this purposes (small dendritic and axonal fields and 364 

transient responses41,42). But realignment towards OFF BCs may bring additional benefits. OFF BCs 365 

respond faster than ON BCs, allowing the possibility not only for faster visual reflexes but also higher 366 

acuity43. As a day active species, Rhabdomys may place a higher premium on detecting shadows 367 

(attributed to OFF pathways44) and in a more general sense the negative spatial contrast to which 368 

natural scenes are biased45 than high sensitivity vision (attributed to ON pathways46). Finally, the 369 

enhanced capacity of OFF pathways could support better ability to detect overhead (dark) looming 370 

stimuli indicative of aerial predators47.  371 

Species differences in the RGC population are more nuanced than those in photoreceptor or BC 372 

makeup but are in accordance with the changes in visual code that we observe. Thus, in the 373 

Rhabdomys atlas RGC types characterised by ON responses in mice are relatively under-represented 374 

in favour of those with OFF and ON-OFF responses. The population of ON type, melanopsin-375 

expressing, ipRGCs provides a noteworthy example of this realignment. Not only is the density of 376 

Opn4-positive RGCs in the Rhabdomys retina ~5-fold less than Mus, but their anatomical features 377 

suggest a particular reduction in those ipRGCs contributing to thalamocortical vision. Compared to 378 

Mus, Rhabdomys Opn4+ cells are biased towards smaller soma and slightly higher melanopsin 379 

expression. These are characteristics of the M1-3 ipRGCs which subserve reflex responses of 380 

circadian entrainment and pupil constriction in Mus. It follows that cells with the morphological 381 

characteristics of the Mus M4 population34,48 that contribute to sustained-ON responses in the dLGN49-
382 

51 are especially rare in Rhabdomys.  383 

The Mus vs Rhabdomys comparison represents a case study in how sensory systems can adapt to 384 

different ecology. Despite their similarity in phylogeny, size and diet these species have evolved 385 

markedly different visual systems. Rhabdomys is adapted to exploit the higher signal:noise of visual 386 

signals in the day with its cone-rich retina and expansion in the thickness of the inner retina and 387 

dLGN. We find that it applies this additional information capacity in both predictable and more 388 
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surprising ways. Thus, in addition to simply achieving greater density of coverage of the visual scene, 389 

changes in composition of the retinal cell population drive a realignment in favour of OFF responses 390 

and non-linear spatiotemporal summation, which increase spatial resolution of the visual code and 391 

may provide other benefits. Our data thus show how evolutionarily advantageous changes in 392 

computational outcome can be produced by selective expansion/contraction of cell types comprising a 393 

neural circuit. 394 

Methods 395 

Animals 396 

Animal care was in accordance with the UK Animals, Scientific Procedures Act of 1986, and the study 397 

was approved by the University of Manchester ethics committee. Animals were housed on a 12h:12h 398 

light:dark cycle at 22°C with food and water available ad libitum. All experiments were performed in 399 

adult Rhabdomys�pumilio or C57BL6J mice (aged 3–8 months).  400 

In vivo electrophysiology 401 

In vivo electrophysiological recordings were performed in 6 Rhabdomys and 5 Mus (male), using 402 

methods described previously11. Anaesthesia was induced with 2% isofluorane in oxygen, and 403 

maintained with an intraperitoneal injection of urethane (1.6 g kg−1, 30% w/v; Sigma-Aldrich). A 404 

topical mydriatic (tropicamide 1%; Bausch and Lomb) and mineral oil (Sigma-Aldrich) were applied to 405 

the left eye prior to recording. After placement into a stereotaxic frame, the skull was exposed and a 406 

small hole drilled ∼2.5 mm posterior and ∼2.5 mm lateral to bregma (Rhabdomys); or ∼2.3 mm 407 

posterior and ∼2.3 mm lateral to bregma (Mus). A 256-channel recording probe (A4x64-Poly2-5mm-408 

23s-250-177-S256, NeuroNexus Technologies, Inc., Ann Arbor, MI, USA) consisting of 4 shanks 409 

spaced 200 µm apart, each with 64 recording sites, was lowered a depth of ∼3–3.5 mm into the 410 

Rhabdomys brain, or 2.5-3mm into the Mus brain, targeting the dLGN in each species. Broadband 411 

neural signals were then acquired using a SmartBox recording system (NeuroNexus Technologies, 412 

Inc.), sampling at 20 kHz. Following recordings, data from each of the four electrode shanks were pre-413 

processed by common median referencing, high-pass filtered at 250 Hz and then passed to an 414 

automated template-matching-based algorithm for single unit isolation (Kilosort; 52). Isolated units 415 

were then extracted as virtual tetrode waveforms for validation in Offline Sorter (V3, Plexon, Dallas, 416 

TX, USA). Here, unit isolation was confirmed by reference to MANOVA F statistics, J3 and Davies-417 

Bouldin validity metrics and the presence of a distinct refractory period (greater than 1.5 ms) in the 418 

interspike interval distribution. Spike sorted data were further analysed in MATLAB R2018a (The 419 

MathWorks).  420 

Visual stimuli  421 

Responses were recorded to a standardised set of temporally and spatially patterned monochromatic 422 

stimuli, displayed using an LCD display (width: 26.8cm height: 47.4cm; Hanns-G HE225DPB ; Taipei, 423 

Taiwan) angled at ~45° from vertical and placed at a distance of ~21cm from the contralateral eye to 424 

occupy ~96° x ~63° visual angle. The temporal stimulus set consisted of a 2s step from minimum to 425 

maximum light intensity (98% contrast), followed by 2s of dark, 2s at half maximum light intensity, an 426 

8s temporal chirp (sinusoidal modulation between dark and maximum intensity at 1-8Hz accelerating 427 

at rate of 1Hz/s), 2s at half maximum light intensity, and an 8s contrast chirp (sinusoidal modulation at 428 

2Hz increasing from 3% to 97% contrast), as in15. Spatial stimuli comprised of a sparse binary noise 429 

stimulus (5Hz, square size = 4.2°); inverting grating stimuli (1Hz) at spatial frequencies of 0.03 to 1.2 430 

cpd, presented at two phases and four orientations (0°, 45°, 90° and 135°); and a single bar (4.2°) 431 

moving in one of 8 directions (0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°) in a pseudorandom 432 

sequence. Stimulus spectra were designed to approximate the activation of each photoreceptor by 433 

natural daylight for each species (14.8 MWS effective photons/cm2/s; 12.8/12.0 SWS effective 434 

photons/cm2/s for Mus and Rhabdomys, respectively; 14.8 rod effective photons/cm2/s and 14.7 435 

melanopsin effective photons/cm2/s).  436 
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Analysis of dLGN responses to visual stimuli 437 

Full field stimuli  438 

Perievent spike histograms (PSTH) were generated with bin size of 30ms. Light responsive units were 439 

identified using confidence limits test based on responses to the initial 2s step of the chirp stimulus: 440 

units were classified as significant if spike firing rate during the response window was greater than 2 441 

standard deviations above (excitation) or below (inhibition) mean firing rate during baseline window – 442 

equivalent to 95% confidence limit. ON:OFF Bias index and Sustainedness index were calculated 443 

using previously described methods (Farrow & Masland, 2011; Lindner et al., 2021).  444 

To analyse temporal chirps, the mean response amplitude (maximum – minimum normalised firing 445 

rate) for each temporal frequency was fit with a half-gaussian model (16) using least-squares 446 

minimisation to identify 5 best-fit parameters (low baseline, high baseline, gaussian spread, peak 447 

response and peak frequency).   448 

Equation for Half Gaussians is: 449 

 �������� � 	� 
 ��  	�� � ������
�

�^� for � � � 450 

 �������� � 	� 
 ��  	�� � ������
�

�^� for � � � 451 

Where w is the temporal frequency (Hz), p is the temporal frequency (TF) that produces peak 452 

response, a is the maximum response amplitude at optimum TF, s is the Gaussian spread, b1 is the 453 

baseline for frequencies lower than peak TF, b2 is the baseline for frequencies greater than the peak 454 

TF. Peak temporal frequency was rounded to nearest integer to address the limited resolution of 455 

temporal frequency analysis (sample every 1Hz).  456 

For contrast chirps, the response amplitude (maximum – minimum normalised firing rate during each 457 

period of the contrast chirp stimulus) was normalised to baseline activity (1s before contrast chirp 458 

onset) for each unit. This was plotted against Michaelson contrast and then fit using a Naka-Rushton 459 

curve using least-squares minimisation to identify 4 best-fit parameters (top, bottom, C50 and slope). 460 

Equation for Naka-Rushton curve is  461 

�������� �  ������ 
 ���� � ��

�� 
 �50�� 

Where n = slope, C = Michelson contrast and C50 is contrast that produces half maximum response. 462 

C50 was constrained between 0 and 1, and slope was constrained between 0 and 10.  463 

Functional clustering 464 

Sparse Principal components were generated for the full-field temporal stimulus using the SPaSM 465 

toolbox53, as described in 15. This allows the extraction of response features that are localised in time. 466 

We pooled mean PSTH (25ms bins) for all light responsive units from both groups and extracted up to 467 

30 features with 5 non-zero time bins. We then discarded those that accounted for < 1% of the 468 

variance. Response features that met these criteria for each window were then combined to produce 469 

a total of 30 features for dLGN. sPCs from integrated Mus and Rhabdomys data were then clustered 470 

with a mixture of Gaussian models, a probabilistic model using random initialisation. The optimum 471 

number of clusters was determined based on the lowest Bayesian information criteria, which rewards 472 

fit but penalises complexity, and a Bayes factor below 6 as a threshold for when there was no longer 473 

evidence for further splitting.  474 

To compare distribution of units across communities between two groups, we calculated the distance 475 

(Euclidian norm of the difference in the mean relative proportion of neurons in each cluster) between 476 
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Mus and Rhabdomys data and compared this with a null distribution obtained by randomly shuffling 477 

retinal recordings between two groups 10,000 times. To compare proportion of units from each group 478 

within each cluster, we first calculated the % of total units from each group in a given community for 479 

each recording, and then found the difference between mean of Mus and Rhabdomys. This was 480 

compared with a null distribution generated as above.  481 

Receptive Field mapping  482 

The spatio-temporal receptive field was derived for each unit by generating the spike triggered 483 

average (STA) of responses to a sparse binary noise stimulus (5Hz, square size = 4.2°). The 484 

separable spatial and temporal components where then extracted from the raw STA matrix by finding 485 

the signal peak. RF locations and sizes were then generated by fitting spatial receptive fields with 2D 486 

Gaussian function (using lsqcurvefit function, MATLAB). The receptive field size for individual cells 487 

was the average of the standard deviation of Gaussians fitted to each dimension. Temporal receptive 488 

fields were generated by plotting the temporal response of the RF centre. Receptive field overlap was 489 

calculated as a percentage overlap of the 2D Gaussian for pairs of receptive fields recorded in the 490 

same animal.  491 

Spatial frequency tuning and linearity of spatial summation  492 

To assay changes in spatial frequency tuning, inverting gratings (Michelson contrast between dark 493 

and light bars = 98%) were presented in 4 orientations at two phases (phase shifted 90°), at 5 494 

different spatial frequencies (0.03 to 1.2 cpd) at 1Hz. For each unit, response amplitudes were 495 

quantified (relative to pre-stimulus firing) for each phase/orientation combination for each spatial 496 

frequency to determine the optimal stimulus (Rpref). Rorth was the response to stimuli presented at 90° 497 

to the preferred orientation. The orientation selectivity index (OSI) was calculated as the ratio of (Rpref-498 

Rorth)/(Rpref+Rorth) at the preferred spatial frequency. Cells exceeding an OSI of 0.5 were classed as 499 

‘orientation selective’.  500 

 501 

Response linearity was evaluated by quantifying the firing rate of units in response to stimuli that were 502 

larger than the calculated receptive field size for an individual unit. Continuous firing rates during the 503 

stimulus presentation were Fourier analysed to extract amplitudes of the first and second harmonic 504 

components (F1 and F2, at 1Hz and 2Hz), at the preferred and null (90° phase shifted) stimulus 505 

(F1pref, F1null, F2pref, F2null). A linearity index (LI) of the response was then calculated as F1/F2 for both 506 

preferred and null phases, whereby a LI<1 describes a dominant F2 amplitude, indicating nonlinear 507 

spatial summation.  508 

Motion selectivity 509 

A single drifting bar (4.2°; Michelson contrast= 98%) moving in one of 8 directions (0°, 45°, 90°, 135°, 510 

180°, 225°, 270° and 315°) in a pseudorandom at a speed of . For each unit, response amplitudes 511 

were quantified during the presentation of movement (relative to pre-stimulus baseline) for each 512 

direction of motion. Since the location of the stimulus relative to the location of a unit’s receptive field 513 

was not precisely known, to explore the kinetics of responses, a STA was generated (as described 514 

above) for the preferred direction of motion. For presentation purposes, responses were clustered 515 

using a Kmeans cluster (MATLAB) finding 3 response clusters.  516 

Two methods were used to explore direction selectivity. First, the mean and variance of circular data 517 

were computed using the CircStat, a MATLAB toolbox54, to describe the angle and magnitude of 518 

directional selectivity.  A direction selectivity index was also calculated as the ratio of (Rpref-519 

Rnull)/(Rpref+Rnull), where Rpref was the direction of motion at which the maximum evoked 520 

response occurred, and Rnull was response to movement in the opposite direction to this. Cells 521 

exceeding a direction selectivity index of 0.33 were classed as ‘direction selective’.  522 
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Electroretinography 523 

ERGs were recorded in adult Mus (aged 4-5 months) and adult Rhabdomys (aged 7-8 months).  All 524 

ERGs were recorded at subjective midday following dark adaptation for a period of 6 hours. Animals 525 

were anaesthetised under isoflurane in a 95/5% Oxygen/CO2 mix at a flow rate of 0.5 – 1.0L/min. 526 

Isoflurane concentrations of 5% and 1.5-3.5% were used for induction and maintenance of 527 

anaesthesia, respectively. A topical mydriatic (tropicamide 1%; Bausch and Lomb) and hypromellose 528 

eye drops were applied to the recording eye before placement of a corneal contact-lens–type 529 

electrode. A needle reference electrode (Ambu, Neuroline) was inserted approximately 5mm from the 530 

base of the contralateral eye, and a second subcutaneous needle in the scruff acted as a ground. 531 

Electrodes were connected to a Windows PC via a signal conditioner (Model 1902 Mark III, CED) that 532 

differentially amplified (X3000) and filtered (band-pass filter cut off 0.5 to 200Hz) the signal, and a 533 

digitizer (Model 1401, CED). Core body temperature was maintained at 37°C throughout recording 534 

with a homeothermic heat mat (Harvard Apparatus).  535 

Visual stimuli were generated with a combination of violet, blue and cyan elements of a multispectral 536 

LED light source (Lumencor). Intensities were modulated via pulse width modulations via an Arduino 537 

Uno. Light from the light engine passed through a filter-wheel containing neutral-density filters 538 

(reducing the light by between 101 and 105) and focused onto opal diffusing glass (5mm diameter; 539 

Edmund Optics Inc.) positioned <5mm from the eye. All LED intensities were controlled dynamically 540 

with a PC. Stimuli were measured at the corneal plane using a spectroradiometer (SpectroCAL II, 541 

Cambridge Research Systems, UK) between 350-700nm. Dark-adapted stimuli were presented as a 542 

10ms flash of stimulus spectra from background across a range of 9.1 to 15.8 photons/cm2/s 543 

(interstimulus intervals ranging from 1-6s with increasing intensities). Light-adapted stimuli were 544 

presented as square-wave modulations from background at 80.5% Michelson contrast at 2Hz at a 545 

background of 14.6 log photons/cm2/s, after 15 minutes background adaptation. ERG responses were 546 

analysed in MATLAB. For flash responses, a-wave amplitude was calculated relative to baseline prior 547 

to stimulus onset, with b-wave with reference to the a-wave trough. For step responses, b- and d-548 

waves were calculated relative to preceding a-wave.  549 

Immunohistochemistry  550 

Immunostaining of Mus and Rhabdomys retinal sections and wholemounts was performed as 551 

described previously11. Rhabdomys retinal wholemounts were labelled using rabbit anti-melanopsin 552 

antibody (UF006, Advance Targeting Systems, 1:2000) to label ipRGCs. Retinal sections were 553 

labelled using rabbit anti-PKCα (ab32376, Abcam, 1:1000) to label rod bipolar cells. Sections and low 554 

magnification wholemount retinas were imaged with an Axio Imager D2 upright microscope and 555 

captured using a Coolsnap Hq2 camera (Photometrics) through Micromanager software v1.4.23. High 556 

magnification images were collected using an inverted LSM 710 laser scanning confocal microscope 557 

(Zeiss) and Zen 2009 image acquisition software (Zeiss). 558 

Fluorescent in situ hybridisation chain reaction 559 

Mus (n=3) and Rhabdomys (n=3) retinas were dissected and used for HCRTM RNA-FISH (Molecular 560 

Instruments) according to the manufacturer protocol for fixed wholemount tissue. Briefly, retinas 561 

underwent a series of dehydration and rehydration steps (75%, 50%, 25% methanol solution) and 562 

then treated with proteinase K (10 µg/mL). Retinas were pre-hybridized with probe hybridization 563 

solution and incubated overnight in probe solution containing custom ordered probes Mus or 564 

Rhabdomys Opn4 (2 pmol). Retinas were pre-amplified in amplification buffer and incubated 565 

overnight in amplification solution containing hairpins H1 and H2 (30 pmol each; amplification 566 

fluorophore 594). Retinas were washed in sodium chloride sodium citrate tween 20 solution and 567 

stored at 4 ◦C before imaging. Cells were detected using QuPath55 cell detection feature.  568 
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Analysis of Transcriptomic Datasets 569 

Alignment and quantification of gene expression 570 

Preprocessing of raw sequencing data was performed using Cellranger (v6.2, 10X Genomics). 571 

Sequencing reads were demultiplexed using “cellranger mkfastq” to obtain a separate set of fastq.gz 572 

files for each of the 7 samples. These files were then aligned to a reference genome 13 using 573 

“cellranger count” with the --include-introns flag to include both exonic and intronic reads, resulting in 574 

a gene expression matrix (GEM) summarizing transcript counts within each sample. GEMs from each 575 

of the 7 samples were combined (column-wise concatenated) to yield a total GEM. 576 

Segregation of major retinal cell classes 577 

Analysis of the total GEM was performed in R, with the workflow based on Seurat v4.3.0 for single-578 

cell analysis developed and maintained by the Satija laboratory 56 (https://satijalab.org/seurat/). 579 

Transcript counts in each cell were normalized to a total library size of 10,000 and log-transformed 580 

(X�→�log�(X�+�1)). We identified the top 2,000 highly variable genes and applied principal 581 

component analysis (PCA) to obtain a linear factorization of the submatrix corresponding to these 582 

highly variable genes. Using the top 20 principal components for each cell, we built a k-nearest 583 

neighbor graph on the data, and then clustered with a resolution parameter of 0.5 using Seurat’s 584 

FindClusters function. Each cluster of cells was assigned to a retinal cell class based on canonical 585 

markers characterized in mice22; for example, Vsx2, Otx2 and Grik1 were used to identify bipolar 586 

cells, and Rbpms, Nefl and Nefm were used to identify RGCs.   587 

Supervised classification analysis of transcriptional correspondence between Rhabdomys and 588 

Mouse types 589 

RGCs were separated from the Rhabdomys total GEM and, as the Rhabdomys genome was 590 

annotated with mammalian orthologs across murid genome assemblies, were merged with a 591 

reference Mus RGC atlas21 using genes that were present in both the Rhabdomys GEM and Mus 592 

reference GEM to create a joint GEM. We used the Canonical Correlation Analysis-based framework 593 

in Seurat, integrating by species of origin, to produce an integrated version of the joint GEM adjusted 594 

to account for species specific differences in gene expression. The top 2000 variable features of the 595 

integrated GEM were used to train a gradient boosted decision tree using the reference Mus RGC 596 

cells, implemented in R using the xgboost package57. The Mus RGC-trained classifier was used to 597 

assign a Mus identity to each Rhabdomys RGC based on its expression of the 2000 training features. 598 

To identify how rare Mus RGC types mapped to Rhabdomys types, a similar decision tree model was 599 

trained using the Rhabdomys RGC cells, and applied to Mus RGCs to assign a Rhabdomys identity to 600 

each Mus RGC. Similarly, this was done with Rhabdomys bipolar cells with a relevant Mus bipolar cell 601 

atlas to assign Mus bipolar labels to each Rhabdomys bipolar cell, and vice versa. These reciprocal 602 

mappings helped us validated the robustness of the label transfer procedure.  603 

To summarize the results of the supervised classification mapping, we calculated a modified Jaccard 604 

index for each pair of Rhabdomys and assigned Mus types. For a given Rhabdomys type A and 605 

assigned Mus type B, we calculated  606 

J�A, B� � |! " �|
min �|A|, |B|� 

Data and Code Availability 607 

Analysis scripts for the Rhabdomys snRNA-seq data is available via Zenodo 608 

(https://zenodo.org/record/8067826) and on our Github 609 

(https://github.com/shekharlab/RetinaEvolution). The raw and processed sequencing data produced 610 
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in this work are available via the Gene Expression Omnibus (GEO) under accession number 611 

GSE237210. 612 
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Figures and legends  627 

 628 

Figure 1 629 

dLGN response diversity in Mus and Rhabdomys 630 

a) Above: coronal sections from Mus and Rhabdomys with dLGN highlighted with orange edging. 631 

Below: Histological reconstruction of recording sites in Rhabdomys dLGN. Fluorescence shows diI 632 

markings remaining after electrode insertion. Peristimulus time histograms (PSTHs) representing 633 

multiunit light-evoked activity recorded at each recording site overlayed (2s light step with 1s pre and 634 

post stimulus). All data are scaled according to their maximum firing rate. b) Heat map showing 635 

normalised PSTHs of dLGN neurons as a function of response cluster (labelled to right), organised as 636 

a function of number of Rhabdomys responses. Stimulus profile denoted above. c) Mean response 637 

profile of normalised responses from each cluster (combined across species). Stimulus profile 638 

denoted above. d) Bar graphs showing proportion of responses within each cluster, for each species 639 

(Mus: cyan, Rhabdomys: red).  e) Histogram of ON:OFF bias in Mus (cyan) and Rhabdomys (red). f) 640 

Histogram of sustainedness index in Mus (cyan) and Rhabdomys (red). g&h) Example spatial (g) and 641 

temporal (h) spike triggered averages recorded in response to binary noise stimulus. i) Histogram of 642 

receptive field sizes in Mus (cyan) and Rhabdomys (red); Kolmogorov-Smirnov test P=0.036. j) 643 

Histogram of receptive field latency (time of peak absolute response) in Mus (cyan) and Rhabdomys 644 

(red); Kolmogorov-Smirnov test: P<0.001. k) Histogram of receptive field overlap between pairs of 645 

neurons recorded in Mus (cyan) and Rhabdomys (red); Kolmogorov-Smirnov test: P<0.001.  646 
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 647 

Figure 2 648 

Spatial frequency tuning and linearity in Mus and Rhabdomys. 649 

a) Schematic of inverting grating stimuli of increasing spatial frequency. b) Mean+/-SEM PSTH for 650 

1Hz inverting grating stimuli at 6 spatial frequencies (0.0375, 0.075, 0.15, 0.3, 0.6, 1.2cpd) for Mus 651 

(left) and Rhabdomys (right) c) Amplitude of response to increasing frequency inverting gratings at 652 

preferred orientation/phase, shown for Mus (cyan) and Rhabdomys (red); data show mean+/- SEM. 653 

d&e) Distribution of % of neurons with peak response at a particular frequency (d); and with a 654 

threshold to response at a particular spatial frequency (e), shown for Mus (cyan) and Rhabdomys 655 

(red). f, Distribution of linearity index (LI) in Mus. g, Mean normalised response of linear neurons in 656 

preferred (top panel) or null (lower panel) phase, in response to 2 grating inversions. Shaded regions 657 

indicate inversions. h, fft amplitude in preferred and null phase of the response, for spatial frequencies 658 

greater than (left) or less than (right) the receptive field size, for F1 (black) and F2 (green) frequency 659 

components. i&j, as in g&h but for non-linear responses in Mus. k-o, as in f-j, but for Rhabdomys. p) 660 

Distribution of orientation selectivity index (OSI) for Mus. q&r) mean response of Mus (q) and 661 

Rhabdomys (r) neurons with OSI<0.5 (left) and OSI>0.5 (right) in response to inverting grating at 662 

optimal spatial frequency, in preferred (black) and null (red) phase. s, distribution of preferred 663 

orientation of bars for OS neurons (note double plot from 180-360�) for Mus and Rhabdomys (top 664 

and bottom panels, respectively).  665 
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 666 

Figure 3 667 

Direction selectivity and responses to motion  668 

a&b) Representative neurons from Rhabdomys with low (DSI = 0.12) or high (DSI = 0.44) DSI values. 669 

Polar plot in centre plots change in firing rate in each direction of motion, and rasters plots to side 670 

showing the response to repeated stimuli at each direction. Dorsal, ventral, nasal and temporal 671 

locations indicated by D, V, N and T. c&d) Heat maps show spike triggered average of luminance 672 

changes in the RF centre, as a function of time (-80ms – 0), for all neurons in which we were able to 673 

map receptive fields, in Mus (c) and Rhabdomys (d). e) histogram of DSI values for Rhabdomys (red) 674 

and Mus (cyan) dLGN neurons (Kolmogorov-Smirnov test: P=0.193) f), distribution of tuning 675 

preference for DS neurons in Mus (top) and Rhabdomys (bottom) with DSI > 0.33.  676 

  677 
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 678 

Figure 4 679 

Retinal sensitivity to light in Mus and Rhabdomys  680 

a) Representative traces of dark adapted flash electroretinograms in Mus and Rhabdomys (left and 681 

right, respectively). Flash intensities range from 9.1 to 15.8 log photons/cm2/s (shown to left of ERG 682 

traces). Arrow indicates flash onset. b&c) Amplitude (b) and implicit time (c) of a and b-waves 683 

recorded in Mus (cyan) and Rhabdomys (red). Data shown mean ± SEM, n=5. d) Representative 684 

ERG traces recorded from Mus and Rhabdomys in response to 250ms light step (timecourse 685 

indicated below; light intensity 14e- log photons/cm2/s). e) Quantification of b-wave (light onset) and d-686 

wave amplitudes (light offset) in response to 250ms light step. f) Quantification of b-wave and d-wave 687 

implicit time in response to 250ms light step. g) Quantification of b-wave and d-wave implicit times in 688 

response to 250ms light step. d-wave amplitude expressed as % of b-wave amplitude in Mus (cyan) 689 

and Rhabdomys (red). Data shown mean ± SEM, n=5.   690 
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 691 

Figure 5 692 

A retinal cell atlas for Rhabdomys  693 

a) Transcriptionally distinct clusters of Rhabdomys retinal cells visualized using UMAP58. Cells are 694 

coloured by class identity (RPE, retinal pigment epithelial cells; vEndo, vascular endothelial cells; 695 

Lens Epi, lens epithelial cells; Fibro, fibroblasts). b) Dendrogram showing transcriptional relationships 696 

of Rhabdomys cell clusters, with major clades corresponding to cell classes. c) Bar chart indicating 697 

proportion of photoreceptor types in Rhabdomys (red) and Mus (cyan).   698 
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 699 

Figure 6 700 

Proportions of bipolar cell types in Rhabdomys and Mus 701 

a) Rhabdomys BCs clustered separately and displayed using UMAP. Cells coloured by cluster identity 702 

b) Confusion matrix indicating the transcriptional correspondence between Rhabdomys BC cluster 703 

identity (rows) and classifier-assigned Mus BC type identity (columns). Cells are coloured based on 704 

the modified Jaccard Index (colourbar, right), which ranges from 0 (no-correspondence) to 1 (perfect 705 

correspondence; see Methods for details). Pairs of Rhabdomys clusters and Mus types that belong to 706 

the same BC “orthotype” in24 are indicated by a star. The preponderance of stars along the diagonal 707 

indicates a high concordance between the correspondence analysis presented here and the orthotype 708 

analysis in 24 c) Bar graph showing percentage of BCs assigned rod BC (grey), cone ON BC (red), 709 

cone OFF BC (blue) or BC1B (white) cell types in Mus and Rhabdomys. Dark horizontal lines within 710 

each subclass demarcate distinct types. Percentages for biological replicates are shown in 711 

Supplementary Table 1. d) Transverse sections of Mus and Rhabdomys stained with antibodies to 712 

PKCalpha. INL, Inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. RBC axon 713 

terminals are labelled intensely; arrowhead indicates an RBC cell body. e) Scatter plot comparing the 714 

relative frequency of ON (red) and OFF (blue) cone BC types (labelled according to Mus) between the 715 

two species. BC1B, which cannot be classified as either ON or OFF, is labelled grey.  716 
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 717 

Figure 7 718 

Proportions of RGC types in Rhabdomys and Mus 719 

a) Rhabdomys RGCs were clustered separately and displayed using UMAP. Cells are coloured by 720 

cluster identity. b) Confusion matrix indicating the transcriptional correspondence between 721 

Rhabdomys RGC cluster identity (columns) and Mus RGC type identity (rows). Cells are coloured 722 

based on the modified Jaccard Index (colourbar, right), as in panel 6b. Stars indicate pairs of 723 

Rhabdomys clusters and Mus types that belong to the same orthotype in 24. This figure shows results 724 

of a classifier trained on Rhabdomys data. Correspondence was similar when the classifier was 725 

trained on Mus data.  c) Bar graph showing the relative frequency of each Mus RGC type in both the 726 

species. Types are grouped by response polarity – ON, OFF or ON-OFF – based on results in 21,27-29. 727 

Percentages for biological replicates are shown in Supplementary Table 3. d) Scatter plot comparing 728 

relative frequency of RGC types between Rhabdomys and Mus. Response polarity is as shown in c. 729 

All 6 types of the W3 subclass21,31 are more abundant in Rhabdomys than Mus.  730 
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 731 

Figure 8 732 

Quantifying ipRGCs in Rhabdomys and Mus retinae using HCR  733 

a) Scatterplot showing the reduced frequency of putative ipRGC types in Rhabdomys (y-axis) 734 

compared to Mus (x-axis). b) Representative HCR-FISH of Mus and Rhabdomys retinal wholemounts, 735 

with probe for Opn4 (species specific). Scale bar = 50µm. c) As in b, but showing location of Opn4 736 

+ve RGCs across whole retina. Scale bar = 1mm. d) Number of Opn4 +ve cells/mm2 in Mus and 737 

Rhabdomys retinal wholemounts (n=3; lines show mean±SEM). e) Histogram showing diameter of 738 

Opn4 +ve cells/mm2 in Mus (cyan) and Rhabdomys (red) retinal wholemounts (n=3; data show 739 

mean±SEM). f) Scatter plot showing diameter of Opn4 +ve cells/mm2 vs normalised signal intensity in 740 

Mus (cyan) and Rhabdomys (red) retinal wholemounts (n=3). g) Histogram showing normalised 741 

intensity of Opn4 +ve cells in Mus (cyan) and Rhabdomys (red) retinal wholemounts (n=3 retinae; 742 

Kolmogorov-Smirnov test: P<0.001)  743 
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