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SUMMARY

The superior colliculus (SC) is a sensorimotor structure in the midbrain that integrates input 

from multiple sensory modalities to initiate motor commands. It undergoes well-characterized 

steps of circuit assembly during development, rendering the mouse SC a popular model to study 

establishment of neural connectivity. Here we perform single-nucleus RNA-sequencing analysis of 

the mouse SC isolated at various developmental time points. Our study provides a transcriptomic 

landscape of the cell types that comprise the SC across murine development with particular 

emphasis on neuronal heterogeneity. We report a repertoire of genes differentially expressed 

across the different postnatal ages, many of which are known to regulate axon guidance and 

synapse formation. Using these data, we find that Pax7 expression is restricted to a subset of 

GABAergic neurons. Our data provide a valuable resource for interrogating the mechanisms of 

circuit development and identifying markers for manipulating specific SC neuronal populations 

and circuits.
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In brief

Choi et al. perform single-nucleus RNA-seq on mouse superior colliculus (SC) at various ages. 

Results show cell populations and their transcriptional signatures in developing and mature SC. 

To facilitate open exploration, the authors create a web portal for analyzing SC gene expression 

profiles across the ages.

INTRODUCTION

The superior colliculus (SC) is a paired sensorimotor structure in the midbrain that receives 

input from multiple sensory modalities and incorporates environmental stimuli to control 

innate behaviors. In the mouse, these behaviors include coordinating gaze shifts involving 

both eye and head movements,1 escaping or freezing in response to a looming object,2,3 

hunting and approaching responses,4 and light-/dark-induced sleep and wakefulness.5

The SC can be divided into the superficial visuosensory and the deeper motor layers with 

each subdivision organized into several fibrous and cellular laminae.6–10 The superficial 

region consists of the stratum griseum superficiale (SGS) and the stratum opticum (SO) 

and receives innervation from retinal ganglion cells (RGCs) and the primary visual cortex. 

Cells in the deeper layer express sensitivity to sensory stimuli from multiple modalities 

(e.g., vision, audition, and somatosensation) and translate sensory signals into motor 

commands used to guide orienting movements. Primary outputs from the superficial region 

include projections to the pulvinar and lateral intermediate areas of the thalamus, which 
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project to areas of the cerebral cortex that are involved in controlling eye movements. 

The projections from the deeper layers have also been characterized extensively, which 

include two descending projections traveling to the brainstem and spinal cord and ascending 

projections to multiple sensory and motor centers.8 Given its capacity to register multiple 

sensory modalities and to coordinate signals into motor commands, the SC has been widely 

used to investigate the principles underlying both multisensory and sensorimotor processing.

During nervous system development, axon guidance and targeting selection are critical 

steps toward establishing proper neural circuits. The SC has been a prominent model for 

investigating the mechanisms by which axons innervate their target regions. Accordingly, 

studies have revealed that, within each SC lamina, RGC inputs are mapped topographically 

with respect to the visual field; the temporal-nasal axis of the retina projects along the 

anterior-posterior axis of the SC, and the dorsal-ventral axis of the retina projects along the 

lateral-medial axis of the SC. The formation of topography along these axes results from 

molecular labels such as Eph receptors and ephrin.11–14 Others have used transgenic mice 

to demonstrate that different RGC types project to distinct SC regions and provide inputs to 

multiple types of SC neurons.15–17

Single-cell RNA sequencing (scRNA-seq) and single-nucleus RNA sequencing (snRNA-

seq) have been widely used in the central nervous system (CNS) to characterize cellular 

heterogeneity and the dynamic changes of specific cell populations over time. Here we 

performed snRNA-seq analysis of the mouse SC isolated at various ages during the 

first month of postnatal life to characterize SC cell subtypes across development. Our 

results revealed molecularly distinct excitatory and inhibitory neuronal subtypes, many 

of which reside exclusively in specific SC laminae or project to specific brain regions. 

Moreover, we find neurons and glial cells express genes associated with axon guidance, 

targeting, and synapse formation in a temporally defined manner. For convenient access to 

these data, we have created a user-friendly web portal that allows for comparative gene 

expression analyses in these data across development: https://parklabmiami.shinyapps.io/

superior-colliculus-snRNAseq/.

RESULTS

Single-nucleus profiling of developing and mature mouse SC

Some cell types, such as neurons, are more susceptible to tissue dissociation processes 

and are underrepresented in scRNA-seq data. In contrast to whole cells, nuclei are more 

resistant to mechanical insult and can be isolated from frozen tissue.18 Indeed, studies have 

revealed that snRNA-seq profiling can provide an unbiased survey of neural cell types, and, 

as a result, snRNA-seq has become a popular choice for profiling susceptible cells such as 

neurons.19

To profile gene expression of SC during development and maturation, we analyzed the 

transcriptomes of single nuclei across four time points: embryonic day 19 (E19), postnatal 

day (P) 4, P8, and P21. We selected these time points because, together, they encompass 

discrete yet overlapping developmental events, including axonal outgrowth, axonal targeting, 

topographic mapping, synaptogenesis, oligodendrocyte differentiation, myelination, and 
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synaptic refinement and maturation. For each age, we micro-dissected the SC territory 

from several animals, which were pooled. After detergent-based digestion and mechanical 

dissociation followed by nuclei isolation using sucrose density gradient centrifugation, the 

single-nucleus suspension was sequenced using the 10X Genomics droplet-based snRNA-

seq platform (Figure 1A). Downstream clustering and analyses were done using Seurat and 

the Bioconductor suite of bioinformatics tools. After stringent quality control (Figure S1), a 

total of 9,728 high-quality nuclei (2,585 from E19, 2,386 from P4, 2,508 from P8, and 2,249 

from P21) were retained for downstream analysis. An average of 10,451 unique molecule 

identifiers (UMIs) were captured per nucleus (7,457 for E19, 9,882 for P4, 10,961 for P8, 

and 13,928 for P21) and an average of 3,535 genes were detected per nucleus (3,030 for 

E19, 3,574 for P4, 3,644 for P8, and 3,953 for P21) (Figure S1B).

Identification of cell types in the developing mouse SC

To identify shared and unique cell types across SC development, we used the Seurat 

integration pipeline to jointly analyze cells from all four time points and perform 

unsupervised clustering (see STAR Methods). Projection of cells onto Uniform Manifold 

Approximation Projection (UMAP) plots20 revealed structures suggestive of cell lineage and 

differentiation (Figures 1B and 1C). Using the top differentially expressed genes (DEGs) per 

cluster and a panel of previously described cell type marker genes (e.g., Slc17a6, GAD1, 
Aqp4, Gfap, Cspg4, Bmp4, Mbp, Mki67, P2ry12, Cldn5, Col1a1, and Cdh1; Figures 1D and 

1E), we identified 21 neuronal and 10 non-neuronal cell clusters. These clusters represented 

most major cell types known to comprise the SC, including neurons, astrocytes, microglial 

cells, and oligodendrocyte-lineage cells, as well as endothelial and vascular leptomeningeal 

cells (Figures 1B and 1D).

Consistent with the notion that neuronal nuclei are expected to survive the dissociation 

protocol, neurons constituted about 77% of all cells identified. Among all neuronal cells, 

54% were excitatory neurons and 46% were inhibitory neurons, but this ratio varied by time 

point. While neurons at E19 and P4 were approximately 60% excitatory and 40% inhibitory, 

neurons at P8 and P21 were approximately 46% excitatory and 54% inhibitory (Figure 

1F). These observations are in line with previous studies showing the changes in the ratio 

of excitatory to inhibitory neurons during development.21 In addition, consistent with the 

timing of oligodendrocyte differentiation and myelination, the proportion of mature Mbp+ 

oligodendrocyte-lineage cells was higher in P8 and P21 than E19 and P4. We also observed 

that the proportion of non-neuronal cells, such as microglia and astrocytes, gradually 

increased over time. Altogether, these results corroborate prior studies investigating the cell 

type composition of the brain throughout early postnatal development and further support 

the use of snRNA-seq to study SC cellular heterogeneity.19,22,23

Heterogeneity of SC neurons across development

Several studies have described molecularly distinct types of adult SC neurons, but a genome-

wide characterization throughout development remains lacking. Because neurons made up 

a sizable percentage of our dataset, we were well positioned to provide a reference map of 

the transcriptional heterogeneity among SC neuronal subtypes. To this end, we performed 

a nested cluster analysis using only neurons so that only genes variably expressed among 
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neurons were considered. This resulted in 25 neuronal clusters (Figures 2A and S2A), 

which, when projected onto a UMAP (Figure 2A), were principally segregated by excitatory 

or inhibitory subtype as confirmed by expression of the gene Slc17a6, which encodes the 

vesicular-glutamate transporter VGlut2, or by expression of glutamate decarboxylase genes, 

GAD1 and GAD2, respectively (Figures 2C and 2D). These neuron clusters were therefore 

annotated as EN1-13 or IN1-12 subtypes. We then pivoted the data to measure neuronal 

subtype quantities across developmental ages and found that most subtypes were detected 

at most time points (Figures 2B, S2B, and S2C). However, subtypes EN1 and IN1 were 

preferentially enriched at earlier time points E19 and P4, and many subtypes increased in 

proportion at later time points P8 and P21. At the extreme, some subtypes were temporally 

restricted, such as subtype EN7, which was found only at E19 and P4 stages (Figure S2C).

Subsequent differential expression (DE) analysis revealed both distinct and overlapping 

marker genes across subtypes (Figure 2D). While some neuron subtypes could be uniquely 

identified by the expression of a single gene, such as Etv1 expression by EN13 and Maf by 

IN12, other subtypes were better described using combinations of multiple genes, similar to 

the approach taken in a previous study that classified SC neurons using multiple molecular 

markers.24 For example, subtype EN7 can be specified by joint expression of Kitl and 

Slc18a6, and subtype IN10 can be specified by joint expression of Ebf3 and Gata3. Given 

the varying degree of marker specificity, we next quantified subtype expression profile 

similarities through a dendrogram analysis (Figure S2D). While our results re-emphasized 

principal neuronal class (excitatory vs. inhibitory) as the greatest source of variation, we also 

observed that some neuron subtypes, such as EN1 and IN1, were less distinct than others. 

We confirmed this observation by counting the number of DEGs per neuronal subtype 

grouped by neuronal class and found that, indeed, subtypes EN1 and IN1 had the fewest 

numbers of DEGs, while other, more distinct subtypes had upwards of 100 DEGs (Figures 

S2E and S2F).

Correlates between excitatory subtype markers and SC laminae

Previous studies have demonstrated that morphologically and physiologically distinct types 

of excitatory SC neurons are localized in distinct laminae and contribute to various 

behavioral responses in mice.9,25 From our initial DE analysis, we next performed a more 

detailed inspection of the marker genes that distinguish the excitatory subtypes. Among 

the 13 excitatory neuronal subtypes, we found subtypes that exhibit enriched expression of 

genes that are already known to label subpopulations of SC neurons (Figure 2D). Subtype 

EN13 expressed Etv1 exclusively, a gene known to be expressed in a subpopulation of 

neurons in the SO layer.24 Gfra1 was also highly expressed in this subtype. A previous 

study has shown that Pitx2 defines a subpopulation of excitatory neurons in the stratum 

griseum intermediate (SGI).26 We found that subtype EN8 expressed elevated levels of Pitx2 
and Gli3 compared to other excitatory subtypes (Figures 2D and S8E). Thus, EN8 likely 

represents this previously characterized SGI cell type. Other subtypes with notable gene 

enrichment were EN12, which was enriched for Egflam and Tmem132c expression, and 

EN11, which was enriched for Nfib and Nfix.
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Given the topographic arrangement of SC neurons, we next examined whether these 

neuronal subtypes were localized in discrete laminae in adult SC. In the Allen Brain in 
situ hybridization database, Gfra1, which we found to be expressed in excitatory neurons 

and particularly highly in EN6, was detected highly in the SGS and less densely in the 

deeper layer (Figures 2E and 2F). Egflam, a marker for EN12, was detected predominantly 

in the SO (Figure 2E). Kitl, a gene expressed highly in EN5, EN6, and EN7, is found 

mostly in the SGS. Similarly, Tcf7l2, which was highly expressed by EN2 and EN7, was 

enriched in the SGS and SO. To validate the layer-specific expression of these marker genes 

in the mouse SC, we performed fluorescent in situ hybridization (FISH) against Gfra1 and 

Slc17a6, the gene encoding VGlut2 (Figure 2F). In the SGS layer, where Gfra1 expression is 

predominant within the SC, we found that approximately 90% of VGlut2+ cells co-labeled 

with Gfra1 and nearly all Gfra1+ cells co-labeled with VGlut2. Conversely, in the deeper 

layers of the SC (i.e., SGI), where Gfra1+ cells are less abundant, less than 10% of VGlut2+ 

cells co-label with Gfra1. These results are consistent with our snRNA-seq data and suggest 

that certain neuron subtypes identified in our analyses are enriched in specific layers.

Correlates between inhibitory neuron subtype markers and SC laminae

As with the excitatory neuron subtypes, our cluster analysis identified 12 distinct inhibitory 

neuronal subtypes with distinct transcriptional signatures (Figure 2A) whereby most 

subtypes could be identified by a single or a combination of genes. For example, Spon1 
was specific to IN6, Meis1 and Gulp1 co-expression was specific to IN7, and subtype IN11 

could be defined by high expression of Fibcd1 and Pax7 (Figure 2D). We examined whether 

inhibitory neuron subtype marker genes displayed SC layer specificity, again referring to in 
situ hybridization (ISH) data from the Allen Brain Atlas. We found that Nos1ap, a marker 

for IN3, was detected primarily in the SGS (Figure 2E) and that Spon1, a marker for IN6, 

was enriched in the SGS and SO (Figure 7K). Other marker genes, such as Meis1, which 

was highly expressed by IN7 and detected in the SGS and SO, were found in multiple SC 

layers. Altogether, these data demonstrate that cluster analyses can identify transcriptionally 

distinct neuron subtypes with specific anatomical localizations within the layers of the SC.

Changes in neuronal gene expression across development

Critical neurodevelopmental processes, such as axon growth, axon targeting, retinotopic 

mapping, and synapse formation and maturation, require temporally regulated expression 

of gene products such as transcription factors and cell adhesion molecules. To better 

understand these dynamics, we analyzed DEGs across time. For both excitatory and 

inhibitory neuron classes, genes such as Nnat, Nsg1, Nsg2, Fam171a2, Basp1, Pcsk1n, 

and Rtn1 were enriched at E19 (Figures 3A and 3B). Likewise, the transcription factor 

Tcf7l2, whose gene product plays a key role in Wnt signaling, was highly upregulated 

at P4 for both classes. Further characterization of the combined neuronal gene expression 

changes with Gene Ontology (GO) analysis demonstrated the downregulation of genes 

associated with Wnt signaling from P4 to P8, supporting the importance of temporally 

controlled Wnt during this period (Figures S3A and S3B). Interestingly, we observed that 

the greatest number of neuronal gene expression changes occurred between P8 and P21 

(Figure 3C), where P21 was enriched for genes such as Lncpint, Specc1, Rasgrf1, Naaladl2, 
Aifm3, and Pcgf5. The overt changes during this period may reflect neuronal developmental 
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processes associated with synaptic maturation and the appearance of oligodendrocytes and 

myelination (Figure 1F). Indeed, our GO analysis of genes upregulated from P8 to P21 

revealed terms such as “regulation of synaptic plasticity” and “synaptic vesicle exocytosis” 

(Figure S3B). Overall, both excitatory and inhibitory neurons showed similar temporal 

patterns of transcriptional activity whose inferred biological functions through GO analysis 

recapitulate known developmental milestones.

Examination of Allen Brain in situ data revealed that some genes are regulated in both 

spatial and temporal fashion. For example, excitatory neurons showed high expression of 

transcription Zic1 at P4. In situ data showed that, at E18.5 and P4, Zic1 expression was high 

only within the medial side of the SC in the SGI layer and not present in the lateral side 

(Figure 3D, top three panels). By adulthood (i.e., P56), medial specific Zic1 expression in 

the SC was no longer detected (Figure 3D, bottom panel). This expression pattern suggests 

that Zic1 may determine axon directionality along the lateral-medial axis in this region 

(see discussion). Similarly, the transcription factor Lef1 was highly expressed at P8 and, 

in addition to areas of the thalamus, was almost exclusively detected in SC (Figure 3E). 

These data support the notion that neuronal gene expression changes are spatiotemporally 

regulated.

With these findings, we next asked whether developmentally regulated gene expression 

programs could be identified at the subtype level as opposed to at the level of principal 

neuronal class. To address this, we used Monocle3 to perform trajectory analysis (see STAR 

Methods). Our results revealed several trajectories branching from a central “node” where 

cells with the earliest projected pseudotimes were enriched for neuron subtypes EN1 and 

IN1, which were most prevalent at E19 and P4 (Figures S4A and S4C). Furthermore, we 

observed that cells further along the pseudotemporal progression were also enriched for cells 

collected at later time points P8 and P21 (Figure S4B).

With these trajectories, we identified 9,725 genes that differed as a function of pseudotime. 

We then clustered these genes into modules and subsequently found one gene module to 

be specific to a trajectory traveling from IN1 to IN8, and from IN8 to IN4 (Figure S4D). 

Among the top statistically significant genes in this module were Epyc, Il1rapl2, Kcnip1, 

Pax7, Pax3, and Ptprt (Figure S4E). Interestingly, although Pax7 increased in expression 

further along the trajectory, Pax3 was detected transiently early in the trajectory and in 

opposition to Pax7, agreeing with a previous study demonstrating divergent expression 

patterns between these two transcription factors during development.27 These results present 

a potential IN1-IN8-IN4 developmental trajectory that possibly could be mediated by 

transcription factors such as Pax7 and Pax3.

Changes in glial gene expression across development

In addition to neurons, we successfully captured virtually all glial cells, of which astrocytes 

were the most abundant. Comparisons of astrocyte gene expression across the developmental 

time points (Figure S5A) revealed an enrichment of axon guidance molecule genes, such as 

Ephb1, Robo1, and Ephb2, at E19 and their decreased expression overtime. Additionally, 

P4 astrocytes highly expressed Hs6st3, a heparan sulfate (HS) sulfo-transferase known to 

modify HS and regulate adhesion. P8 astrocytes were enriched for Ptchd4, a repressor of 
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canonical hedgehog signaling, and glutamate metabotropic receptor Grm7. Like neurons, 

astrocytes also demonstrated a large increase in the number of DEGs between P8 and P21 

(Figure S5B). Among them were genes such as Gja1 and Gjb6, encoding the gap-junction 

proteins also known as Connexin-30 and Connexin-43, respectively, which map to the 

GO term “cell junction assembly” (GO: 0034329). These genes have been implicated 

in astroglial synapse coverage.28 Other genes important for astrocytic function, such as 

those that encode ion channels and ion channel regulators (e.g., Trpm3 and Lgi1) and 

phospholipases (e.g., Plcb1 and Gpld1), were also upregulated at P21. These results 

collectively suggest that astrocytes may play a role in axon guidance early in postnatal 

development and reaffirm their roles in synaptic refinement in young adulthood concurrent 

with the appearance of mature Mbp+ oligodendrocyte-lineage cells by P21.29

Oligodendrocyte-lineage cells showed UMAP coordinates that were suggestive of 

differentiation across development (Figure 1B). In agreement with this observation, our 

DE analysis showed an enrichment of oligodendrocyte progenitor cell (OPC) marker genes 

such as Olig1 and Pdgfra at E19 and a strong upregulation of genes whose products 

encode for components of the myelin sheath, such as Mag, Plp1, Mbp, and Mog, at P21 

(Figure S5C). Moreover, we observed that Sox6 expression remains high from E19 to P8 

but is downregulated at P21. This is consistent with the notion that Sox6 maintains the 

precursor state of oligodendroglial cells, thereby ensuring the proper timing of myelination 

in the CNS.30 Other genes showed a similar expression pattern, such as Lrrtm4 and 

phosphodiesterase Pde4d. Overall, as for other cell types, we observed substantially more 

genes differentially expressed between P8 and P21 than compared to other time points, again 

suggesting that this critical period is highly transcriptionally dynamic (Figure S5D).

Although we successfully identified a microglia cluster, they totaled 90 nuclei, reducing our 

power to identify DEGs. Thus, their analysis was not included in this report.

Comprehensive assessment of major axon guidance molecules

Cadherins and protocadherins—Cadherins and protocadherins play important roles in 

axon guidance and target selection. Among the cadherin family members, we found that 

the expression of Cdh8, Cdh12, Cdh13, and Cdh18 was particularly high in neurons and 

low in non-neuronal cells (Figure 4A). In contrast, we observed significant expression of 

specific cadherin genes in non-neuronal cells; Cdh20 expression was exceptionally high in 

astrocytes, whereas Cdh1 expression was specific to epithelial cells. We found that Pcdh9 
and Pcdh15 were highly expressed in the oligodendrocyte-lineage cells. Notably, Pcdh10 
and Pcdh15 were expressed at higher levels in the excitatory than inhibitory neurons. On the 

other hand, Pcdh7 expression was higher in the inhibitory neurons (Figure 4A). During our 

analysis, we noticed that, while most cadherins and protocadherins were expressed at similar 

levels in excitatory and inhibitory neurons as a class, their expression varied highly at the 

subtype level. Since selective cadherin expression has been shown to promote neuron class-

specific cell adhesion and synaptic connection,31,32 we generated a comprehensive panel 

of cadherin and protocadherin family gene expression across neuronal subtypes (Figure 4B 

and S6). From this panel, we found that Cdh7 was expressed at higher levels in subsets of 

excitatory neurons (EN5 and EN6). Previously, Byun et al. described Cdh7 as a marker for 
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a subpopulation of neurons in the upper SGS (uSGS).24 We extend this finding to show that 

Cdh7 is a marker for excitatory neurons in the SGS. We further validated this result with 

two-color FISH (Figure 4C), which shows Cdh7 expression predominantly in the VGlut2+ 

cells. Conversely, we found that Cdh12 and Cdh22 (Figures 4A and 4D) were preferentially 

enriched in inhibitory subtypes compared to excitatory populations.

Eph receptors and ephrins—This family of receptors and ligands are key signaling 

molecules involved in retinocollicular topographic mapping. Accordingly, many Eph 

receptors were highly detected in the SC neurons across multiple time points with the 

exception of Epha1, Epha2, Ephb3, and Ephb4 (Figure S7A). Multiple ephrin ligands were 

also detected, and some, such as Efna2, and Efnb3, showed downregulation in neurons 

over time. Overall, we observed that genes from the Eph receptor and ephrin family were 

primarily expressed in neurons compared to non-neuronal cells. Some exceptions to this 

included astrocytic expression of Epha5, Ephb1, and Ephb2, which decreased significantly 

over time, and Efnb3 expression by oligodendrocyte-lineage cells.

Semaphorins and plexins—These molecules regulate functions related to cell 

morphology and communication that contribute to axon guidance. In our data, most 

semaphorin-plexin family genes were detected in SC neurons across all time points, such 

as Plxna4, Sema4f, and Sema4g (Figure S7A). Although neurons maintained constant 

expression levels of most of these genes, Sema3f and Plxna1 showed a significant decrease 

across developmental time points. However, non-neuronal cells also expressed members of 

the semaphorin-plexin family. For example, astrocytes demonstrated enriched expression of 

Plxnb1 and a strong upregulation of Sema4b overtime, and oligodendrocyte-lineage cells 

showed similarly strong temporal changes in Plxnb3, Sema4d, and Sema6d.

Robo receptors and Slit—While transcripts for Robo1 and Robo2 were detected in 

nearly all cell populations, these genes were most highly expressed in SC neurons (Figure 

S7A). In contrast, Robo3 was detected at low levels in all cell types at all time points except 

for in excitatory neurons, whose expression significantly increased across the time points. 

Further inspection of Robo3 showed that its expression was limited to neuron subtypes EN5 

and EN6, subtypes whose proportions correspondingly increased over time. Interestingly, 

these same Robo3+ subtypes comprised a subset of Gfra1+ neurons. Two-color FISH showed 

Robo3 expression in Gfra1+ cells, further corroborating our sequencing results (Figure S7B). 

Conversely, while the Robo ligands Slit2 and Slit3 were most highly detected in epithelial 

cells and only moderately expressed by SC neurons, Slit1 was almost exclusively expressed 

by neurons (Figure S7A). Given the role of the SLIT-ROBO pathway in the guidance of 

RGC axons through the optic chiasm and to the brain, we also queried mouse RGC scRNA-

seq data from the Broad Institute’s Single-Cell Portal. We found that Robo1 expression was 

particularly high in a few RGC clusters, while Robo2 expression was high and uniform 

across all RGC subtypes. On the other hand, Robo3 was detected at low levels. In summary, 

these data suggest that multiple cell types, including specific neuron subtypes of the SC, 

could affect the targeting and innervation of axons to the SC.
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Correspondence between neuronal subtypes and published SC scRNA-seq data

Several recent studies have profiled murine SC neurons using scRNA-seq or snRNA-seq. 

Two of these studies elegantly utilized transsynaptic and retrograde adeno-associated 

virus (AAVs) to specifically profile retinorecipient neurons and SC projection neurons, 

respectively. Tsai et al. developed the Trans-seq method, which used modified AAV-wheat 

germ agglutinin (WGA) to identify and profile SC neurons that are post-synaptic to RGCs.33 

Cheung et al. developed virally encoded connectivity transgenic overlay RNA sequencing 

(Vector-seq) using retrograde viruses to profile SC projection neurons that send axons to 

different brain regions.34 In 2021, Xie et al. performed snRNA-seq of the adult mouse SC 

and developed an informatics tool called spatial classification of mRNA expression data 

(SPACED) to compute layer-specific probabilities for neuron subtypes identified in their 

study.22 Across all studies, the authors provided novel user-defined subtypes of SC neurons. 

How these subtypes compare across studies is not known, and whether these populations are 

detected in our development time-course dataset is unclear.

To elucidate unified molecular definitions of SC neuron subtypes, we pulled data from each 

study and first asked whether neuronal subtypes as defined in our study were detected in 

these published data. To this end, we applied the SingleR classification algorithm35 (Figure 

5A) using the snRNA-seq data in our study as a reference and data from these previous 

datasets as query sets. Briefly, the SingleR algorithm computes Spearman correlations 

between cells of the query data and cells of the reference data on the subset of marker 

genes for subtypes of the reference data (i.e., EN1-13 and IN1-12 subtype marker genes). 

Per-subtype scores are determined from these correlations, and the subtype with the highest 

score becomes the predicted subtype (see STAR Methods for further details). This approach 

is especially suitable for this analysis given the differences in sequencing depth and 

dissociation method, study-associated batch effects, and technical noise driven by ambient 

RNA contamination.

The original Trans-seq study categorized retinorecipient SC neurons into three excitatory 

subtypes (ESC1–3), and five inhibitory subtypes (ISC1–5).33 To compare these subtypes 

against subtypes from our study, we applied SingleR and computed the proportions of 

predicted labels that comprised each of the Trans-seq subtypes (Figures 5B and 5C). Our 

analysis showed that more than 93% and 97% of cells in Trans-seq ISC1 and ISC2 subtypes, 

respectively, were predicted to be our inhibitory subtype IN3. This suggests a high degree 

of similarity between these three populations and perhaps that IN3 may be a retinorecipient 

population. Conversely, only excitatory neuron subtypes EN5, EN6, EN9, and EN12 had 

predictions that comprised more than 10% of any Trans-seq subtype. This is in line with the 

expectation that retinorecipient neurons comprise only a subset of all SC neurons and further 

suggests that RGCs only project onto SC neurons in a subtype-specific manner. Overall, 

five neuronal subtypes (IN3, IN9, EN12, IN4, and EN5) comprised approximately 75% of 

predicted subtypes in the Trans-seq dataset (Figure 6A), indicating that these subtypes may 

represent most likely candidates of RGC post-synaptic input.

The Vector-seq study by Cheung et al. used snRNA-seq to profile about 55,000 nuclei 

of the SC. When we applied the same SingleR approach to these data, we found strong 

concordance between our neuron subtypes and Vector-seq clusters. Of 35 Vector-seq 
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clusters, 13 had greater than 90% of its cells predicted to be of a single neuron subtype 

as defined in our study and 20 were composed of more than 70% of a single subtype 

(Figures 5D and 5E). Notably, using their retrograde labeling strategy, Cheung et al. reported 

that approximately 1,500 Vector-seq excitatory neurons (clusters 2 and 7, Figure 3C from 

Cheung et al.) were SC neurons that project to contralateral paramedian pontine reticular 

formation (PPRF) (i.e., SC neurons that are known to control orientating movements), and 

about 3,100 cells were SC neurons (clusters 10 and 11, Figure 3C from Cheung et al.) 

that project to the thalamic lateral posterior nucleus (LP). We repeated SingleR analysis 

on only excitatory neurons and found that Vector-seq excitatory neuron cluster 7 had high 

concordance with our excitatory subtype Pitx2+ EN8, suggesting that EN8 likely represents 

SC neurons projecting to the PPRF (Figures S8A, S8B, and S8E). Moreover, Vector-seq 

excitatory neuron cluster 10, which is Ntng2+, was comprised mostly of Ntng2+ excitatory 

subtype EN3, while Vector-seq excitatory neuron cluster 11 was made up of a combination 

of EN2 and EN12, which could be distinguished by Cbln2 (Figures S8C and S8D). From 

this, we speculate that subtypes EN3, EN2, and EN12 are SC neurons that project to the 

thalamic LP.

Finally, we applied SingleR to scRNA-seq data of the adult SC by Xie et al.22 Using 

these data, we clustered neuronal cells and computed their concordance to neuron subtypes 

identified in our study. We found that 14 of the 22 clusters had over 75% of their predicted 

subtype compositions to be of a single neuron subtype (Figures S8F and S8G), suggesting 

high concordance between the subtype heterogeneity evaluated in both studies. When 

comparing marker genes against the mouse SC snRNA-seq clusters identified by Xie et 

al. (different from clusters compared in SingleR analysis; see STAR Methods for details), we 

again found good correspondence between the two studies. For example, clusters Ex-6 (i.e., 

Gpc3+ neurons) and Ex-8 (i.e., Sntb+ neurons) from Xie et al. corresponded to our EN12 and 

EN6, respectively (Figures 5F and 5G).

While the SingleR approach allows for mapping cell identities from a reference dataset to 

an unlabeled query dataset, direct integration analysis of cells across all studies would allow 

for a more comprehensive view of SC neuronal heterogeneity. Thus, we integrated neurons 

from Cheung et al., Tsai et al., and the current study using Seurat and examined subtype 

distribution and overlap. Our results demonstrate that most neuronal subtypes identified 

in our analysis cluster together with the neuronal clusters identified by Cheung et al. 

using Vector-seq (Figures 6B, 6C, and 6D). Of note, Tsai et al. used Trans-seq to isolate 

retinorecipientSC neurons. Interestingly, subtypes ISC1 and ISC2 by Tsai et al. clustered 

with IN3 from our analysis and cluster 4 from Cheung et al., suggesting that these inhibitory 

neurons may be recipients of retinal projections.

Using in situ hybridization and immunostaining, Byun et al., demonstrated that several 

molecular markers collectively categorize 10 superficial SC (sSC) neuronal types, including 

the genes Rorβ and Etv1. As mentioned previously, we found that Etv1 expression was 

unique to EN13. Several subtypes from both excitatory and inhibitory populations in our 

study expressed Rorβ, albeit the expression was more widespread in the excitatory neuron 

clusters (Figure 6E). On the other hand, we found that Etv1 expression was unique to EN13.
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Previous studies have also classified inhibitory SC cells into three non-overlapping 

categories in mice; those that express Sst, Vip, or Pvalb. Pvalb+ neurons, which are found in 

the lower SGS and SO,36 innervate the LP of the thalamus. Thus, some Pvalb+ neurons 

are projection neurons, as opposed to interneurons.37,38 While Pvalb marks a specific 

subclass of GABAergic fast-spiking inhibitory interneurons in the cerebral cortex, striatum, 

and hippocampus,39 it was shown that Pvalb+ neurons in the sSC present heterogeneous 

spiking profiles and morphologies, and only a fraction contained GABA. On the other 

hand, a higher proportion of the Pvalb+ population in the intermediate layers of the SC 

showed the presence of GABA. Consistent with the notion that Pvalb+ neurons in the SC 

are likely heterogeneous populations of both glutamatergic and GABAergic neurons,40 we 

observed low but detectable levels of Pvalb across multiple neuronal subtypes (Figure 6E). 

Conversely, we found that Sst and Vip labeled specific subtypes; Sst+ neurons corresponded 

to subtypes IN4, IN8, and IN12, while Vip+ neurons corresponded to subtype IN9.

Characterization of a subpopulation of GABAergic neurons: Pax7-expressing neurons

The SGS contains a high density of GABAergic neurons; 30% of all neurons in this region 

are GABAergic,41 and approximately one-third of the post-synaptic targets of retinotectal 

terminals are GABAergic.42 GABAergic SC neurons and their connections with other brain 

regions have been shown to play a critical role in wakefulness and eye movements.43,44 

However, the development and functional organization of GABAergic SC circuits is still 

under investigation. Several GABAergic SC cell types have been described based on 

axon projections, orientation of dendritic arbors, and/or the colocalization of a variety of 

immunocytochemical markers.42,45–47 In our analysis, we identified Pax7 as a GABAergic 

neuron-selective marker, which was detected in subtypes IN2, IN4 IN6, IN9, IN11, and 

IN12 (Figures 7A and 7B). Pax7 is a transcription factor known to direct embryonic cells 

along a neurogenic lineage and form the SC boundary. Based on the Allen Brain ISH 

database, in the adult mouse brain, Pax7 expression is highest in the sSC (Figures 7C and 

7D). To investigate the organization of Pax7+ GABAergic neurons in the SC, we injected 

AAV-FLEX-GFP into the sSC of adult Pax7-Cre mice in which GFP expression is limited 

to the Pax7-expressing cells. Of note, Pax7-Cre mice crossed to Rosa26-Tomato reporter 

mice showed tdTomato expression predominantly in the midbrain, and not in the cortex 

(Figure 7E), consistent with the Pax7 expression pattern shown in the Allen Brain Atlas 

(Figure 7C). Interestingly, we found GFP+ axon terminals in the ventral LGN (vLGN) but 

not in the LP, parabigeminal nucleus (PBg), or dorsal LGN (dLGN) (Figures 7F–7H). On 

the other hand, Gale et al. selectively labeled inhibitory neurons in the sSC using GAD2-Cre 

mice and demonstrated axon terminals in several nuclei, including the PBg, the dorsolateral 

portion of dLGN, and the vLGN.45 This suggests that only certain inhibitory neurons are 

Pax7+ as in our cluster analysis. Next, we performed two-color FISH to determine whether 

Pax7 could be colocalized with a second inhibitory neuron subtype marker and investigate 

whether Pax7+ neurons were composed of multiple inhibitory subtypes. For this experiment, 

we selected Spon1 (for IN6) and Fibcd1 (for IN11) due to their enrichment in the SGS 

according to the Allen Brain Atlas. Our findings confirmed that Spon1 and Fibcd1 are 

expressed in Pax7+ cells and indeed localized to the SGS layer (Figures 7I and 7J). We 

further confirmed these results against ISH data from the Allen Brain Atlas (Figures 7K 

and 7L). Together, these results indicate that Pax7 labels a heterogeneous population of 
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GABAergic SC neurons, composed of at least two transcriptionally distinct subtypes with 

long-range projection to the vLGN.

DISCUSSION

The SC is a region of multisensory integration and a rising model for studying circuit 

formation. During SC development, distinct transcription factors, cell adhesion molecules, 

and extracellular matrix proteins contribute to axon guidance and formation of proper neural 

circuits. In our analysis, we identified Zic1 as one such transcription factor with strict spatial 

and temporal developmental regulation (Figure 3D). It has long been known that members of 

the Zic family of zinc-finger transcription factors regulate the expression of axon guidance 

molecules and play critical roles in axon targeting in the CNS. For example, Zic2 controls 

the expression of EphB1 receptors in select populations of RGCs in the retina, which in 

turn promotes projection of these neurons to the ipsilateral brain side.48 Given our findings, 

one might hypothesize that Zic1 plays a role in guiding incoming axons to proper regions 

in the SC. Our analysis also identified the adhesion molecule gene Cdh22, which we found 

to be specific to inhibitory neurons. Previous studies have shown that certain cadherin 

members have a function specifically in interneurons, particularly at the inhibitory synapses; 

Cdh13 deficiency was shown to reduce synapse turnover, producing an increase in inhibitory 

synapse density.49 It is plausible that Cdh22 plays a similar role and regulates interneuron 

development and synaptic function in the SC.

Recent studies have demonstrated that glial cell expression of axon guidance molecules also 

plays a critical role in the formation and maturation of CNS circuits. For example, astrocytes 

have been shown to secrete a variety of growth factors and extracellular matrix proteins 

that modulate the direction of axon growth and extent of synapse formation.50 Supporting 

this notion, our data showed dynamic changes in astrocytic expression of various guidance 

molecules across time points; while genes encoding Eph receptor and ephrin molecules 

showed decreased expression over time, subsets of genes from the semaphorin-plexin 

signaling pathway, such as Sema4a and Sema4b, increased in expression. Further functional 

studies will be needed to dissect the precise role of astrocytes in SC circuit maturation.

The SC contains a heterogeneous population of GABAergic neurons whose properties 

and innervation play a key role in the regulation of collicular functions. We showed 

that Pax7 transcripts are enriched in subpopulations of inhibitory neuronal sub-types (i.e., 

approximately half of all inhibitory neurons in the SC). By labeling axons from Pax7+ 

neurons in the sSC, we found that these neurons send long projections exclusively to 

vLGN and not to other known distal targets (e.g., LP, dLGN, and PBg).8,45 The vLGN 

is thought to be a part of a multimodal system, receiving retinal afferents but establishing 

subcortical interconnections with non-imaging forming areas (e.g., olivary pretectal nuclei, 

accessory optic system, and suprachiasmatic nuclei).51 The vLGN also projects to the 

SC, the periaqueductal gray area (PAG), and the nucleus reuniens of the ventral midline 

thalamus. These regions all contribute to behavioral responses to visual threats.52,53 Whether 

Pax7+ sSC neurons are a functionally distinctive population of cells that subserve visually 

guided behavior or non-image-forming visual functions remains unknown.
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In summary, this report provides a comprehensive molecular characterization of the cell 

types that comprise the SC across murine development, with particular emphasis on 

neuronal heterogeneity and molecules involved in circuit assembly. By comparing in situ 
hybridization data from the Allen Brain Atlas, we demonstrate that certain transcriptionally 

defined neuronal subtypes also display anatomic specificity. We also attempt to provide 

a unified definition of neuronal subtypes of the SC across multiple studies and to infer 

subtype-specific projections to various brain regions. Finally, by leveraging our snRNA-seq 

data, we confirm and characterize projections from the Pax7+ subset of SC neurons to 

demonstrate the utility of these data as a starting point for manipulations in specific neuronal 

populations and circuits. To this end, we have provided a web portal for exploration of these 

data: https://parklabmiami.shinyapps.io/superior-colliculus-snRNAseq/.

Limitations of the study

While the SC of mice is relatively large, we cannot rule out that, through manual dissection, 

we also retained contamination from deeper brain regions, particularly for E19 brain 

samples, in which the SC is structurally less defined. As this may lead to sampling 

variability, a more precise approach may include the use of tracers. Furthermore, the 

number of cells sequenced in our study is relatively low (approximately 9,700); the study 

by Cheung et al. sequenced around 55,000 neurons. While our analyses demonstrated 

substantial similarities in neuronal heterogeneity between studies, having fewer cells can 

limit detailed examination of DE across conditions. These two sources of sampling 

variability may be abrogated by including additional biological replicates (i.e., more 

sequenced samples per time point). An alternative approach may be to sample SC cells 

at shorter increments in time, which would also have the added benefit of capturing 

intermediate cell states across developmental processes and allow improved bioinformatic 

modeling through trajectory analyses. Finally, as with many scRNA-seq studies, further 

experimental validation is needed. While we have validated some neuron subtype markers 

to specific brain regions such as with Pax7, the identity, distribution, and function of neuron 

subtypes with less distinct molecular profiles remain unclear. Likewise, how the expression 

of specific axon guidance molecules affects neuron subtype circuitry requires functional 

studies. Nevertheless, descriptive studies on cellular transcriptional heterogeneity provide a 

roadmap for investigating the molecular determinants of brain circuitry.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Kevin K. Park at kpark@miami.edu.

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Original single-nucleus RNAseq data have been deposited at Gene Expression 

Omnibus (GEO) with the Accession number: GSE224407 and are publicly 

available as of the date of publication. This paper also analyzes existing, 
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publicly available data. These accession numbers and datasets are listed in the 

key resources table.

• All original code has been deposited at Zenodo (10.5281/zenodo.8061024) and 

is publicly available as of the date of publication. DOIs are also listed in the 

key resources table. Original code has also been deposited at https://github.com/

ParkLabMiami/snRNAseq-developing-superior-colliculus.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—All animal experimental procedures were performed in compliance with 

protocols approved by the Institutional Animal Care and Use Committee (IACUC) at 

the University of Miami Miller School of Medicine. Animals used were C57BL/6J (The 

Jackson Laboratory, stock# 000664), Pax7-Cre (The Jackson Laboratory, stock# 010530), 

and R26 loxP-STOP-loxP-tdTomato (a gift from Dr. Fan Wang, Massachusetts Institute 

of Technology). All animals were housed in a viral antigen-free facility and kept under 

standard 12-h light-dark conditions. For all surgical procedures, mice were anesthetized 

with ketamine and xylazine. For analgesia, buprenorphine (0.05 mg/kg) was administered 

post-operatively. Animals of both sexes were used unless specified.

METHOD DETAILS

Nuclei isolation and analysis of single-nucleus RNAseq—Nuclei were isolated 

from SC using detergent-based digestion and mechanical dissociation followed by a sucrose 

density gradient.19 Briefly, SC from E19, P4, P8, and P21 mice were manually isolated and 

homogenized in RNAase-free lysis buffer (0.32 M sucrose, 3 mM CaCl2, 3 mM MgAc2, 

0.1 mM EDTA, 10 mM Tris-HCl,1 mM DTT, 0.1% Triton X-100 in DEPC-treated water) 

using a glass Dounce homogenizer on ice. For each sample, SC were collected from multiple 

mouse donors and pooled (i.e., two mice for E19 and five mice for all other time points). 

Care was taken to micro-dissect SC regions specifically without substantial contamination 

from deeper brain regions, particularly for the E19 brain in which the SC is less defined 

structurally. Animals of both sexes were used for all ages except for E19 which were all 

males. The homogenate was loaded into a polycarbonate ultracentrifuge tube containing 

sucrose solution (1.8 M sucrose, 3 mM MgAc2, 1 mM DTT, 10 mM Tris-HCl in DEPC-

treated water) in the bottom and centrifuged at 107,000 g for 2.5 h at 4°C. Supernatant 

was aspirated, and the nuclei containing pellet was incubated in RNAse-free 1x PBS, 

0.04% BSA, 0.2 U/μL RNAse inhibitor on ice before resuspending the pellet. The nuclear 

suspension was filtered twice through a 30 μm cell strainer and counted using a Nexcelom 

Cellometer K2 before performing single-nucleus capture on the 10X Genomics 3′ v3 single 

cell RNA-Seq. Target capture of 2,000 nuclei per sample was used and the 10 × 3′ v3 

scRNA-Seq library preparation performed and sequenced on the NovaSeq SP 100 (200,000 

reads/nucleus) by the Oncogenomics Core Facility at University of Miami Miller School of 

Medicine.
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After sequencing, Illumina output was processed using CellRanger v3.0.2. Base call files 

for each sample were demultiplexed. A pre-mRNA reference was generated with CellRanger 

mkref using the mm10 mouse genome. Each sample was aligned to the custom mm10 

mouse reference genome using CellRanger. Sample reads were sequenced across two lanes 

and concatenated after alignment, resulting in a single count matrix per sample.

Pre-processing and quality control—To distinguish nuclei-containing droplets from 

empty droplets, we performed cell calling on the unfiltered UMI count matrices using a 

combination of barcode-ranking and the empty-droplet detection emptyDrops function as 

implemented in the DropletUtils R package.55 First, nuclei were ranked according to total 

UMI count and visualized in a log-total UMI vs. log rank plot (Figure S1A). A spline curve 

was fit to the data to identify “knee” and inflection points, and cells with total UMI count 

above the knee were considered nuclei-containing droplets. Next, we used the emptyDrops 

algorithm to further distinguish empty droplets from nuclei for nuclei with lower total UMI 

counts.

To remove potential doublets, we applied the Python package Scrublet60 to each individual 

sample using default parameters. In brief, Scrublet simulates multiplets by sampling from 

the data and builds a nearest-neighbor-based classifier. Cells with high doublet scores were 

flagged and removed.

We performed further quality control based on metrics such as total UMI, number of 

unique genes detected, and mitochondrial transcript content (Figure S1B). Lower-bound 

thresholds for total UMI and unique gene detection rates were determined by computing 

three absolute median deviations (MADs) below the median. Across all samples, mean 

total UMI was 10,556 (E19, 7,457; P4, 9,882; P8, 10,957; P21, 13,928), mean total genes 

detected was 3,550 (E19, 3,030; P4, 3,574; P8, 3,643; P21, 3,953), and mean mitochondrial 

transcript content was 0.62% (E19, 0.70%; P4, 0.98%; P8, 0.41%; P21, 0.39%). Remaining 

high-quality nuclei were used for downstream analysis.

Since donor cells were not tagged prior to pooling, we could not measure the relative 

cell yield per donor mouse. To approximate the distribution of sexes to cell-types and 

subtypes, we calculated the percentage of Xist+ cells per sample and per cluster. We 

found that samples E19, P4, P8, and P21 were 0.9%, 46.0%, 40.7%, and 68.1% Xist+ 

cells, respectively, with a mean of 37.7% across all cells from all samples. From this, 

we speculated that sex-specific gene expression may contribute to batch effects and/or sex-

specific clusters. However, we also found that neuron subtypes ranged in Xist+ percentage 

from 15.6% to 51.6% with a mean of 37.5%. This suggests that sex-specific gene expression 

did not strongly drive neuron subtype clustering results and that our neuron subtype analysis 

captures gene expression variation irrespective of sex.

Integrated identification of all cell types across development—We first 

performed standard single-nucleus RNAseq analysis using the Seurat R package (v4.2.1).61 

We observed significant batch effects between samples from each developmental time point; 

for example, neurons from P21 clustered separately from neurons from all other time points 
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due to detection of contaminant ambient RNAs such as Plp1 (Figure S1C). Based on this 

observation, we determined that Data Integration was necessary.

To better identify shared and unique cell types across all developmental time points, we 

performed integrated analysis as outlined in Seurat’s Data Integration workflow.62 In brief, 

after UMI count matrices were log-normalized, the top 2,500 variable genes and first 15 

principal components were used for dimensional reduction and clustering. Cell types were 

identified using a combination of DE testing, comparisons against reference data sets, and 

prior knowledge of cell type-specific marker genes. For DE testing to identify markers, 

we used the FindAllMarkers function in Seurat using default parameters. For comparisons 

against reference data sets, we used the SingleR R package.35 See methods section on 

“Comparison of neuronal subtypes to reference data” for description of the SingleR method. 

After cell type identification, DEGs were recomputed again using the FindAllMarkers 

function. We principally used the following genes for cell type identification: Excitatory 

neurons, Slc17a6; Inhibitory neurons, GAD1; Astrocytes, Aqp4 and Gfap; Oligodendrocyte-

lineage cells, Cspg4, Bmp4, Mbp; Dividing cells, Mki67; Microglia, P2ry12; Endothelial 

cells, Cldn5; Vascular Leptomeningeal cells, Col1a1; Epithelial cells, Cdh1.

Integrated analysis of neurons across development—To investigate neuronal 

heterogeneity and identify neuronal sub-types, we performed a similar integrated analysis as 

described above with certain modifications. First, we used the top 3000 variable genes and 

top 10 principal components for dimensional reduction and clustering. Principal components 

were determined using the “elbow” plot heuristic. We also set the “resolution” parameter 

in the FindClusters function to 0.72 based on empirical observations that at this resolution 

neuron clusters could be identified using single or a small set of genes. Neuronal subtypes 

were annotated using these parameters. Neuronal subtype marker genes were computed 

using the FindAllMarkers function and filtered by taking the top 2 genes by p value 

and then by log(fold-change). To better identify sub-type markers within each of the 

excitatory and inhibitory neuron classes, we extracted each class and reperformed DE tests 

via FindAllMarkers. We used the default Seurat log2(fold-change) threshold of 0.25 and 

adjusted p value threshold of 0.05 for determining the number of DEGs (Figures S2E 

and S2F). We further quantified the similarity between neuron subtypes by constructing a 

dendrogram relating the average expression profile of neuron subtypes using the same genes 

used for cluster analysis (Figure S2D).

We also sought to identify gene expression changes in all excitatory or inhibitory neurons 

across development using the FindMarkers function. We observed that many of the top 

DEGs between time points were non-neuronal, e.g., the gene Ttr, which has been shown 

to be specific to cells of the choroid plexus in the CNS.63 We reasoned that many of these 

genes may be derived from the ambient RNA during droplet processing.64 To mitigate the 

effects of ambient RNA contamination in DE testing, we applied ambient profile estimation 

algorithms in the DropletUtils R package (Figure S1A). In brief, unfiltered UMI count 

matrices, containing transcript quantifications for all 10X Chromium lipid encapsulations, 

were used to estimate the ambient RNA profile based on expression data from low total UMI 

droplets. We used the ambientContribMaximum function to then filter out genes from DE 

test results which had an average maximum ambient RNA count contribution greater than 
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20% across all samples in the comparison. This approach was also applied in identifying 

gene expression changes across developmental time points for non-neuronal populations.

To further characterize the global changes in neuronal gene expression across development, 

we combined all neuronal cells into a single group and performed time point comparisons 

as well as ambient RNA filtering (Figure S3A). We performed Gene Ontology enrichment 

analysis for Biological Process terms using these DEGs (Figure S3B) using the topGO R 

package version 2.50.0.

To investigate potential development trajectories between neuronal subtypes, we used the 

Monocle3 R package.57 We ported the Seurat dataset into Monocle3 and followed the 

Monocle3 pipeline except for the following parameters: for preprocess_cds() we “num_dim” 

to 20 for the PCA; we performed batch correction using align_cds(); we set the root node 

using the graphical interface prompted by order_cells(). To identify DEGs along trajectories, 

we used the graph_test() function using default parameters. We clustered DEGs using the 

find_gene_modules() function and setting the resolution parameter to range from 10^−6 to 

10^−1 with increasing exponent.

Comparison of neuronal subtypes to reference data—To compare the neuronal 

subtypes identified in our study to neuronal subtypes described previously in other reports 

studying SC neurons, we applied the SingleR algorithm from the SingleR R package. In 

brief, SingleR first identifies marker genes for each neuron subtype label in the reference 

data in a pairwise manner. These genes are then used to compute Spearman correlations 

between the gene expression profiles of cells from the query dataset and cells of the 

neuron subtypes from the reference dataset. For each query cell, a per-subtype distribution 

is generated from the correlation values against cells from that neuron subtype label. For 

that query cell, the per-subtype label is defined as a fixed quantile (default 0.8) of this 

distribution. The subtype label with the highest score becomes the predicted subtype of the 

query cell. Heatmaps demonstrating the per-reference-label contribution to each neuronal 

subtype in the current study were generated using these labels.

To perform an integrated analysis, we pulled data from Cheung et al., Tsai et al., and the 

current study. For each dataset, we first performed an initial cluster analysis to identify 

neuronal cells using the marker genes Slc17a6, GAD1, and GAD2 and took the subset 

of data along genes which were shared among all datasets. We then computed the top 

variable genes for dimensional reduction using the modeleGeneVar() function from the 

BioConductor package scran.58 We set the “block” argument to individually sequenced 

samples as our initial cluster analyses revealed significant batch effects between and within 

studies. We performed batch correction using the Seurat integration pipeline using default 

parameters and set the PCA dimensions to 20 for dimensional reductions.

Investigation of adhesion and axon guidance molecules—To perform a 

comprehensive query of cell adhesion and axon guidance molecules, we pulled gene sets 

from the following sources: extracellular matrix and adhesion molecules were pulled from 

GeneCopoeia’s ExProfile Extracellular Matrix and Adhesion Molecules gene panel; axon 

guidance molecules were pulled from the KEGG pathway database using the pathway ID 
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“mmu04360”. To investigate the heterogeneity of expression of these molecules in SC 

nuclei, we performed integrated cluster analysis using the Seurat integration pipeline as 

described above using these gene sets.

Assessment of projections of Pax7-expressing SC neurons—For Cre-dependent 

anterograde labeling of Pax7 expressing neurons in the superficial SC (sSC), approximately 

100 nL of AAV2–CAG–FLEX–GFP (University of North Carolina Vector Core) was 

injected into the sSC of Pax7-Cre mice (10 weeks old). Injection coordinates were as 

follows: posterior from bregma, lateral from midline, and depth in mm, 4.16, 0.2, 0.5, 

and 1.0–1.2, respectively. Three to 4 weeks after AAV injection, mice were anesthetized 

and then transcardially perfused with 4% paraformaldehyde in phosphate buffered saline 

(PBS). Brains were dissected and postfixed in 4% paraformaldehyde in PBS for 16 h, 

and cryoprotected in 30% sucrose in PBS for 2–3 days. Brains were embedded in OCT 

compound (Tissue-Tek) and coronal sections (20 μm) were cut using a cryostat. Sections 

were immunostained by incubating in primary antibodies in 5% Normal Goat Serum in 

PBS with 0.3% Triton X-overnight at 4°C. Primary antibodies used were: RFP (Rockland 

600–401-379S, 1:1000) and GFP (Abcam ab13970, 1:2000). Following primary antibody 

incubation, sections were washed and incubated in species-appropriate Alexa Fluor IgG (H 

+ L) secondary antibodies (Invitrogen, 1:500) at room temperature for 1 h. Slides were 

mounted using Vectashield with DAPI (Vector Laboratories H-1200). Images were obtained 

using a Nikon Eclipse Ti fluorescent microscope or an Olympus FluoView 1000 confocal 

microscope.

Fluorescent in situ hybridization (FISH)—RNAscope FISH was performed on 20 

μm thickness coronal brain sections from adult mice (8 weeks old) using the RNAscope 

Multiplex Fluorescent v2 Assay (ACD Biotechne, Catalog No. 323100) according to the 

manufacture’s protocol. Target probes used are listed in the key resources table. TSA-based 

fluorophores were from PerkinElmer (TSA Plus Fluorescein, PN NEL741001KT; TSA 

Plus Cyanine 3, PN NEL744001KT; TSA Plus Cyanine 5, NEL745001KT). Images were 

acquired using an Olympus Confocal FV1000 microscope or an Andor Dragonfly confocal 

microscope.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• snRNA-seq on superior colliculus (SC) at various ages reveals cell type 

diversity

• snRNA-seq analysis reveals genes differentially expressed in the SC during 

development

• Pax7 is a marker for a subset of GABAergic neurons with long-range axon 

projection

• A web portal for comparing gene expression profiles in the SC cell types 

across the ages
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Figure 1. snRNA-seq of developing superior colliculus
(A) Overview of experimental design.

(B) Summary Uniform Manifold Approximation Projection (UMAP) plot of all major 

cell types identified from integrated analysis. Dots represent gene expression profiles for 

individual nuclei and are colored by cell type. Size of dots indicates percentage of cells in 

each group in which a gene is detected. Color of dots indicates the centered and z-scaled 

log-normalized expression value.

(C) UMAP of nuclei colored by developmental time point of origin.
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(D) Dot plot of top three DEGs per cell type.

(E) Marker genes identified previously from the literature used to annotate cell types.

(F) Quantification of cell type proportions across different ages.
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Figure 2. Cluster analysis of neurons reveals transcriptionally and temporally defined neuronal 
subtypes
(A) UMAP of neuronal subtypes identified through cluster analysis of neuronal cells. Cells 

are colored by subtype. EN, excitatory neuron subtype; IN, inhibitory neuron subtype.

(B) UMAP of neurons colored by sample developmental time point.

(C) UMAP of neurons colored by principal neuron class.

(D) Dot plot of the top DEGs for each neuronal subtype compared against all other neurons 

combined. Dashed line partitions excitatory and inhibitory neuronal subtypes. Size of dots 
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indicates percentage of cells in each group in which a gene is detected. Color of dots 

indicates the centered and z-scaled log-normalized expression value.

(E) In situ hybridization against Egflam (left), Gfra1 (center), and Nos1ap (right) from the 

Allen Brain Atlas. Genes were identified from the list of subtype DEGs as shown in (D) 

(e.g., Egflam and Gfra1).

(F) Representative coronal mouse brain sections showing SC. FISH was performed using 

probes against Gfra1 (green) and VGlut2 (red). Scale bars, 500 μm in (E) and (F) (left two 

panels) and 10 μm (right panel).
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Figure 3. Identification of transcriptional changes across neurons across development
(A and B) Heatmap of the top DEGs per developmental time point in (A) excitatory neurons 

or (B) inhibitory neurons. Excitatory or inhibitory neuron subtypes were aggregated prior to 

DE testing.

(C) Quantification of the number of upregulated or downregulated DEGs between sequential 

developmental time points.

(D) In situ hybridization against Zic1 from the Allen Brain Atlas.
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(E) In situ hybridization against Lef1 from the Allen Brain Atlas. Wilcoxon rank-sum test as 

implemented in Seurat’s FindMarkers() function. Scale bars, 500 μm.
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Figure 4. Comprehensive panel of cadherin and protocadherin family gene expression across 
SC cell types and neuronal subtypes. For all dot plots, size of dots indicates percentage of cells 
in each group in which a gene is detected. Color of dots indicates the centered and z-scaled 
log-normalized expression value
(A) Dot plot of scaled gene expression values of cadherin and protocadherin family genes 

across SC cell types. Only genes that were detected in at least 0.1% of all cells are shown.

(B) Dot plot of scaled gene expression values of cadherin and protocadherin family genes 

across SC neuron subtypes. Only genes that were detected in at least 0.1% of all neuronal 

cells are shown. Stars indicate statistically significant enrichment of each gene in each group 
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compared to all other cells combined. Wilcoxon rank-sum test as implemented in Seurat’s 

FindMarkers() function. FDR, false discovery rate.

(C) Two-color FISH against Cdh7 (yellow) in the SC, a gene enriched in subtypes EN6 and 

EN7, and excitatory neuron marker VGlut2 (green). Right panel, higher magnification of the 

boxed area in the middle panel.

(D) Two-color FISH against Cdh22 (yellow) in the SC, a gene enriched in several 

inhibitory neuron subtypes, and inhibitory neuron marker GAD2 (green). Right panel, 

higher magnification of the boxed area in the middle panel. Arrows indicate cells that appear 

to express both Cdh22 and GAD2. Scale bars, 15 μm.
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Figure 5. Comparison of neuron subtypes against published SC sn- or scRNA-seq data
(A) Schematic of SingleR approach to classify neurons from published data sources using 

marker genes of neuron subtypes defined in our analysis. Briefly, for each query cell, 

SingleR computes correlations between its expression profile and the average expression 

profile for each reference label (i.e., our subtypes). Query cells in the upper quantiles of 

per-label correlations are annotated as that label.

(B and D) (B) UMAP of cells from Trans-seq data (see Figure 5B from Tsai et al.33) or (D) 

Vector-seq data (see Figure 3B from Cheung et al.34) colored by predicted classification.
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(C and E) (C) Heatmap of correspondence between neuron subtypes identified in current 

analysis and clusters identified by Tsai et al. in Trans-seq, or (E) clusters identified by 

Cheung et al. in Vector-seq. Heatmap values depict the proportion of cells from y axis 

clusters that were annotated as x axis neuron subtypes; e.g., 99% of cells in cluster 18 from 

Vector-seq were classified as IN5 based on marker genes for IN5. Sums along rows equal to 

100.

(F and G) Violin plot of Gpc3 (F) and Sntb1 (G) expression in excitatory and inhibitory 

neuron subtype. Clusters Ex-6 (i.e., Gpc3+ neurons) and Ex-8 (i.e., Sntb+ neurons) from Xie 

et al. correspond to our EN12 and EN6, respectively.
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Figure 6. Expression of common SC neuron marker genes and integrated analysis of SC neurons 
across multiple studies
(A) Stacked bar graph of SingleR neuron subtype predictions across three datasets analyzed. 

The y axis indicates published studies.

(B) UMAP of SC neurons collected from the current study, the study by Tsai et al. (Trans-

seq), and the study by Cheung et al. (Vector-seq). Note the substantial overlap of cells from 

the current study and cells from Cheung et al.

(C) Same UMAP as (B) except showing only cells from the current study. Cells are colored 

by neuron subtype.
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(D) Same UMAP as (B) except cells are split by study of origin.

(E) Expression dot plot across neuron subtypes of common marker genes identified from 

previous studies on SC neurons. Size of dots indicates percentage of cells in each group in 

which a gene is detected. Color of dots indicates the centered and z-scaled log-normalized 

expression value.
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Figure 7. Pax7+ cells are a population of GABAergic neurons some of which have a common 
downstream brain target
(A) Violin plot of Pax7 expression in excitatory and inhibitory neuron subtype 

demonstrating that detection of Pax7 is limited to a subset of inhibitory neurons.

(B) Left: UMAP of Pax7 expression in SC neurons. Right: UMAP of Pax7 expression in SC 

neurons across the four developmental time points collected.

(C) In situ hybridization against Pax7 from Allen Brain Atlas. Pax7 expression is restricted 

to the midbrain.

(D) Higher magnification of the SC in (C).
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(E) tdTomato expression in a coronal section of brain from Pax7-Cre; Rosa26-tdTomato 

double transgenic mouse. Consistent with the in situ hybridization (C), tdTomato expression 

is restricted to the midbrain.

(F–H) GFP expression in the SC (F), LGN (G), and PBg (H). White dotted areas indicate the 

respective nuclei.Adult Pax7-Cre; Rosa26-tdTomato received injection of AAV2-FLEX-GFP 

into the sSC.

(I) Two-color FISH against Spon1 and Pax7 in the adult SC. Arrows indicate cells that 

appear to express both genes.

(J) Two-color FISH against Fibcd1 and Pax7 in the adult SC. Arrows indicate cells that 

appear to express both genes.

(K) ISH image of the SC from Allen Brain Atlas for Spon1.

(L) ISH image of the SC from Allen Brain Atlas for Fibcd1. Scale bars, 15 μm (I and J). 

Scale bars, 500 μm (C–H, K, and L).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-RFP antibody Rockland RRID:AB_11182807

Anti-GFP antibody Abcam RRID:AB_300798

Bacterial and virus strains

AAV-FLEX-GFP University of North Carolina Vector 
Core

AAV2-CAG-FLEX-GFP

Chemicals, peptides, and recombinant proteins

TSA Plus Fluorescein Akoya Biosciences NEL741001KT

TSA Plus Cyanine 3 Akoya Biosciences NEL744001KT

TSA Plus Cyanine 5 Akoya Biosciences NEL745001KT

Critical commercial assays

Chromium Next GEM Single Cell 3′ Kit v3.1 10X Genomics 1000269

RNAscope® Multiplex Fluorescent v2 Assay ACD Biotechne Catalog No. 323100

Deposited data

Trans-Seq scRNAseq data of SC Tsai et al.33 GEO: GSE202257

Vector-Seq scRNAseq data of SC Cheung et al.34 GEO: GSE189907

snRNAseq data of SC Xie et al.22 GEO: GSE162404

snRNAseq data of SC This paper GEO: GSE224407

Experimental models: Organisms/strains

Pax7-Cre Jackson Laboratory 010530

Software and algorithms

Seurat v4 Hao et al.54 https://doi.org/10.1016/j.cell.2021.04.048

EmptyDrops Lun et al.55 https://doi.org/10.1186/s13059-019-1662-y

DropletUtils Griffiths et al.56 https://doi.org/10.1038/s41467-018-05083-x

Monocle 3 Cao et al.57 https://doi.org/10.1038/s41586-019-0969-x

topGO R package version 2.52.0. https://bioconductor.org/packages/release/bioc/
html/topGO.html

SingleR Aran et al.35 https://doi.org/10.1038/s41590-018-0276-y
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REAGENT or RESOURCE SOURCE IDENTIFIER

scran Lun et al.58 https://doi.org/10.12688/f1000research.9501.2

10X Genomics Cell Ranger 3.0.2 Zheng et al.59 https://doi.org/10.1038/ncomms14049

Scrublet Wolock et al.60 https://doi.org/10.1016/j.cels.2018.11.005

Analysis Code for this paper This paper https://doi.org/10.5281/zenodo.8061024

Other

RNAscope® Multiplex Fluorescent v2 Assay ACD Bio. 323100

RNAscope® Probe - Mm-Gfra1 ACD Bio. 431781

RNAscope® Probe -Mm-Slc17a6-C2 ACD Bio. 319171-C2

RNAscope™ Probe- Mm-Cdh7-C2 ACD Bio. 520761-C2

RNAscope™ Probe- Mm-Cdh22-C3 ACD Bio. 573541-C3

RNAscope™ Probe- Mm-Robo3-O1-C2 ACD Bio. 558811-C2

RNAscope™ HiPlex Probe- Mm-Gad2 ACD Bio. 439371

RNAscope™ Probe- Mm-Spon1-C2 ACD Bio. 492671-C2

RNAscope™ Probe- Mm-Fibcd1-C2 ACD Bio. 524021-C2
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