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Tree shrews (TSs) possess a highly developed visual system. Here, we establish an age-related single-cell
RNA sequencing atlas of retina cells from 15 TSs, covering 6 major retina cell classes and 3 glial cell types.
An age effect is observed on the cell subset composition and gene expression pattern. We then verify the
cell subtypes and identify specific markers in the TS retina including CA10 for bipolar cells, MEGF11 for H1
horizontal cells, and SLIT2, RUNX1, FOXP2, and SPP1 for retinal ganglion cell subpopulations. The cross-
species analysis elucidates the cell type-specific transcriptional programs, different cell compositions, and
cell communications. The comparisons also reveal that TS cones and subclasses of bipolar and amacrine
cells exhibit the closest relationship with humans and macaques. Our results suggests that TS could be
used as a better disease model to understand age-dependent cellular and genetic mechanisms of the
retina, particularly for the retinal diseases associated with cones.
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Introduction

Primates have long been considered the most suitable animal
models for studying human diseases. However, research using
primates is limited mainly due to their high costs and time con-
sumption, and stringent requirements for laboratory animals
and scientific research facilities. The tree shrew (Tupaia belangeri;
TS) is an animal species with a unique evolution of dominant
organs and distinct evolutionary relationships between primates
and rodents [1,2]. Being one of the closest living relatives of
primates (Eeuarchontogliers), TS possesses a cone-dominant
retina with short-wave sensitivity (SWS) and long-wave sensi-
tivity (LWS) cones [3], and its highly developed visual system
shares various features with primates [4]. RNA sequencing
analysis revealed that TS shares high homology with humans
in terms of Alzheimer’s disease (AD)-related differentially
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expressed genes (DEGs) in human brain tissues [5]. Additionally,
TS have been employed in vision studies [6-8], as they are a
diurnal mammalian species closely related to primates that have
multiple advantages for the translational study of visual pros-
thetics. TS retina is primarily composed of cones [9], which is
advantageous for prosthetic vision research as humans typically
operate in illuminated environments. Additionally, as a diurnal
mammal that heavily relies on vision [10], the TS can be easily
trained on visually based cognitive behavioral tasks [7,11].
Therefore, it is essential to explore whether T'S can serve as a suit-
able animal model for studying age-related retinal disorders.
The retina is a special photosensitive tissue composed of
various cell types, including 5 major classes of retinal cells:
photoreceptors (rods and cones); retinal ganglion cells (RGCs),
which are classically considered neurons due to their ability to
generate action potentials; horizontal cells (HCs); bipolar cells
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(BCs); amacrine cells (ACs); and non-neuronal Miiller glial cells
[12]. Photoreceptors in the outer nuclear layer (ONL) sense
light and transmit visually evoked signals to interneurons (HCs,
BCs, and ACs) in the inner nuclear layer (INL); then, the inter-
neurons process the information that is supplied to RGCs in the
innermost layer; and the RGCs finally send axons through the
optic nerve to cerebral visual centers [13]. As development pro-
gresses and age increases, the photoreceptor structure of the
retina degrades, especially in the fovea area of primates, accom-
panied by a decrease in the proportions of photoreceptors and
a decline in visual processing ability [14]. Retinal cell popula-
tions vary in composition and proportion according to the age
of humans, primates, and rodents [15]. It is essential to elucidate
the entirety of the complexity of the retina at an individual cell-
type resolution across the postnatal lifespan in TS. In addition,
the evolutionary characteristics of the retina that exhibit con-
sistency in different species remains to be elucidated.

Single-nucleus RNA sequencing (snRNA-seq) is highly ben-
eficial for obtaining the transcriptome at the individual cell level
in the retina, which can offer critical insights into age-related
retinal biology and disease [16]. Recently, snRNA-seq studies
have been performed on the retinas of different species, including
mice [17], macaques [18], chicks [13], and humans [19]. These
studies have provided critical high-resolution transcriptomic
data for conventional retinal cell types and allowed the discovery
of novel cell subtypes in different animals. In this study, we pro-
filed 107,718 single nuclei from retinal samples of 15 healthy TS
donors during postnatal lifespan using the snRNA-seq approach,
of which the age range fulfilled the criteria based on the previous
publication [20]): infant (1.4 to 2.1 months), mature (24.96 to
36 months), and senile (85.8 to 86.56 months). We identified
9 cell populations with different gene expression characteristics,
including cones, rods, BCs, HCs, ACs, RGCs, Miiller, astrocytes,
and microglia. Cell type-specific transcriptional alterations, spe-
cific cell markers, molecular localization, and dysregulated cell-
to-cell communication in the TS retina were comprehensively
elucidated. A cross-species analysis was also employed to depict
the underlying similarities or differences of the single-nucleus
transcriptomic landscape, cell composition, and cell commu-
nications among TS, humans, macaques, mice, and chicks.
Collectively, we provide a retinal age-dependent cellular and
single-cell genetic atlas of TS retina, validating the further use of
TS for modeling retinal development and disorders.

Results

Cell-type taxonomy of the TS retina

at different age stages

To comprehensively elucidate the cellular composition and
molecular signatures of the TS retina during development, we
isolated cells from 15 retinas of infant, mature, and senile sub-
jects, which were subjected to a 10X Genomics platform for
snRNA-seq (Fig. 1A and Fig. S1A). After strict quality control,
107,718 cells including 38,578 cells from infant TS, 35,436 cells
from mature TS, and 33,704 cells from senile TS were used for
downstream analysis (Fig. S1B and Table S1). Next, 29 cell clus-
ters were confirmed after unbiased clustering using uniform
manifold and projection (UMAP), of which the cell number
was displayed (Fig. S1C and D). Upon unsupervised clustering,
we divided all cells into 9 cell types according to the specific
gene characteristics expressed in each cluster (Fig. 1B and C
and Table S1), including 6 types of retinal cells (cones, CRX™,
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OPNILW", ARR3", PDE6C"; rods, CRX", PDE6A", PDE6B,
SAG";BCs, CA10",NETOI", GRIKI", TRPMI;HCs, ONECUTT,
ONECUT2"; ACs, PAX6", GRMS", TFAP2A™, SLC6A9"; RGCs,
RBPMS*, SLC17A6%, NRNI*, THY1") and 3 types of glia cells
(Miiller cells, RLBPI, TF*, WIFI*; astrocytes, PAX2*, SPARCLI™,
AQP4", SLC14A1"; microglia, INPP5D*, CSFIRY, C1QBY,
CX3CRI") visualized using UMAP (Fig. 1C and Fig. S1E and
F). Based on these attributes, cellular compositions in the TS
retinas of different ages were revealed, showing an increasing
trend in the number of RGCs and cones with age, while the
proportion of BCs and the 3 non-neuronal cell types (Miiller
cells, microglia, and astrocytes) showed a decreasing trend with
age (Fig. 1D and Fig. S2A).

Analysis of the transcription factors with high transcriptional
activity for each cell type revealed unique transcriptional features
and enriched biological processes relevant to their distinct physi-
cal functions (Fig. 1E and F and Table S1). For example, RGCs,
Miiller, astrocytes, and BCs shared the transcription factor SOX5
(Fig. 1E), which is known to be involved in the regulation of
cellular differentiation and the maintenance of specific cell fates
[21], suggesting that this transcription factor may act as a com-
mon regulatory factor contributing to both neuronal and glial
development and ensuring the proper formation and function
of retinal circuits. RGCs, ACs, and HCs all transcribed ONECUT1,
which is essential for HC genesis and retinal integrity [22], and
HCs specifically expressed ONECUT2 (Fig. 1E). Gene Ontology
(GO) terms related to axon and retina development including
“axonogenesis’, “axon development’, “synapse assembly”, “neural
retina development’, “visual system development”, and “regula-
tion of membrane potential” were enriched for BCs, Miiller, ACs,
cones, rods, and RGCs, respectively (Fig. 1F and Table S1). We
performed differential gene expression analysis among different
cell populations. DEGs in each cell type were visualized using a
volcano plot. The top 5 up-regulated or down-regulated genes
are depicted, including some marker genes seldom reported
before, such as rods (CLULI) and BCs (CA10) (Fig. 1G).

Then, we analyzed and compared the functional character-
istics of the up-regulated DEGs in the infant and senile groups.
The GO terms revealed that except for RGCs, the remaining 8
cell types were all involved in the “eye development” process at
the infant stage, whereas “oxidative phosphorylation” (rods and
amacrines), “netrin-activated signaling pathway” (cones), and
“negative regulation of response to oxidative stress” (RGCs) were
enriched in the senile group (Fig. S1G and H and Table S1). For
cones, “eye development” and “visual perception” were promi-
nently enriched in the infant group, and “regulation of neuron
projection development” and “axonogenesis” were also enriched
in the senile group (Fig. S1G and H and Table S1), indicating
the potentially protective effect of cones against age-related reti-
nal function decline in TS. These further demonstrated the posi-
tive regulation of related cell types in the retinal functions.

Characteristics of photoreceptor cells and

identification of specific cell markers in TS

TSs are dichromatic and exhibit 2 types of cone cells, namely,
shortwave-sensitive cone cells (S-cones) expressing blue opsin
(OPN1SW) and longwave-sensitive cones (L-cones) expressing
red opsin (OPN1LW) [23]. After strict quality control (Materials
and Methods), 15,381 photoreceptors were analyzed, of which
94% were cones and 6% were rods; they were clustered into
6 clusters with distinct gene expression (Fig. S3A and Table S2).
According to the markers specifically expressed in each cluster,
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Fig. 1. Cellular composition of retinas in the infant, mature, and senile TS delineated by single-nucleus transcriptome profiles. (A) snRNA-seq experimental workflow of this
study. n = 5 TSs per group. (B) UMAP map shows the distribution of all cell clusters in TS retina. (C) Dot plot shows expression levels and distribution of representative cell
markers across 9 cell populations. The size of the dot represents the percentage of cells expressed by the selected genes in a cluster. The degree of color refers to the average
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regulators of 9 cell types in the TS retina. (F) The heatmap provides the representative GO terms enriched by DEGs of each cell type. (G) Differential gene expression analysis
shows DEGs in each cell type, and the top 5 up-regulated or down-regulated DEGs are marked. UMAP, uniform manifold and projection; RGC, retinal ganglion cell.
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the photoreceptors cells were divided into L-cones (OPNI1LW™,
GNAT2", PDE6C", PDEGH", GRK7", ARR3", RCVRN', C0-C3),
S-cones (VAV3*, PLXDC2", OPNISW*, SAG*, GNAT2*, PDE6C",
C5), and rods (PDE6A*, PDE6B*, SAG*, CADM1*, ESRRB™,
ROM1*, CRX", C4) (Fig. 2A and B and Fig. S3B). Overall, as age
increased, the proportion of cones showed an increasing trend,
while the proportion of rods exhibited a decreasing trend (Fig.
2C, Fig. S2B, and Table S2). The cones were distributed in the
ONL and layer of rods and cones (RCL) in the TS retina, as indi-
cated by PDE6C” (cones), OPNILW™" (L-cone), and OPNISW*
(S-cone) immunostaining of TS retina (Fig. 2D to F). Moreover,
cones and rods contained distinct cell-specific transcription
factors (Fig. 2G). The disease gene set score showed that rods
consistently show higher susceptibility scores for diseases
such as retinitis pigmentosa (RP), congenital stationary night
blindness (CSNB), and Leber’s congenital amaurosis (LCA) in
infancy, maturity, and senility. Meanwhile, cones, especially
in mature and senile stages, exhibit higher associations with
cone dystrophy and color blindness (Fig. 2H). The prominently
higher susceptibility of rods to RP, CSNB, and LCA, as com-
pared to cones, particularly highlighted the vulnerability of rod
cells to degeneration with age. Next, we explored age-related
up-regulated genes in photoreceptor cells, and obtained 101
genes after intersecting with up-DEGs in L-cones, which were
mainly involved in such a lot of eye-beneficial biological pro-
cesses as “visual system development’, “nucleotide phosphory-
lation”, “developmental cell growth”, “neural retina development’,
and “action potential” (Fig. 2I and Table S2). We identified 5
crucial genes (DACH1, THRB, MAML2, INPP4B, and CADM2)
whose expression was consistently elevated with age in the
L-cones (Fig. 2] and Fig. S3C). DACH1 encodes a chromatin-
associated protein that correlates with other DNA-binding
transcription factors and is a key component in the regulation
of cellular fate [24]. Thus, the augmentation of cones in the TS
retina with increasing age may be attributed to genetic regula-
tion. Regarding rods, the results revealed 82 intersected genes
between the age-related down-regulated genes in photoreceptor
cells and down-DEGs in rods, which also took participation
in processes beneficial for vision including “phototransduc-
tion, visible light”, “detection of light stimulus”, “eye develop-
ment’, “phototransduction”, and “visual perception” (Fig. 2K).
The changes in the cell proportion of rod cells may be linked
to decreased levels of these genes. Furthermore, as shown
in Fig. 11, CLULI stood out as the most up-regulated DEGs
in rod cells. Here, we found that the high expression levels
observed in infant TS decreased in both mature and senile
TS (Fig. 2L, Fig. S3D, and Table S2). In addition, CRYBB2,
AUTS2, and RNF2, which are related to the retinal develop-
ment, were also decreased in rods from infancy to senile (Fig.
2L). Immunostaining outcomes identified CLULI expressing
in rods with triple positivity for PDEGA™/Rhodopsin*/CLULI™
(Fig. 2M). Here, our data presented different cell proportions
of cones and rods with age and verified several specific cell
markers of the cones (OPN1SW, OPN1LW) and rods (CLUL1)
in the TS retina. Crucial DEGs in the developmental process
were also revealed, which might underlie the mechanisms of
age-related retinal morbidity.

Cellular and molecular profiling of BCs in TS

We obtained 29,695 BCs based on the pan-bipolar marker
NETOI combined with TRPM1 and GRIK1 and reclustered
these cells into 17 clusters (Fig. S3E and Table S3). The results
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demonstrated that these 17 cell clusters simultaneously expressed
CA10 (Fig. 3A and Fig. S3E and F). In mammals, BCs are usually
divided into 2 types based on their response to light: ON bipolar
cells (ON_BCs), which primarily receive input from rods and
depolarize in response to light, and OFF bipolar cells (OFF_
BCs), which primarily receive input from cones and hyperpo-
larize in response to light [25]. The aforementioned 17 clusters
were divided into OFF_BC (GRIKI™, C0, C2, C4 to C6, C10,
and C15) and ON_BC (ISLI*, C1, C3, C7 to C9, C11 to C14,
and C16) (Fig. S3E and F and Fig. 3B). ON_BCs consisted of
Rod_ON and ON_BC subpopulations, while OFF_BCs were
made up of Cone_OFF, Cone_OFF_DSCAM (abbreviated as
DSCAM™), and 3A_BC_ERBB4 (abbreviated as ERBB4") sub-
sets (Fig. 3B and C). The cell composition was exhibited at
infant, mature, and senile TS retina, where ON_BCs increased
in the mature group (P = 0.035 versus infancy) and Rod_ON
decreased in the senile group (P = 0.019 vs infancy) (Fig. 3D
and Fig. S2C). Interestingly, CA10 was presented as a novel TS BC
marker identified by the triple immunofluorescent staining of
CAI10"/NETOI"/RBPMS™ (OFF_BCs)and CA10*/ISLI*/RBPMS~
(ON_BCs) in the INL at the different age stages (Fig. 3E). Given
the rising cellular proportional trend in ERBB4* subpopulation,
we searched for genes that showed increased expression during
aging in BCs and intersected them with up-DEGs in ERBB4"
subset, by which 46 overlapped genes were obtained and their
enriched biological processes included “neural retina develop-
ment’, “synapse organization’, “regulation of trans-synaptic sig-
naling”, and “eye morphogenesis” (Fig. 3F to I and Table S3).
The protein-protein interaction (PPI) analysis also revealed the
crucial regulation between GRIA4 and ERBB4 (Fig. 3]), indicat-
ing the important roles of ERBB4 in axon regulation [26,27].
We then identified ERBB4" BCs (GRIK1"/ERBB4") located in
the INL layer of TS retina (Fig. 3K). It has been reported that
the synergistic effect of ERBB4 and neuregulin (NRG) further
promotes important functions such as cell proliferation, neurite
outgrowth, and myelination. Simultaneously, they also regulate
neuronal excitability and synaptic plasticity, which play a cru-
cial role in the nervous system [28]. Furthermore, GO analysis
showed that the ERBB4" subpopulation was mainly enriched
in “inhibitory postsynaptic potential’, “ganglioside metabolic
process’, and “axonogenesis” (Fig. 3L). In addition, the ERBB4*
cell population specifically expresses retinal cell development
molecules such as IRX5 [29], MEIS1 [30],and HDAC2 [31] and
also expresses specific autophagy-related transcription factors
like ATF2 [32] (Fig. 3M).

In summary, we identified a specific cell marker, CA10, for
BCsin the TS retina. Moreover, the increased trend of ERBB4*
BCs proportion with age may be involved in promoting axon
regeneration, resulting in resistance to retinal degradation with
age in TS.

Cell subpopulations of TS ACs

To identify the specific AC subtypes within the molecularly
defined clusters, we reclustered 34,936 ACs and obtained 28
distinct clusters (Fig. S4A). Through transcriptional profiling,
we identified genes uniquely expressed in each cluster (Fig. S4B
and Table S4). Based on the markers SLC6AI" and TCF4™, ACs
were classified into 6 GABA-ergic and 4 GlyT1-ergic clusters.
Among the GABA-ergic clusters, we identified subtypes such
as starburst AC (SACs, CHAT™), as well as subsets defined by
markers such as GABA™, FAT4", TACI", RELN", and PDGFRA".
Similarly, GlyTI-ergic ACs consisted of DRD2*, NFIB®, GlyT1 *,
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mature, and senile groups. (M) Triple immunostaining of CLULI™ rods [PDE6A™ (green)/Rhodopsin® (white)/CLULI™ (red)] in the TS retina at the infant, mature, and senile
groups. Scale bar, 50 um. n = 3 TSs per group. Similar outcomes were obtained in 3 repeated independent experiments. White arrows indicate the positive immunostaining, and
the white dashed boxes represent the zoom area of the positive immunostaining. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, no significance; RPE, retinal
pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; PCL, photoreceptor cell layer; L-cone, longwave-sensitive cones; S-cone, shortwave-sensitive cone cells.
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Fig. 3.Classification and characterization of BCs and their subsets. (A) Expression of selected marker genes in 17 subclusters of BCs. (B) The distribution of annotated OFF_BCs
and ON_BCs subpopulations is visualized using UMAP. (C) Expression of representative marker genes in 5 BC subpopulations. The size of the dot represents the percentage
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10 pm. n = 3 TSs per group. (F) Mfuzz plot clusters the up-regulated genes in BCs with age. (G) Association of up-regulated genes with 5 BC subpopulations was revealed
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obtained in 3 repeated independent experiments. White arrows indicate the positive immunostaining, and the white dashed boxes represent the zoom area of the positive
immunostaining. (L) GO enrichment analysis of 5 BC subsets. The horizontal coordinator is —log;, (P adj). (M) The network diagram shows the transcription factor regulation
of 5 BC subpopulations. GO, Gene Ontology.
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and VGIuT3" subpopulations (Fig. 4A and B). Distribution
of GlyTI-ergic ACs was verified in the INL and RGC layers
of the TS retina by double immunofluorescent staining of
TFAP2A*/SLC6A9" (Fig. 4C). The cell proportion of AC sub-
types was exhibited at different age stages (Fig. 4D, Fig. S2E,
and Table $4). GO analysis revealed that AC subpopulations,
including SACs, TACI*, PDGFA™, GlyTI*, and GABA" cells,
were mainly involved in processes that enhance axon develop-
ment and visual system development, such as “axon extension
involved in axon guidance’, “axon development’, and “retinal gan-
glion cell axon guidance” (Fig. 4 and Table S4). TFAP2A™/TACI*
and TFAP2A*/CHAT" immunofluorescent staining demonstrated
the location of TACI* and CHAT" ACs in the INL and RGC
layers of the TS retina (Fig. 4F and G). The communication of
SACs with astrocytes and Miiller was strengthened in the
mature group but weakened in the senile stage with corre-
sponding alternated ligand signaling, such as FGF, PDGF, and
VEGF (Fig. 4H and I). In addition, the expression of cholinergic
neuronal markers (CHAT and MEGF11) in SACs was consistent
with the changes in cell communication intensity (Fig. 4]). In
total, SACs, as the most specific subtype of TS ACs, might
underlie the axon regulation in the retinal development.

Characteristics and identification of the
RGC subpopulations

Marker characterization was performed to exclude RGCs that
did not express pan-RGC markers (Fig. S4C and D and Table
S5), and the remaining 5,593 RGCs were reclustered into 11
clusters, all expressing the typical pan-RGC markers NRN1,
RBPMS, SLC17A6, and THY1 (Fig. 5A and B and Fig. $4D).
C6 selectively expresses RUNX1 (Fig. 5B), a runt-associated
transcription factor related to retinal angiogenesis, and has
been identified as a marker for a subtype of RGCs [33,34]. C4
selectively expresses FOXP2, a transcription factor of the fork-
head/winged-helix (FOX) family. Additionally, C1 specifically
expressed SLIT2 (Fig. 5B), which is an RGC growth cone collapse
factor inhibiting RGC axon guidance [35]. C8 and C9 selectively
express secreted phosphoprotein 1 [SPP1, also known as osteo-
pontin (OPN), a marker for a-RGCs], which is a secreted glycosyl-
ated phosphoprotein that can affect cell survival, inflammation,
migration, and homeostasis after injury [36]. Subsequently, the
changes in the proportion of RGC subtypes were unveiled with
advancing age, with FOXP2" RGCs increased in the senile group
(P =0.018 versus mature) (Fig. 5C and Fig. S2F). The distribu-
tion of SLIT2*, FOXP2*, RUNX1", and SPP1* RGCs had not
been previously verified in the TS retina, which were uncovered
in the RGC layer of the TS retina indicated by double immu-
nostaining of SLIT12*/RBPMS*, FOXP2"/RBPMS", RUNX1"/
RBPMS", and SPP1"/RBPMS", respectively (Fig. 5D to G).
Enrichment analysis showed that CO (ROBO1") and C1 (SLIT2")
contributed to axonogenesis and visual system development (Fig.
S4E). In addition, RGC subtype-specific transcriptional pro-
files were revealed, partly corresponding to the cluster-specific
marker genes, such as FOXP2 for C4 and RUNX1 for C6, with
particular expressed RUNX2 in C8 and C9 (Fig. 5H). We fur-
ther used the glaucoma disease-associated gene set to score
RGC subpopulations, which revealed a higher disease score
associated with a-RGCs (C8 and C9) at different periods than
that with other subpopulations (Fig. S4F and Table S5). These
findings revealed the crucial cellular and genetic characteristics
of RGCs in the TS retina.
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Characteristics of HC subtypes

with specific markers

HCs play important roles in visual information processing by
performing lateral inhibition and modulating the signaling
between photoreceptors and other retinal cells. Their actions
help to refine the visual signals and optimize the transmission
of information from the retina to higher visual centers in the
brain [12,37]. In the mouse retina, there is only one identified
HC type, but the primate retina contains at least 2 HC distinct
subtypes, in which H1 receives input from both rods and cones,
while H2 receives input from cones [38]. Here, we also reclus-
tered 1,150 HCs of the TS into H1 and H2 subtypes based on
the expression of the LIM homeodomain protein ISLI* (Fig.
5Iand J, Fig. S4G, and Table S6). The H1 type (CO, C1) expressed
the LIM homeodomain transcription factor (LHXI) and cell
surface receptors MEGF11, which can regulate LHX1" H1 cell
chimerism and play a key role in HC mosaic formation [39].
The H2 type (C2) expressed ISLI (Fig. 5]). In addition, the cell
ratio of H1 and H2 was exhibited from infancy to senile stages,
and GO analysis revealed that H1 is closely related to the nervous
system development like “dendrite morphogenesis”, “dendritic
spine development”, and “peptidyl-serine dephosphorylation
and myelination in the peripheral nervous system”, while H2
was devoted to retinal development processes such as “axon
development’, “axogenesis’, and “neural retina development and
developmental cell growth” (Fig. 5K and L, Fig. S2D, and Table
S6). Thus, H1 and H2 may be indispensable for biological pro-
cesses conducive to visual processing and perception [40-42].
Furthermore, immunostaining identified that H1 (MEGF11")
and H2 (ILSI") HCs were located in the INL of the TS retina
(Fig. 5M and N). Conclusively, MEGF11 is identified as a specific
H1 subtype marker in this study.

Diversity of TS glial cells

First, 7,643 glial cells were clustered into 3 classes without bias
(Fig. S5A), Miiller cells (RLBPI*, WIF1*, CHRDL1", TF"),
astrocytes (AQP4", GFAP*, NTRK2", SLC14A1"), and microg-
lia (AIFI*, PTPRC", CX3CRI", CSFIR", C1IQB") (Fig. S5B and
Table S7), which participate in the development of anatomical
and functional connections between neurons and surrounding
tissues, facilitate the transport of ions and nutrients, ensure
homeostasis of the microenvironment, and provide nutritional
support for neuronal activity in the retinal development and
angiogenesis [43]. The proportions of Miiller, astrocytes, and
microglia cells were shown from infancy to senile stages (Fig.
S5C and Table S7). The TooManyCells tree explained that
Miiller and astrocytes were in the same branch, and greater
correlation between Milller and astrocytes was also uncovered
by clumpiness and Sperman correlation analysis (Fig. S5D and
E and Table S7). We then clustered the down-regulated genes
in glial cells and intersected them with down-DEGs in microglia.
As a result, 75 common DEGs were overlapped and mainly
enriched in “Notch signaling pathway”, “amyloid precursor pro-
tein catabolic process”, and “regulation of leukocyte differen-
tiation” (Fig. S5F). Similarly, 122 up-DEGs were obtained by
intersecting up-regulated genes in glial cells with up-DEGs in
Miiller cells, which were primarily involved in “regulation of ner-
vous system development’, “axonogenesis’, and “synapse organi-
zation” (Fig. S5F). Moreover, 68 down-DEGs intersected from
down-regulated genes in glial cells and down-DEGs in astrocytes
participated in “regulation of neuron projection development’,
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“neural crest cell differentiation’, “positive regulation of protein
autophosphorylation”, “neuron projection guidance”, and “axon
development” (Fig. S5F). Differential gene expression analysis
showed top 10 up- and down-regulated genes across Miiller,
astrocytes, and microglia (Fig. S5G). The immunostaining results
showed the location of Miiller cells (WIFI") in the INL and RGC
layers, astrocytes (GFAP") in the RGC layer, and a wide distribu-
tion of microglia in all layers of the TS retina (Fig. S5H to J).

Cross-species comparison of retinal cellular

composition and transcriptomes
To study the differences and similarities between the TS retinas
and those of other species, we integrated and analyzed the
single-cell transcriptome profiles of 7 humans, 4 macaques,
7 mice, 8 chicks, and 15 TS from our study after strict quality
control and homologous gene transformation (Materials and
Methods). According to the UMAP analysis, the cell popula-
tions were well matched across multiple species, including rods,
cones, ACs, BCs, RGCs, HCs, and Miiller (Fig. 6A). While the
overall cell types were conserved, the proportions of each cell
type varied by species, where humans and macaques comprise
proportionally more RGCs (Fig. 6B). The cross-species tran-
scriptomic correlation analysis among the 5 species demon-
strated a high degree of similarity across major retinal classes
(Miiller, rods, cones, HCs, BCs, RGCs, and ACs), where rods
and cones of a given species are more closely related to those
of other species than they are to other classes from the same
species (Fig. S6A and Table S8). These findings are consistent
with a recent single-cell study reporting that retinal cell classes
and subclasses across 17 species (TS included) are highly con-
served at the molecular level [44]. Additionally, relationships
among species vary a lot by cell type. Humans and macaques
are each other’s closest relatives in all these 6 cell types, particu-
larly cones, which showed a large transcriptional similarity
among TS, humans, and macaques (Fig. 6C and Fig. S6A). In
our further analysis on cone subsets, we identified key DEGs
such as PDE6H and CST3 that were consistently shared between
TS and humans across both L-cone and S-cone subtypes, espe-
cially during the transition from mature to senile stages (Fig.
S6B and C). These genes are involved in visual signal transduc-
tion and retinal protection against aging-related degeneration
[45,46]. Notably, the shared differential expression of these genes
highlights the potential of TS as a valuable model for studying
cone-related retinal aging and degeneration. Meanwhile, RGCs,
HCs, ACs, and BCs are more transcriptomically conserved
across species, with RGCs exhibiting the least transcriptional
divergence (Fig. S6A). Interestingly, the more remarkable tran-
scriptional similarity of RGCs to ACs than to BCs among species
was unveiled in our work, indicated by their clustering in the
same subsidiary branch and increasing clumpiness index with
age (Fig. S7A and B). Additionally, TS and chick retinal cells
demonstrated greater transcriptomic similarity to each other
than to those of humans or primates [13] (Fig. 7B).

When analyzing cell subtypes across species, we reclustered
37 subclasses of retinal cells and identified shared subclusters
across TS, humans, and macaques, including C2, C3, C4, C6,
C8, C11, C13, C21, C23, C25, C27, C28, C29, and C33. These
crucial classes comprised key AC subtypes including EPHAG",
PTPRT", VIP*, DRD2", PDGFRA", and SSTR2*, and BC sub-
populations including RELN", FEZE2", DSCAM", PTPRQ", TTR",
and ERBB4", which showed strong transcriptomic similarity
to those in humans and macaques. In particular, DRD2" ACs,
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PTPRT" ACs, PTPRQ" BCs, ERBB4" BCs,and TTR" BCs in the
TS displayed greater similarity to humans than to macaques
(Fig. 6D). We further compared species-specific genetic differ-
ences of TS retinal cells with the other 4 species, and the top
5 specific DEGs in each cell type were illustrated (Fig. S8A and
B), indicating the least genetic specificity of TS RGCs across
different species.

TS-specific cell-to-cell communication among

different retinal cell types

The cell bodies of retinal cells are organized into ONL, INL,
and RGC layers, separated by 2 plexiform (synaptic) layers.
Information flows through these layers in a defined direction:
Photoreceptor cells in the ONL layer detect light and transmit
visually evoked signals to interneurons in the INL layer. The
interneurons (HCs, BCs, and ACs) process the information and
provide it to retinal RGCs in the RGC layer. The RGCs then
send axons through the optic nerve to the cerebral visual centers.
Cellular communication is an essential process for the develop-
ment and maintenance of all tissues, including the retina and
nervous system. In general, cells employ 3 ways of communica-
tion: by secreting proteins or small-molecule compounds in the
extracellular fluid (e.g., hormones, cytokines, and extracellular
vesicles), by a special protein channel embedded in 2 adjacent
cells, also known as intercellular channels, or through the direct
contact of membrane surface molecules (e.g., binding of T cells
and B cells) [47] (Fig. 7A).

As the results showed, distinct cell communications of reti-
nal cells were exhibited among diverse species, especially inter-
actions dominated by RGCs with ACs, BCs, and HCs (Fig. S9A).
In the TS retina, most inferred interactions and the strongest
interaction signal occur primarily through cell-cell contact,
compared to the other 2 modes of cell communication (Fig. 7B
and Fig. S9B and C). This aligns with the well-established
understanding that retinal information transmission predomi-
nantly relies on synaptic neurotransmitter release [48,49]. With
high interaction network weights, TSs were superior to other
species in EPHB, NCAM (NCAMI-NCAM1/2), NGL (LRRC4C-
NTNGI1), NRXN (NRXN-NLGN1), EPHA, and NEGR signaling
(NEGRI-NEGRI1) via the cell-cell contact way (Fig. 7C and D),
and LAMININ signaling (LAMA4-SV2B) through the ECM-
receptor way, as well as IGF signaling (IGFI-IGFI1R) but weak
NT signaling (BDNF-NTRK?2) through the secreted signaling
way (Fig. S9D to G). In contrast, there is a lack of TS-specific
EPHB signaling in humans and macaques, which has been previ-
ously revealed to increase the apoptosis of RGCs [50] (Fig. 7D).
In addition, RGCs of TS established ligand-receptor associations
with ACs, BCs, and HCs via EPHB signaling, wherein EFNB2-
EPHBI and EFNB2-EPHA4 pairs showed strong intensities
between RGCs and ACs, RGCs and BCs, and RGCs and HCs in
the TS, and the intensities weakened in the senile TS (Fig. 7E to
G), along with decreased expression of EFNB2 in PDGFRA* ACs
and EPHB in FOXP2" RGC subtypes (Fig. 7H). Whether these
cellular communications are related to proportional changes in
these cell types in TS retina with age remains to be further elu-
cidated; however, it provides us with potential hypotheses for
studying the communication connections among retinal cells.

Finally, we examined retinal thickness in TS at different ages
and found no apparent alteration in T'S retinal thickness as age
increased (Fig. S10A and B), strengthening the findings that spe-
cific cellular composition and communication of the TS retina
contributes to resistance to age-related retinal degradation.
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Discussion

The ocular anatomy of the TS is partly similar to that of pri-
mates and humans. Hence, many studies have reported good
application prospects of TS as a model for studying human
retinal diseases such as glaucoma, axial myopia, and diabetic
retinopathy [3,51-53]. In this study, a reference single-cell tran-
scriptome atlas was generated, which revealed TS retinal cell
type-specific characteristics during development. In complex
retinal tissues, major cell types including cones, rods, BCs, ACs,
HCs, RGCs, Miiller, astrocytes, and microglia were classified,
and the changes of cellular composition, novel cellular marker
identification, and complex cell-cell communications in TS
retina were also characterized with advancing age by cross-
species analysis.

In our study, TS was shown to be a new species with an age
effect on the cell subset composition and the gene expression
pattern, which may provide support for the similar high-acuity
vision and daily routine to human retina, also facilitating
increased visual processing and excellent visual sharpness in
the elderly TS [54-57]. Some special subpopulations of these
cell types and marker genes were identified. We found that the
cones comprised >90% of photoreceptor cells in the TS retina
[58]. Humans and macaques possess trichromatic vision, char-
acterized by 3 different types of cones expressing 3 distinct
opsin proteins (S, M, and L) [23]. However, TSs are dichro-
matic, wherein their visual system includes 2 types of cone cells
(S-cones and L-cones) that express OPNISW and OPNILW,
respectively. Our immunostaining results revealed the expres-
sion of these 2 cellular markers of the cones in the ONL and
RCL of the TS retina. In addition, the disease-related risk scor-
ing showed a high correlation between the L-cones with color
blindness and cone dystrophy. In contrast, a decline in rod
proportions consistent with the decreased CLULI expression
with age in the TS retina was observed. CLULI plays a physio-
logical defense function to maintain cell viability and can pro-
mote rod survival after cellular injury by activating Akt and
STAT3, but inactivating the pro-cellular death signal Bax [59,60].
Therefore, decreased expression of CLULI may be associated
with the reduction in rods in senile TS, which might represent
another cellular marker of rods, also verified by our immuno-
fluorescent staining. Moreover, high disease risk scores of rods
with visual disorders imply that TS has great potential to mimic
rod-related diseases such as RP, CSNB, and LCA; furthermore,
the mechanistic role of CLULI in rod-related deficits requires
turther investigation.

Different subtypes of BCs exhibit different functions. BCs,
acting as interneurons, receive synaptic input from photorecep-
tors and transmit processed signals to RGCs via synaptic neu-
rotransmitter release [12]. Quesada et al. [61] identified 14 BC
types in the chicken retina based on dendritic morphology
without considering axonal morphology. Another study con-
firmed the existence of at least 15 BC subtypes in the mouse
retina using single-cell sequencing and experiments [61,62].
In mammals, BCs are usually divided into 2 types according to
whether they respond to light depolarization (ON) or hyper-
polarization (OFF): ON-BCs are dominated by rods, and OFF-
BCs are dominated by cone cells [25]. In this study, we identified
CA10 as a novel marker for BCs in TS through triple immuno-
fluorescent staining, revealing distinct expression patterns in
both OFF_BCs (CA10"/NETOI1"/RBPMS ™) and ON_BCs (CA10™/
ISLI"/RBPMS") across different age stages. Identification of CA10
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enhances our understanding of BC subtype classification and their
functional roles in retinal development and aging. Immunostaining
results proved that OFF-BCs and ON-BCs were located in the
INL layer of the TS retinas. As our results revealed, different
from other OFF-BCs, the proportion of the ERBB4" BC sub-
population exhibited an increased trend with age. The GO bio-
logical process analysis showed that this subpopulation mainly
participated in regulating axon regeneration and the forming
of inhibitory postsynaptic potentials. ERBB4, as a member of
the EGFR subfamily of receptor tyrosine kinases, could pro-
mote inhibitory synapse formation, and the enhancing effects
of ERBB4* and NRG are vital for nervous system development
[63]. In addition, PPI analysis also revealed the central role of
regulation between GRIA4 and ERBB4, indicating the critical
roles of ERBB4 in axon regulation [26,63-65].

In mammals, ACs are the most heterogeneous retinal cell
type, which forms inhibitory synapses with BCs, RGCs, and
other ACs [66]. From the perspective of neurochemical transmit-
ters, ACs can be divided into 2 major categories: y-aminobutyric
acid (GABAergic) and glycine. GABAergic ACs generally have
wide dendritic fields that laterally inhibit across larger areas of
the retina, while glycinergic ACs have smaller, vertically ori-
ented dendritic domains that mediate localized interactions
between different layers of the inner plexiform lamina [67]. Our
results validated 3 AC subtypes in the INL and RGC layers of
TS retina: glycinergic (SLC6A9"), SACs (CHAT"), and TACI™
ACs. SACs are the only cholinergic neurons in the retina, and
cholinergic activity plays an important role in the formation of
deep retinal vascular plexuses and maintains the stability of the
retinal vascular structure together with Miiller glia, astrocytes,
endothelial cells, and pericytes [68]. Also, as GO analysis indi-
cated, SACs are primarily involved in acetylcholine biosynthesis.
Cell-to-cell communication showed that SACs exhibited the
most cell interactions with other cell types at the mature stage
of TS. In addition, the expression of cholinergic neuron markers
(CHAT and MEGFI1) in SACs showed the same trend as the
cellular communication of SACs with corresponding alternated
ligand signaling, such as VEGF, FGF, and PDGF (Fig. 4H and
I), further indicating the critical role of SACs in the source of
acetylcholine in the retina and might jointly regulate retinal
development and angiogenesis in blood vessel-associated cells
in retinal disorders [62,69].

More than 30 types of RGCs have been identified in previous
studies [34], but the exact role in image formation remains to
be determined in TS. We identified 4 TS-specific RGC sub-
populations, including SLIT2*, RUNX1*, FOXP2*, and SPP1*
cells, all located in the RGC layer of the TS retina, suggestive
of TS-specific RGC markers. FOXP can define different types
of neurons in the brain and spinal cord. It also plays an essen-
tial role in regulating the plasticity of neural circuits [70,71].
Rousso et. al. previously proposed a subtype of RGCs that could
express FOXP2, which is different from known RGC subtypes,
including a-RGCs, ip-RGCs, J-RGCs, and 00DSGCs [72].
SLIT2is an RGC growth cone collapse factor that inhibits RGC
axon guidance. Importantly, ROBOI and SLIT2 jointly promote
RGC axon growth and play roles in neuronal axon guidance,
angiogenesis, inflammatory cell chemotaxis, and tumor cell
migration and transfer. Generally, RGCs project axons to their
brain targets. The axons of the left and right eyes then meet in
the optic chiasm and cross most of the contralateral side.
Damage to RGC or axons results in impaired energy metabo-
lism, which leads to optic nerve lesions (e.g., glaucoma) and
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even blindness [73]. The survival rate varies significantly among
different RGC subtypes, wherein a-RGC has the highest survival
rate and axon regeneration rate [74]. SPP1, known as osteopon-
tin (OPN), a marker for a-RGCs, is a secreted glycosylated phos-
phoprotein that can affect cell survival, inflammation, migration,
and homeostasis after injury [36]. SPPI was first morphologi-
cally identified in the cat retina and belongs to a subset of intrin-
sically photosensitive RGCs (ipRGCs) [75]. The loss of SPP1I
during development can lead to a decrease in the number of
RGCs [36]. Therefore, SPPI1 may be an important target in RGCs
for treating retinal degenerative diseases. Although we were
unable to characterize the ipRGC marker OPN4 in TS, C9 was
considered an M4-type ipRGC because of the co-expression of
interleukin-1 receptor accessory protein-like 2 (ILIRAPL2) [76].
We also found a higher glaucoma disease score in a-RGC (CS8,
C9) than in other RGC subpopulations, suggesting the potentials
of TS in investigating the pathogenesis of glaucoma involving
C8 and C9 RGC subclasses.

HCs, specifically H1 and H2 HCs, are specialized neurons
found in the retina of vertebrate eyes [77]. H1 receives input
from photoreceptors (rods and cones) and provides lateral inhi-
bition to neighboring photoreceptors, enhancing contrast and
sharpening the edges of visual stimuli [38]. H2, receiving input
from cones [38], has a primarily inhibitory function and modu-
lates the communication between photoreceptors and BCs,
which provide feedback inhibition to photoreceptors, regulat-
ing the sensitivity and dynamic range of the retinal circuitry
[78]. As shown in our results, the proportion of H1 exhibited
a decreased and H2 an increased trend from infant to senile
periods. GO analysis revealed that H1 is closely related to den-
drite morphogenesis, regulation of guanosine triphosphatase
activity, dendritic spine development, peptidyl-serine dephos-
phorylation, and myelination in the peripheral nervous system,
while H2 in the senile group is closely related to axon develop-
ment, axogenesis, regulation of cell development, neural retina
development, and developmental cell growth. Thus, these bio-
logical processes may be associated with the visual processing
and perception of HI and H2 HCs [12,40,42]. Additionally, our
findings reveal the presence of 2 distinct types of HCs in TS, a
pattern that mirrors what has been observed in primates. These
2 HC subtypes demonstrated strong homology to those in pri-
mates, particularly in terms of their gene expression profiles
and functional properties. This close homology suggested that
TS can serve as an effective model for studying retinal circuits
and cellular organization that are highly relevant to primate
and human vision. The identification of these 2 HC subtypes
in TS further underscores the evolutionary conservation of
retinal cell types across species. It highlights the translational
potential of using TS in retinal research, especially for under-
standing how these cells contribute to visual processing and
how similar mechanisms might apply in humans.

To study the differences and similarities between the TS
retina and that of other species, we integrated and analyzed our
TS single-cell transcriptome profiles with humans, macaques,
mice, and chicks. A recent study integrating single-cell tran-
scriptomic cell atlases of the retina from 17 vertebrate species
(TS included) reported that the retinal cell classes and sub-
classes are highly conserved at the molecular level through
evolution, mirroring their structural and functional conserva-
tion [44]. Our study consistently revealed the conservation of
retinal cell classes across different species. However, we found
that the proportions of each cell type in the different species
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varied, especially for that of TS ACs, BCs, and cones, which
accounted for the significant proportions; ACs, BCs, RGCs, and
Miiller compose the most cell types in macaques and humans;
in contrast, BCs, rods, and ACs are the main cell types in mice,
and BCs and ACs are the main cell types in chicks. Based on
species analysis, relationships among species also vary by cell
clusters. Humans and macaques are each other’s closest relatives
in most of the main cell types in the retina, while retinal cells
from TS and chick showed more transcriptomical similarity
in overall major cell populations to each other than either to
humans or primates. This outcome might be explained by the
more complex cellular composition of cell subtypes in TS and
chick than humans or macaques retina [13]. Nevertheless, the
cones of TS exhibited a large transcriptional similarity to
humans and macaques, indicating that TS can be used in cone-
related research like color blindness and cone dystrophy [79]
(Fig. 2H). Notably, the shared differential expression of genes
such as PDE6H and CST3 in L-cone and S-cone subtypes
between humans and TS in the mature and senile stages high-
lights the potential of TS as a valuable model for studying cone-
related retinal aging and degeneration, offering insights into
human retinal diseases. Additionally, great similarities were
uncovered in these TS retina subtypes including DRD2* ACs,
PTPRT* ACs, PTPRQ* BCs, ERBB4" BCs, and TTR" BCs to
those of humans and macaques. Therefore, these similarities in
retinal classes and subtypes support the idea that the future
retinal investigations could focus on the cones and subtypes of
ACs and BCs to facilitate the conceptual advance in retinal
research field. We also explored key molecules with large spe-
cies-specific differences between TS retinas and other species.
The top 5 specific DEGs in each cell type reflected the specificity
of the TS retina in each cell population, especially for the Miiller
and RGCs. These type-specific transcriptional programs can
provide the basis for later research on TS.

Cell-to-cell communication in the retina is vital in maintain-
ing normal tissue development and balancing retinal structure
and function. CellChat was used to analyze the communication
among all cell types. Based on the multimer ligand-receptor
complex, CellChat predicts the differential expression of cell-
cell interactome gene pairs by evaluating gene expression across
cell types and quantitatively infers and analyzes cell-to-cell
communication [80]. In this study, we integrated snRNA-seq
datasets from humans, macaques, mice, chicks, and TS to better
understand interspecies differences in cell-cell interactions.
RGCs represent an important communication channel between
the retina and the brain and are the only projection neurons of
the retina. RGCs are the dominant communicating cells in all
species and are involved in 3 communication ways: cell-cell
contact, secreted signaling, and ECM-receptor. Our results
showed that intercellular communication presented a similarity
to the transcriptional characteristics, and more remarkable
similarities existing among RGCs, ACs, BCs, HCs, and RGCs
exhibited higher interaction weights with ACs, BCs, and HCs
through the cell-cell contact way in the TS than humans,
macaques, and mice. The intercellular communication was also
presented between RGCs and cones, which may be explained
by the fact that CellChat also performs in distinguishing spa-
tially distant cells in terms of both the number of interactions
and the interaction strengths [80].

Most importantly, we found that 2 ligand-receptor pairs
EFNB2-EPHBI and EFNB2-EPHA4 in EPHB signaling, which
can promote RGC apoptosis [81], are strengthened in the
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interactions of RGCs communicating with BCs, ACs, and HCs,
but little in humans and macaques. These may be one of the
reasons why RGCs comprise the major cell types in the retina
of macaques and humans [15], which needs further investiga-
tion. The weakening interaction intensity of EPHB signaling
in the senile TS might constitute the proportional increase of
FOXP2" RGCsin the aged TS retina. Studies to test these pos-
sibilities are underway. Overall, our cross-species outcomes
concluded that retinal cellular and subcellular composition
are highly conserved at the molecular level through evolution,
and several lines of evidence, such as distinct cellular com-
munication patterns and special ligand-receptor interaction
signaling, support the cellular specificity in the TS retina.

Conclusions

Our study produced a comprehensive snRNA-seq atlas for deci-
phering the cellular and genetic landscapes of the TS retina at
the infant, mature, and senile stages. Changes in cellular pro-
portions and cell type-specific molecular alterations during
development and aging are well understood in the TS retina.
While previous studies have primarily focused on single aspects
of retinal development or gene expression in TS, our work rep-
resents the first to comprehensively investigate the histology
and gene expression profiles of the TS retina across the postnatal
lifespan. Importantly, our work highlights the high degree of
conservation in retinal cell types and gene expression patterns
among TS, humans, and macaques, offering valuable insights into
the evolutionary aspects of retinal function. Particularly, we
observed from cross-species analysis that TS cones are more
similar to that of humans and macaques than to other species,
suggesting TS as a more relevant model for studying cone-
dominant diseases, particularly given that mice photoreceptors
are primarily rods. Moreover, the consistently shared DEGs
between TS and humans across both L-cone and S-cone subtypes
with aging underscore the potential of TS as a valuable model
for studying age-related retinal disorders, particularly those
involving cone degeneration. Furthermore, our study identified
unique, TS-specific cell-cell communications pathways between
RGCs and interneurons, which may explain the species-specific
differences in retinal cellular composition. These findings pro-
vide critical insights into the molecular and cellular mechanisms
underlying age-related changes in the TS retina and offer a
bridge between nonhuman primate and rodent models in the
study of retinal deficits. The cellular and molecular insights
gained from this study offer reliable theoretical support for
tuture research on retinal diseases, contributing to the develop-
ment of preventative and therapeutic strategies.

Materials and Methods

Ethical statement

All experimental procedures were approved by the Animal Care
and Use Committee of Kunming Medical University (approval
no. 20221868). This study was performed in accordance with
the Principles for the Ethical Treatment of TS.

TS retina tissue collection

Infancy and mature TSs were provided by the Animal Centre of
Kunming Medical University and housed in individual cages
under a 12-h light/dark cycle, with food and water available
throughout the study. Senile TSs were purchased from the Institute
of Zoology (Chinese Academy of Sciences). Age and related
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information of TS used in this study was provided in Fig. S1A and
Table S9. Retinal tissues were carefully dissected from the TS eye-
balls removed from infancy, mature, and senile animals. Tissues
used for histological analysis were fixed in 4% paraformaldehyde,
and those used for snRNA-seq were frozen in liquid nitrogen.

Nuclei isolation and snRNA-seq on the

10x Genomics platform

The frozen tissues were first thawed, cut into small pieces, and
homogenized using a glass Dounce tissue grinder (catalog no.
D8938, Sigma). The tissue was then homogenized 25 times with
pestle A and 25 times with pestle B in 2 ml of ice-cold nuclei
EZ lysis buffer. The sample was therefore incubated on ice
for 5 min, with an additional 3 ml of cold EZ lysis buffer.
Subsequently, nuclei were centrifuged at 500g for 5 min at 4 °C,
washed with 5 ml of ice-cold EZ lysis buffer, and incubated on
ice for 5 min. After centrifugation, the nucleus pellet was
washed with 5 ml of nuclei suspension buffer [NSB; consisting
of 1x phosphate-buffered saline (PBS), 0.01% bovine serum
albumin (BSA), and 0.1% ribonuclease inhibitor (catalog no.
2313A, Clontech)]. Afterward, isolated nuclei were resus-
pended in 2 ml of NSB, filtered through a 35-pum cell strainer
(catalog no. 352235, Corning-Falcon), and counted. Finally, a
concentration of 1,000 nuclei per microliter was employed for
loading on a 10X channel.

Construction of snRNA-seq library and processing

and quality control of snRNA-seq data

We prepared snRNA-seq libraries with Chromium Next GEM
Single Cell 3" Reagent Kits v3.1 on the Chromium Controller
(10X Genomics). The single nucleus was suspended in PBS
containing 0.04% BSA. The nuclei suspension was then loaded
onto the Chromium Next GEM Chip G, and the Chromium
Controller was run to generate single-cell gel beads in the emul-
sion (GEMs) according to the manufacturer’s recommenda-
tion. Captured nuclei were lysed, and the released RNA was
barcoded through reverse transcription in individual GEMs.
Barcoded, full-length cDNA was generated, and libraries were
constructed according to the performer’s protocol. The qual-
ity of libraries was assessed by Qubit 4.0 and Agilent 2100.
Sequencing was performed on Illumina NovaSeq 6000 with a
sequencing depth of at least 50,000 reads per nucleus and 150-
base pair (PE150) paired-end reads (performed by Biomarker
Technologies Corporation, Beijing, China). Then, we per-
formed alignment to this amended reference using 10x Cell
Ranger v7.0, which employs the STAR sequence aligner. The refer-
ence genome was the TS_3.0 genome (http://www.treeshrewdb.
org/download.html). We determined gene expression counts
using unique molecular identifiers (UMISs) for each cell barcode-
gene combination. Following alignment, we filtered cell bar-
codes to identify those that contain nuclei using the approach
implemented in Cell Ranger v7.0, and only these barcodes were
considered for downstream analysis including clustering and
cell-type identification as well as differential expression analy-
sis by Seurat (v4.2.0). To remove the nuclei with low quality,
nuclei with gene number over 200 but less than 6000 and the
ratio of mitochondria lower than 5% were maintained, and
genes with at least one feature count in more than 3 nuclei were
used for the following analysis. Doublets were detected using
DoubletFinder (version 2.0.3) [82], referring to the official rec-
ommendation of Doublet Rate < number of cells in a single
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sample * 8 * 1e—6 (calculated by increasing the double cell ratio
by 8%o for every 1000 cells added). After removing doublets,
we filtered cells expressing multiple cell markers and nonretinal
cells from the integrated data. In addition, we further removed
meaningless double cells during cell subtype analysis. After
sample integration and clustering, clusters lacking specific
marker genes, relatively low gene content, and high mitochon-
drial ratios were discarded.

Integration, clustering, and identification
of cell types

After quality control, a typical workflow for integrating multiple
sample data using the LIGER software package consisted of the
following steps: First, each sample datum was normalized to
account for differences in total gene-level counts across cells
using the “NormalizeData” function. Next, “ScaleData” func-
tion was used to normalize datasets without centering based
on the mean, thereby obtaining nonnegative input data. Next,
we performed integrative nonnegative matrix factorization
(iNMF) on the normalized and scaled snRNA-seq data to iden-
tify shared and dataset-specific factors. To run iNMF on the
scaled datasets, we used the “optimizeALS” function with proper
hyperparameter settings (k = 20). We then performed quantile
normalization by dataset, factor, and cluster to fully integrate
the datasets (using “QuantileNorm” function, knn k = 20, quan-
tiles = 50). After data integration and scaling, principal compo-
nents analysis (PCA) was applied with the “RunPCA” function,
and appropriate PCs were selected for the following analysis.
Dimensionality was reduced with the “RunUMAP” function.
“FindNeighbors” and “FindClusters” [83] functions were applied
to perform clustering. Marker genes for each cluster were identi-
fied by the “FindAllMarkers” function with the cutoff of adjusted
P <0.05and |log,FC| > 0.25. Canonical marker genes were used
to identify the cell types.

Identification of DEGs across clusters

In our dataset, 107,718 single cells were filtered and grouped into
29 clusters. The clusters were annotated using known marker
genes (Table S1). We identified cones, rods, BCs, ACs, HCs,
microglia, Miiller glia, and astrocytes. DEGs were identified
using “FindMarkers” function implemented in Seurat v4 [84]
across clusters with the options “logfc.threshold = 0.25, min.pct =
0.1”. P values were corrected using the Bonferroni method, and
0.05 was set as a threshold to define significance.

Quantification of the number for cell types in

infancy, mature, and senile samples

To get insight into the changes of cell types during retinal aging
of TS, we performed the cell number analysis following the
method and formula reported by Schirmer et al. [63,85]. In
detail, the number of nuclei in each cluster and individual was
normalized to the total number of nuclei captured from each
individual. Then, a one-way analysis of variance (ANOVA) was
used to make comparisons of normalized cell numbers and cell
types for individuals at different age stages.

Differential gene expression analysis using linear

mixed-model regression

To identify genes differentially expressed among infancy, mature,
and senile samples per cell type, P values were calculated and
false discovery rate (FDR) corrected using model-based analysis
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of single-cell transcriptomics (MAST). All nuclei from infancy,
mature, and senile samples for corresponding cell types were
used. MAST was used to perform zero-inflated regression analy-
sis by fitting a linear mixed model. To exclude gene expression
changes stemming from confounders, such as age, sex, and frac-
tions of ribosomal and mitochondrial transcripts, the following
model was fit with MAST:

zlm( ~ group + age + sex + riboperc + mitoperc, sca,
method = glmer, ebayes = F, silent = T)

To identify genes differentially expressed due to the age
effect, the likelihood ratio test was performed by comparing
the model with and without the diagnosis factor. Genes with
at least 10% increase or decrease in expression and an FDR-
corrected P < 0.05 were selected as differentially expressed.

GO enrichment analysis

The “enrichGO” function of clusterProfiler R package [86] was used
for enrichment analysis, and the Benjamini-and-Hochberg (BH)
method was employed for multiple test correction (OrgDb = org.
Hs.eg.db, pAdjustMethod = “BH”, pvalueCutoff = 0.05). A GO
term with an adjusted P value of lower than 0.05 was considered
significantly enriched. Of note, “org.Hs.eg.db” package was used
due to the homogeneity between TS and humans and the lack
of comprehensive TS resources.

Integration, clustering, and identification of cell

types across species

We compared the previously reported mice [16], chicks [13],
macaques [18], and humans [19] retinal snRNA-seq datasets,
with the TS retinal snRNA-seq dataset generated in this study
(Table S10). First, we assembled cells from our dataset with those
from published single-cell RNA-sequencing datasets of other 4
species based on orthologous genes identified among the 5 spe-
cies genomes with the R package homologene. The homologous
genes are 1-1 matched in 5 species, excluding genes with ambi-
guity and those that did not have corresponding orthologs (Table
S11). Then, a cross-species comparison was performed. Seurat
object of each species sample was constructed from the decon-
taminated matrix, and unsupervised clustering was performed
to identify cellular subpopulations (https://satijalab.org/seurat/)
[87]. Datasets from different sequencing libraries were sub-
jected to normalization [using “NormalizeData()” function with
parameters “normalization.method = “LogNormalize”, reduc-
tion = “rpca’] and identification of highly variable genes (HVGs)
(using “FindVariableFeatures” function with the options “selec-
tion.method = “vst”, nfeatures = 3000”). Then, we applied
“FindIntegrationAnchors” and “IntegrateData” functions to inte-
grate all sequencing libraries with the top 50 significant PCs
(dim = 1:50). The top 3,000 HVGs of each dataset were used for
the downstream PCA. The top 20 significant PCs were selected
for clustering and visualization using a UMAP. Cell identities were
annotated based on the expression of canonical cell-type markers.
When data from different species are integrated, dendrograms for
the cell-averaged profiles were constructed using hclust (R package
“stats”) and then plotted in a circular representation using the
circlize_dendrogram function (R package “dendextend”).

Visualization of cell echelon status

using TooManyCells
To visualize the relationships in the evolutionary branches
of cells and significant differences among the 5 species, we
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performed a clustering analysis of retinal snRNA-seq data using
TooManyCells (v2.2.0.0, Linux) [88]. For visualization pur-
poses, the tree projection was trimmed by a median absolute
deviation derived from the median size of all nodes of the origi-
nal tree using the TooManyCells smart cutoft parameter. In
particular, we set the minimum size of each leaf to 10 cells and
colored each leaf according to the cell type.

Construction of cellular communication network
Intercellular communication was analyzed using the CellChat
(v1.4.1) R package with default parameters. TS retina datasets
for infancy, mature, and senile animals and humans, macaques,
mice, and chicks retinal datasets were analyzed separately, and
intercellular communication analysis was performed based on
cell types. Cell-cell communication network was visualized
using the “netVisual_aggregate” function, the centrality score
was computed and visualized using the “netAnalysis_signalin-
gRole_network” function, and the relative contribution of each
ligand-receptor pair was visualized using the “netAnalysis_
contribution” function.

RNA velocity analysis

We first applied velocyto [89] to count the abundances of
unspliced and spliced transcripts using the bam output of
CellRanger. We then applied scVelo [90] to find variable genes,
calculated RNA velocities via dynamical models, and visualized
the velocities on the UMAP embeddings where all samples were
integrated together using the Seurat pipelines described above.

Single-cell regulatory network inference

and clustering

To perform transcription factor network inference, the data
were subsampled by randomly selecting cells from each cell
type or cellular subpopulation. Analyses were performed using
the single-cell regulatory network inference and clustering
(SCENIC) R package (version 1.1.0, which corresponds to
RcisTarget 1.2.0 and AUCell 1.4.1). The activity of the regula-
tory networks was evaluated using the full dataset during the
scoring step using AUCell (step 3). Regulons annotated as
“extended” included target genes harboring motifs that had
been linked to the respective transcription factor by lower con-
fidence annotations [91].

Gene set score analysis

Gene sets related to “Retinitis pigmentosa’, “Congenital station-
ary night blindness”, “Color blindness”, “Leber’s congenital amau-
rosis’, “Cone dystrophy”, and “Glaucoma” were obtained from
the DisGeNET database (https://www.disgenet.org/home/).
Gene set scores were acquired by analyzing the transcriptome
of each input cell against the aforementioned gene sets using
the Seurat function “AddModuleScore” Changes in the scores
between infancy, mature, and senile samples were analyzed

using the ggpubr R package via the Wilcoxon test.

Mfuzz analysis

Mfuzz analysis was used to detect the change trend of cell-
specific genes during retina aging. First, nuclei corresponding
to the given cell type were selected from the full dataset. Second,
raw counts were summed in order to produce a “pseudo-bulk”
transcriptome for each group. Third, through the cluster analy-
sis of expression patterns, the gene expression trend of infancy,
mature, and senile TS retina samples was presented.
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Optical coherence tomography

TSs in the infant, mature, and senile groups were anesthetized
using an intraperitoneal injection of 3% phenobarbital (50 mg/
kg). Compound tropicamide eye drops were applied externally
to dilate the pupil, and flufloxacin was used to protect the cornea
during and after surgery. T'Ss were photographed using a Micron
IV retinal imaging camera (Phoenix Research Laboratory,
Pleasanton, CA, USA). Finally, the retinal thicknesses of the
optical coherence tomography (OCT) images were measured
using the Image] software.

Multiplexed immunofluorescence staining

Retinal tissues from 3 infancy, 3 mature, and 3 senile TS were
used for multiplex immunofluorescence staining. The retinal
tissues were dissected and fixed with 4% paraformaldehyde
(catalog no. BL539A, Biosharp) for up to 24 h and sequentially
placed in 10%, 20%, and 30% sucrose (catalog no. 21164955,
Biosharp) at 4 °C until the tissues were completely immersed
in each solution. The tissue samples were frozen with optimal
cutting temperature compound (catalog no. 4583, Tissue-Tek)
at —40 °C for 30 min and sectioned at a thickness of 15 pm
using a microtome (catalog no. CM1950, Leica). Sections were
then stored at —40 °C. After antigen repair with citrate-EDTA
antigen retrieval solution (1X) (catalog no. BL55A, Biosharp),
the sections were incubated with 3% hydrogen peroxide (Jiangxi
Grass Coral Disinfection Products Co. Ltd.) for 15 min and
blocked with 5% goat serum (catalog no. SL038, Solarbio) and
0.3% Triton X-100 (catalog no. 1139ML100, BioFROX) for
2 h. Subsequently, the sections were supplemented with pri-
mary antibodies for 18 h at 4 °C. This was followed by rinsing in
PBS with Tween 20 (PBST) 5 times (5 min each). Secondary
antibodies (catalog no. kit-5020, MaxVision-HRP, mouse/
rabbit) were incubated at room temperature for 15 min. This
was followed by washing with PBST and incubation for 10 min
with TSAPlus fluorescent enhancement dye (iF488-Tyramide,
iF555-Tyramide, or iF647-Tyramide) (catalog no. GB1236,
Servicebio). For double/triple-label staining, these sections
were subjected to antigen repair again with citrate-EDTA anti-
gen retrieval solution and were incubated with 3% hydrogen
peroxide for 15 min, followed by blocking with 5% goat serum
and 0.3% Triton X-100. Incubation with primary and secondary
antibodies was performed as described previously. Finally, after
counterstaining with 4',6-diamidino-2-phenylindole (DAPI)
for 10 min, sections were sealed with an anti-fluorescent
quenching agent (catalog no. Po126, Beyotime). Using a confo-
cal microscope (NIS-Elements AX) with 2,048 X 2,048 pixel, 3
to 5 sections of each group were randomly selected to observe
the positive cells. Detailed primary antibody information is
provided in Table S12.

Quantification and statistical analysis

SPSS Statistics 26.0 (IBM, Chicago, IL, USA) was used to com-
pare the data from TS at different age stages. Statistical analyses
were performed using one-way ANOVA with corresponding
post hoc tests for multiple group comparison following the
normality and homogeneity tests. Graphical visualization was
performed using GraphPad Prism software (v 9.1.1). The sam-
ple size and P values are given in the figure legends. P values
were designated as follows: *P<0.05, **P<0.01, ***P <0.001,
AP <0.0001.
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