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Abstract

The tree shrew brain has garnered considerable attention due to its remarkable similarities to human brain. However, the cellular composition and
genetic signatures of tree shrew hippocampus across postnatal life remain poorly characterized. Here, we establish the first single-nucleus
transcriptomic atlas of tree shrew hippocampus spanning postnatal life, detailing the dynamics and diversity of the neurogenic lineage,
oligodendrocytes, microglia, and endothelial cells. Notably, cross-species transcriptomic comparison among humans, macaques, tree shrews,
and mice reveals that the tree shrew transcriptome resembles that of macaques, making it a promising model for simulating human
neurological diseases. More interestingly, we identified a unique class of tree shrew-specific neural stem cells and established SOXB6,
ADAMTS19, and MAPZ2 as their markers. Furthermore, aberrant gene expression and cellular dysfunction in the tree shrew hippocampus are
linked to neuroinflammation and cognitive impairment during tree shrew aging. Our study provides extensive resources on cell composition
and transcriptomic profiles, serving as a foundation for future research on neurodevelopmental and neurological disorders in tree shrews.
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Introduction

The ethical and practical challenges in acquiring disease-free
human brain tissues, particularly the hippocampus, from indi-
viduals across different age groups, limit unbiased studies of
human hippocampal degeneration. Molecular genetic evi-
dence suggests that humans and tree shrews (TS, Tupaia be-
langeri) shared a common ancestor ~90.9 million years ago
(Fan et al. 2013). Genome sequencing has further confirmed
that TS is a close relative of primates and is more closely to hu-
mans than rodents (Fan et al. 2019). TS brain exhibits greater
anatomical, physiological, and developmental similarities to
the human brain compared with other commonly used small
laboratory animals (Wang et al. 2019b). Additionally, TS pos-
sess several advantages over primates for biomedical research,
including smaller body size, shorter breeding cycles, and lower
maintenance costs. These features make TS a promising alter-
native model for studying the evolution, function, and disease
pathology of the central nervous system (CNS).

Previous studies have explored the TS genome, transcrip-
tome, epigenome, and radiomics, providing foundational in-
sights into their structure and function (Dai et al. 2017;
Huang et al. 2018; Lu et al. 2018). Given their similar genetic,
physiological, and neurological characteristics to humans, TS
are well suited as models for investigating primate hippocam-
pal aging. However, traditional bulk data approaches are in-
trinsically restricted in dissecting the heterogeneity and
complex microenvironment of tissues. The hippocampus, a
highly heterogeneous structure, undergoes significant cellular
changes across the lifespan that contribute to cognitive decline
(Faye et al. 2018), necessitating single-cell resolution for a
comprehensive analysis. Single-cell/single-nucleus RNA se-
quencing (scRNA-seq/snRNA-seq) techniques have proven in-
valuable for decoding transcriptional alterations and cellular

heterogeneity in the process of aging across various organs
(Angelidis et al. 2019; Hao et al. 2022). Despite their poten-
tial, the single-cell architecture and functional characteristics
of TS remain poorly understood, particularly in the hippocam-
pus. This gap hinders their application in functional and
pathological studies, including precise neuron-type classifica-
tion and intercellular communication analysis.

In this study, we represented the first single-cell resolution
resource for the TS hippocampus across postnatal life and
cross-species comparative study. We delineated the cellular
composition and molecular signatures within the TS hippo-
campus at single-cell resolution, identifying unique cellular
and molecular features. Additionally, we investigated tran-
scriptomic similarities and divergence across humans, maca-
ques, TS, and mice, focusing on age-dependent changes in
cellular abundance, cross-species relevance to various nervous
system disorders, and specific physiological functions. These
analyses highlight the considerable potential of TS serving as
an alternative model for CNS studies. Our results uncovered
aging-associated transcriptional alterations and hippocampal
dysfunctions, offering new insights into the early onset of dys-
regulation in adult hippocampal neurogenesis and the factors
contributing to a hostile microenvironment for neurogenesis
in the aging hippocampus.

Results

Evolutionary Conservation and Divergence of
Hippocampus Across Humans, Macaques, TS, and
Mice

Hippocampal cells were collected from infant (2 to 3 months
old, n=35, two males and three females), adult (2 to 3 years
old, 7= 35, two males and three females), and old (5 to 6 years
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old, n=7, four males and three females) TS for snRNA-seq
and cross-species comparative analysis (Fig. 1la and
supplementary fig. S1a, Supplementary Material online). The
resulting dataset included 108,824 high-quality transcrip-
tomes obtained through 10 x Genomics sequencing, passing
stringent quality control metrics (Materials and Methods
and supplementary fig. S1b and ¢ and supplementary table S1,
Supplementary Material online). Unsupervised clustering and
uniform manifold approximation and projection (UMAP) vi-
sualized 42 transcriptomically distinct cell populations
(supplementary fig. S1d and supplementary table S1,
Supplementary Material online). These populations cover all
major cell categories in the hippocampus (Hochgerner et al.
2018; Zhong et al. 2020; Hao et al. 2022), which comprise (i)
neuroglial cells: VCAN*OLIG1™ oligodendrocyte progenitor
cells (OPCs), BCAST*FYN" newly formed oligodendrocytes
(NFOLs), and PLP1*ST18" mature oligodendrocytes
(MOLs); (i) SNAP25* neurons: including SLC6A1*"GAD1*
inhibitory neurons (InN), SLCI7A7* excitatory neurons
(ExN), RELN* Cajal-Retzius cells (CRs), and
PROX1*DCX* immature neurons (ImN); (iii) vascular cells:
EBF1*RGSS5* endothelial (Endo) and DCN*COL1A2" peri-
cytes (Peri); (iv) CD74"CSF1IR* microglia (Micro); (v)
DNAH9*CFAPS54* ependymal; (vi) SLC1A3*GFAP*AQP4*
astrocytes (Astro); and (vii) neuronal progenitor cells
(NPCs): SLC1A3*SOX2*ETNPPL* radial glia-like cells
(RGLs), SLC1A3*GFAP*SOX2*NOTCH2"&"wF1hish
neuronal intermediate progenitor cells (IPC1), and
SOX2*EGFR*ASCL1"CDK1*TOP2A*NIFK(MKI67)* pro-
liferative IPC (IPC2) (Fig. 1b and supplementary fig. S1d
and e and supplementary tables S2 and S3, Supplementary
Material online). PROX1, a transcription factor (TF) critical
for dentate gyrus (DG) granule cell genesis (Zhong et al.
2020), was used to subclassify ExN as DG ExN or non-DG
ExN (supplementary fig. S1f, Supplementary Material online).
The gene set enrichment analysis (GSEA) conducted based
on cellular markers suggests that the predominant cell types
present in the hippocampus of the TS align with previously
identified functional characteristics (supplementary tables S4
and S5, Supplementary Material online). Moreover, we
constructed a regulatory network of TFs, which defined core
TFs unique to each cell type (supplementary table Sé6,
Supplementary Material online). Of these, the prominent
genes comprising the cell-type-specific TFs network included
ETV6 for Micro, THRA for MOL, and DLX2 for InN. The
cell types most regulated by TFs are Micro and endothelial cells,
which is consistent with observations in the macaque hippo-
campus (Zhang et al. 2021). Meanwhile, ZMAT4 was shared
by ImN, InN, and ExN, suggesting its essential roles in neuron
specification and functional maintenance (supplementary table
S6, Supplementary Material online). The network depicted
unique and coordinated transcriptional regulation for the
establishment of hippocampal cell identities. Together, this
comprehensive cellular atlas enables detailed delineation of
age-related molecular and cellular alterations in the TS
hippocampus.

To explore hippocampal conservation across species, we in-
tegrated hippocampal datasets from humans, macaques, mice,
and TS (Fig. 1¢ and supplementary table S7, Supplementary
Material online). A robust filtering strategy tailored for cross-
species analysis before integration ensured consistency and
comparability (Materials and Methods and supplementary
fig. S2, Supplementary Material online). Transcriptomes

were aligned to their respective reference genomes using
STAR and normalized with Seurat’s SCTransform.
Orthologous genes were identified through homologene and
biomaRt, retaining one-to-one orthologs based on human an-
notations for reliable functional analysis. Species-specific cel-
lular composition revealed major cell types conserved across
these species (supplementary fig. S3, Supplementary Material
online). Spearman’s correlation analysis demonstrated higher
transcriptomic similarity of TS hippocampal cells with maca-
ques and humans than with mice (Fig. 1d and supplementary
table S8, Supplementary Material online). Additionally, we
used TooManycells, a graph-based algorithm suite for effi-
cient and unbiased identification and visualization of cell
clades (Schwartz et al. 2020), to visualize transcriptionally
similar hippocampal cells across species. It maintains and
presents clustering relationships across different clustering
resolutions, accurately identifying and clearly displaying
both rare subpopulations and abundant ones. To minimize
discrepancies arising from cell annotations, we conducted
our analysis using the original annotation data from the refer-
enced literature. This method employs hierarchical clustering
to group cell populations based on their gene expression pro-
files. The resulting tree structure illustrates the degree of simi-
larity or dissimilarity between cell populations, with branches
length indicating the level of dissimilarity. Cells with more
similar gene expression profiles are grouped together, result-
ing in shorter branches. TooManycells results revealed higher
clumpiness (quantifying the degree of “clumped” or colocal-
ized for different cell populations) between TS and humans
than that observed between humans and either macaques or
mice (supplementary fig. S4a, Supplementary Material on-
line). Additional stricter analytical criteria revealed that TS
ExN are more closely related to those in humans and maca-
ques (supplementary fig. S4b, Supplementary Material on-
line). The cell-based TooManyCells tree further illustrated
the heterogeneity and consistency of hippocampal cells among
different species. The heatmap of the cross-species taxonomy
matrix (supplementary fig. S4c, Supplementary Material on-
line) displayed that most TS hippocampal cell types aligned
closely with their counterparts in other species, indicating
that hippocampal cells are highly conserved across primates,
Scandentia, and rodents. Interestingly, some TS cell types,
such as DG_ExN, nonDG_ExN, InN, OPC, oligodendrocytes,
and endothelial cells, were more closely aligned with primates
than with other rodents, whereas certain TS cell types, such
as CR and Astro, exhibited closer similarities to those in
mice than to those in macaques (supplementary fig. S4d,
Supplementary Material online). This analysis highlights the
evolutionary conservation and divergence of hippocampal cel-
lular architecture, providing new insights into primate and ro-
dent models of hippocampal biology.

Intercellular communication in the hippocampus plays a vi-
tal role in the structure and function of maintaining normal
tissue development and homeostasis. We then performed a
comparison with corresponding snRNA-seq datasets of the
humans, macaques, mice, and TS to gain a better understand-
ing of the cell-cell interactions across these four species
(supplementary fig. S5a and b and supplementary table S9,
Supplementary Material online). Notably, we identified sev-
eral species-specific signaling pathways (supplementary fig.
SS5¢, Supplementary Material online): human-specific path-
ways (PARs, GALECTIN, IL16, CHEMERIN), macaque-
specific pathways (AVP and CCK), TS-specific pathways
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Fig. 1. Transcriptomic cell type taxonomy of TS hippocampus and cross-species analysis. a) Flow chart of snRNA-seq and bioinformatics analysis of the
TS hippocampus. Infancy, n=5; adult, n=5; old, n=7 TS. b) UMAP plot showing distribution of different cell types in the TS hippocampus. c) Top, a
phylogenetic tree of humans, macaques, mice, and TS. Each node represents the timing of evolutionary divergence, with the corresponding time labeled
on the right of nodes (MYA: million years ago). Bottom, UMAP plot showing the alignment of hippocampus datasets with cells colored by species. d)
Heatmap showing the correlation of cell types across species (Spearman, *P<0.05, **P<0.01, ***P<0.001, significance test for Spearman’s rank
correlation coefficient using t-distribution approximation). RGLs, radial glia-like cells; nIPC, neuronal intermediate progenitor cells; Astro, Astrocytes; CR,
Cajal-Retzius cells; DG, dentate gyrus; ExN, excitatory neurons; InN, inhibitory neurons; Astro, astrocytes; Micro, microglia; MOL, mature
oligodendrocytes; OPC, oligodendrocyte progenitor cells; Endo, endothelial cells; Peri, pericytes.
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(NTS, CCL6, IL6, RESISTIN, and SOMATOSTAIN), and
mouse-specific pathways (CXCL, MIF, ENHO, VIP, NPY,
and ACTIVIN). In addition to these species-specific pathways,
we observed many evolutionarily conserved signaling path-
ways such as FGF, VEGF, EGF, NRG, PTN, and IGF, which
are associated with nerve formation, stem cell maintenance,
and immune responses. Nevertheless, these conserved signal-
ing pathways vary in their degree of interaction and cellular
connections across different species. For instance, EGF is
central to expansion of neural stem cells (NSCs) and neuro-
blasts (NB) and promotes, particularly in neurogenesis in
the olfactory bulb and DG regions (Gomez-Gaviro et al.
2012). PTN is a neurotrophic factor that participates in regu-
lating embryonic CNS development and NSC functions
(Garcia-Jiménez et al. 2022). Across all species, EGF and
PTN emerged as prominent communication signals among
NSCs, Astro, neurons, and oligodendrocytes, highlighting
their importance in neurogenesis (supplementary fig. S5d,
Supplementary Material online). Insulin and IGF signaling,
which function in stem-cell homeostasis across species,
also play critical roles in NSCs self-renewal, neurogenesis,
cognition, and sensory functions (Ziegler et al. 2015).
A recent study has indicated that GABA stimulates IGF-1
release via GABAA and GABAB receptors, leading to
growth promotion performance via IGFIR (Athapaththu
et al. 2021). Particularly, among TS, macaques, and hu-
mans, there is a stronger communication between InN,
RGLs, Astro, and oligodendrocytes through the IGF path-
way (supplementary fig. S5d—f, Supplementary Material
online), highlighting the conserved mechanisms involved
in growth and neuroprotection.

These findings underscore the conservation of key signal-
ing pathways across species and their relevance to neurode-
velopment and immune regulation, with species-specific
differences contributing to unique biological features. The
identification of these pathways provides important insights
into species-specific neurobiology and disease mechanisms,
especially in the context of neurodegenerative and neurode-
velopmental diseases.

Cross-Species Comparison of Disease-Associated
Gene Enrichment in Hippocampal Cell Types

To establish connections between neurological diseases and
specific cell types and to compare these associations across
species, we investigated the enrichment of risk genes associ-
ated with nervous system disorders and aging in cell types
from four species. These disorders include Alzheimer’s disease
(AD), attention deficit hyperactivity disorder (ADHD), alco-
hol dependence (ALD), anorexia nervosa (ANO), anxiety,
autism spectrum disorder (ASD), bipolar disorder (BIP),
epilepsy, learning and memory disorder, major depression dis-
order (MDD), narcolepsy, schizophrenia (SCZ), obsessive—
compulsive disorder (OCD), multiple sclerosis (MS),
Tourette syndrome (TOS), brain aging genes, and aged human
Micro gene (HuMi_aged gene set) (Fig. 2 and supplementary
table $10, Supplementary Material online). Disease-related
genes were collected from previous studies and DisGeNET
database (https:/www.disgenet.org/). Notably, AD risk genes
and HuMi_aged gene set were significantly enriched in micro-
glial populations consistently across four species (Fig. 2a and
supplementary fig. S6a, Supplementary Material online). In
TS, ADHD risk gene showed significant enrichment in
MOL, while ALD risk genes were enriched in ExN, ImN,

and InN (Fig. 2a). TS Micro also exhibited significantly higher
enrichment of risk genes for learning disorder and MS than
that of other species (Fig. 2a). In Wnt signaling pathways,
TS Endo, IPC1, and Peri cells demonstrated notable enrich-
ment. Across all species, the upregulated aging-related genes
were predominantly enriched in endothelial cells and glia pop-
ulations, whereas the downregulated aging-related genes were
primarily enriched in neurons among humans, mice, and TS
(Fig. 2a). To further explore neurotransmitter system involve-
ment, we assessed enrichment scores for 12 neurotransmitter sys-
tems across cell types and species (Fig. 2b). Neurotransmitters,
which are critical for higher brain functions such as learning,
memory, attention, and emotion regulation, were analyzed due
to their significant role in neuropsychiatric disorders. As revealed,
serotonin and Gama-Aminobutyric Acid (GABA) signaling
showed significant enrichment in ExN and InN, aligning with
findings in humans (Fig. 2b). These analyses were stratified by de-
velopmental stages—infancy, adulthood, and old age. In humans
and TS, ExN and glial cell types exhibit significant enrichment for
multiple disorder-associated genes during adulthood and senes-
cence (supplementary fig. S6b, Supplementary Material online).
Species-specific differences in enrichment patterns highlighted dis-
tinct genetic risk landscapes across cell populations. Furthermore,
the risk scores of neuropsychiatric disease-associated genes in-
creased significantly with age in the postnatal TS hippocampus,
particularly for AD, ADHD, ANO, SCZ, MDD, ASD, BIP,
OCD, and TOS, indicating heightened disease susceptibility in
the hippocampus with aging (supplementary fig. Séc,
Supplementary Material online). Together, these results sup-
ported TS present great potentials simulating such as AD,
ADHD, ALD, aging, learning disorder, MS, and Wnt signaling-
related diseases.

Age-Related Molecular and Cellular Alteration in the
TS Hippocampus

Next, we performed comprehensive transcriptomic analyses
to investigate the molecular features and cellular dynamics
of TS hippocampus across postnatal stages. Significant
aging-related changes were revealed, particularly in genes as-
sociated with neurogenesis and synaptic function. BDNF*
cell number was notably reduced in the DG region of the TS
hippocampus with advancing age (Fig. 3a). The abundance
of BDNF in the hippocampus is closely correlated with neuro-
genesis and cognitive behavior (Horowitz et al. 2020; Xiao
et al. 2020). It has been shown that senescence is the result
of increased transcriptional instability rather than a coordi-
nated transcriptional program and that age-related increased
transcriptional noise may lead to altered fate changes and am-
biguous cell-type identity (Angelidis et al. 2019). In order to
further understand transcriptional stability during aging, we
calculated transcriptional noise for different cell types.
Transcriptional noise, defined as the variability in gene expres-
sion, was significantly increased in neurogenic cells (e.g. NSCs,
OPCs), oligodendrocytes, Micro, and endothelial cells with
aging (Fig. 3b), consistent with other reports of increased tran-
scriptional instability in aged tissues (Angelidis et al. 2019;
Zhang et al. 2021). Besides, we observed the proportions of
Micro, InN, and proliferative IPC2 tended to increase with
age, while IPC1, CR, and ImN drop dramatically after infancy
(Fig. 3¢ and supplementary table S1, Supplementary Material
online), highlighting the dynamic cellular changes in the
hippocampus during aging. Using Cacao and Milo analyses
(Batiuk et al. 2022; Dann et al. 2022), we highlighted


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
https://www.disgenet.org/
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data

6 Xiong et al. - https://doi.org/10.1093/molbev/msaf020

7.
(a) 0
[T —— - | KA —— —_— | =
7]
ADHD
0 — - - - — B
71
ALD
ol il s P Y T R
71 ANO
] — —_ e
71 :
Anxiet)
0 — — nim - - ¥
7
ASD
0 — - — - W —_ —_ - —
71 BIP
0 e T WM Te—— —_— =
; Cuproptosis
71 Dementia
0 — - — o o ] — e
71 o
Epileps;
0 1 ] i, il __| Eeilepsy
s
g o0 =a [} FTD
E
s 7 HD
2 0l— wm = = e — R =
E b "
2 gl al] - e | e | = S e bl
3
g 7 . J Human_aging_uj
s [ s B - - el s L _aging_up
[ 2 ‘
Learning_disorder
0L R et g L o
T4
MDD
] L - A - . e . [
7
Memory_disorder
0 - sk 1 o= - = Ri= e
74
Ms
: == [} - — - [} E
T Narcoleps}
[ T re———— [ - — — - sy
T4
oco
0 —_ S -
1 PD
o= —_ rm s
71 Phobia
[P I R —— ]
I8 SASP
0 &0 i . = i i e = —
74
scz
[T — || ]
T4 | Tos |
0 dada R —— - i e L R i = 1
7] | Wi |
- nt
n o o aad el o [- S ] wd o ‘O - o ad wd ‘:
° c =55 @ i T - =
5%1::22500832 TEEREE ;ogmgng gogﬁg%‘c =§EEQOEOOE&:O
B O E &3 e B o0 E >89 3 > 2 agEEED b
- R W e R 'mlglélolwlglw[m\ﬁ' lpe S =22 s
§ls o ilas sfnd sl gadqlslgasloFp Rfppap pty
EZERSFEEgESE=E £2=2383853:32 P =
£ 25T -3+ T = ===
(b) T i S
G | Acetylcholine |
0 || =
6 x
Dopamine
0 J—— e 172 [ | pii = l. — I el
6
GABA
£ Glutamate
PP — | —— [ I | e—— [ —— e i g
c
© 6 i
o Glycine
E g {__.. _m =i - II - pa— —
£ 51 i
istamine
E 0 - I =] - —
3 6 . Norepinephrine
g R L = - sian i [ | | [ =]
D 6 v
& Opioid
0 = - =i || i ||
6 :
Progestin
MEEES L N es == = =
8 . Prostaglandin
o i | | P B — e — -
6 . 7
Serotonin
0 - - | s .. - -_. i
S E82ZZ2dd T eR3Z250988L5228308£E58222258285580%58
288U S80GSR BU S HE S0 TR W IEZE0 sﬁw\m S S s i g i
Pl R e R T RO I S B i e Y LY
mEzu:EEmmcmEmnﬂEEENmmﬁﬁgsnwm SHAS L LA a2 o
EZEESFEEEESE=S =FEFTZEa s gss E EATE
2 F E LR T 2T ="=2z2

Fig. 2. Enrichment of neurological disease genes and neurotransmitter receptors and transporters genes in each cell cluster across species. a) Cell-type
enrichment level of 26 gene sets associated with neurological diseases in humans, macaques, mice, and TS. Bar plot showing the standard derivation of a
certain disease risk gene set, with species-related cell types indicated below the plot. Asterisks denote the BH-corrected P-value < 0.05 calculated using
EWCE (permutation test). b) Cell-type enrichment level of 11 gene sets associated with neurotransmitter receptors and transporters in the four species.
AD, Alzheimer's disease; ADHD, attention deficit hyperactivity disorder; ALD, alcohol dependence; ANO, anorexia nervosa; ASD, autism spectrum
disorder; BIP, bipolar disorder; FTD, frontotemporal dementia; HD, Huntington’s disease; MDD, major depression disorder; MS, multiple sclerosis; OCD,
obsessive—compulsive disorder; PD, Parkinson’s disease; SASP, senescence-associated secretory phenotype; SCZ, schizophrenia; TOS, Tourette
syndrome.

significant changes in cell-type abundance across develop-  subtle abundance differences, confirm the reliability of our
mental stages (supplementary fig. S7, Supplementary  cell proportion data and reveal dynamic shifts in key cell
Material online). These methods, with high sensitivity to ~ populations during aging.


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf020#supplementary-data

Aging Features in TS Hippocampus - https://doi.org/10.1093/molbev/msaf020

(a) g £157 P=0.001
£ -
=
('
=z

z Z10
8 &
z 55
< o
: :
ER
::\ b° O\b
(b)o - - (C) 35 _ eRaL (d) o Adult vs Infancy &®
@ S Lt 30 4 = Astro
50144 1¥ rab * IPC1 (*# T
o i 13 . ,T*ﬂ| 2] ./ *4) @ = Up
B 0.12 lﬂ g g ™ o - - 5 eo0
i - u +HEET 5. 5.4 =X ]
2 S mm*'l;zrgil ted byt i 43 * nonDG_ExN 3
oty I T TR e | E . o |
5] ' 4 3 = » iy
%o_os_ Aore e ¥t ot 2 9 oy 5 ::LN( A § 00
= K il g / . =
T T T T T T T T T T T T T T g 5 = 7 g g‘g‘(’:" Tﬁn
- Z ZZ 0T OO 0T = R
mintaney 5 S E2 228§ 580388& 3 NFOL (*#) é 2004
Adult o ="Ho¥=E <= 3 MoL £
mOld a o Endo
H . Peri ol -
c 0l == Epend (*) Or S, S SIS A c,\’
S ARG FE T
(e) & & & i@z@g\s $e
DG_ExN & S
— > & Old vs Infancy
1400 4
o -2 pratein deacylation § 12004
o l— 5
o
S 1000
2
@
- 2 o E 800 4
L ]
Z-score > 600
4 2 s
< TN modulation of chemical synaptic transmission 1 5 4004
o " t 1 iy i
| regulation of synaptic plasticity _!-1 5 2004
_ \\\ jon guidan | -2 ol
1S
Q AT ) regulation of neuron projection development OQ)' Q,*S\“ \&\Q QOQGQ/Q&Q& \\DQ- oq, 3
) <\
N
nonDG_ExN &t Old vs Adult
- = = e
s @
- > . ; 2
i = & all & on lasma—membrane adhesion o
Bl s B oecues L
2
synapse organization & |
el S 4 E 1 & 400
i T ___regulation of synapse structure or activity =
I~ B X Z-score ]
e : 2 ©
- \\\ o regulation of membrane potential '1 g 200 4
o < 4  neuron migration 0 £
= axon development a
Ce— - |
!—2 04
f—""" oy proton motive force-driven ATP synthesis .0 ‘\ Q Q .3 ‘1,
3 P B  puine ribonucleoside triphasphate metabalic F G Q—C’Qc’ S
e 3 s s
b | process 6\00 &
o
(g) - @C (f) DEGs DAG DEGs DAG
@
e
CAMKMT 2356 185 2090 186
oo
gfvswiﬁv
w \ / Infancy vs Adult Adult vs Old
— MOl
@Pi’GD O (h) P<222e-16 | @ T
ol D el B TR £ 075 .22e—16
> P<2.22e-16 3 TeLder
@‘”‘ N @ 5 04 e 3 P<2.226-16
= = =
z [/ 2 2 050
/ 5 &
/ & c 3
g 202 g i
£ s, T 025
”,_,éf 2 2 © =
D : it B
A - Learning disorder & &
8| @ Memory disorder £ 0.0 § 500 |
Log2FC {1f S E |
@M RGL B b § ) Alzheimer’s disease T -} £ e
. 15 0 15 &0 Parkinson's disease 3
oDsmanba Infancy Adult  Old Infancy Adult Old

Fig. 3. Cellular and molecular aging characteristics of the TS hippocampus. a) Representative microscopic fields and quantification of BDNF-positive cells in
the hippocampal DG from infancy, adult, and old TS. Blue, DAPI. Scale bar: low magnification, 100 um; high magnification, 20 um. n=5 to 8, one-way
ANOVA, *P<0.05, **P<0.01. The white rectangular box represents the BDNF-positive cells. Similar outcomes were obtained in three repeated
independent experiments. b) Boxplot showing transcriptional noise in different cell types in infancy, adult, and old TS hippocampus (two-sided Wilcoxon
rank-sum test, ¥*P<0.05, **P<0.01, ***P<0.001). ¢) The cell proportion for each cell type in infancy, adult, and old TS hippocampus (one-way
ANOVA, *P<0.05 for comparison between adult and infancy, *P<0.05 for comparison between old and infancy). d) The bar chart shows the number of
differentially expressed genes (DEGs) in different comparison groups (infancy vs adult, old vs adult, and old vs infancy) for each cell type (MAST,
FDR-adjusted P-value <0.05, |log,FC|> 0.25). e) Variation trend and functional enrichment of DEGs with age in DG_ExN and nonDG_ExN (FDR-adjusted
P-value <0.05, |log,FC|>0.25). f) Venn intersected DEGs (FDR-adjusted P-value <0.05, |log,FC| > 0.25) with DAGs (infancy vs adult and adult vs old) in
the TS hippocampus. DAG, disease-associated gene. g) Network plot showing relationship between DEGs (FDR-adjusted P-value <0.05, |log,FC|> 0.25)
and aging-related diseases in different cell types in the TS hippocampus. h) Density plot showing gene set scores of human aging-related upregulated
(left) and downregulated (right) genes in glial cells and endothelial cells in the TS hippocampus with age (two-sided Wilcoxon rank-sum test).



We performed differential gene expression analysis for
each cell population to compare three stages of hippocampal
development using Model-based Analysis of Single-cell
Transcriptomics (MAST). After correcting for potential
cofounders, such as sex, and ribosomal and mitochondrial
transcription fractions, we found significant changes in
gene expression between infancy and adulthood (1,698 dif-
ferentially expressed genes (DEGs), adjusted P-value<
0.05) (supplementary table S11, Supplementary Material on-
line) and between adulthood and senescence (1,714 DEGs,
adjusted P-value <0.05) (Fig. 3d and supplementary table
S12, Supplementary Material online). The increasing number
of DEGs was observed in non-DG_ExN, DG_ExN, Astro,
and MOL in aging TS compared with adult and infancy TS
(Fig. 3d and supplementary fig. S8, Supplementary Material
online). To survey the transcriptional alterations of the TS
hippocampus across ages, we performed clustering analysis
using the Mfuzz method for DEGs in these cell types across
infancy, adult, and old groups. As shown, the gene sets
were divided into four clusters (C1 to C4), including upregu-
lated and downregulated genes, according to the trends in
their expression as age progressed (Fig. 3e). Among these
clusters enriched in DG_ExN, C1 and C4 associated with
neuronal development, synaptic plasticity, and synaptic
transmission were downregulated with age in TS hippocam-
pus (Fig. 3e). Similar in nonDG_ExN, C3 and C4 associated
with neuronal migration, oxidative phosphorylation, and
metabolic process were downregulated in aging TS hippo-
campus (Fig. 3e). Meanwhile, in Astro and MOL, clusters as-
sociated with epithelial cell proliferation, cell chemotaxis,
and leukocyte activation, respectively, were enriched in oli-
godendrocytes and endothelial cells and were upregulated
with age in TS hippocampus (supplementary fig. S9,
Supplementary Material online).

Age-Related High-Risk Genes and Cellular
Communication

Through further comparative analysis, cell-type-specific
DEGs were presented for each cell type, since their alteration
might compromise the corresponding cellular functions
(supplementary fig. S10a—c, Supplementary Material online).
We identified five significantly upregulated genes (RALGDSIi7,
IGFIR, GATAD2B, MARK3, NPDC1-AS-1) and 17 signifi-
cantly downregulated genes (CST3, LINC-MARPL42-8,
LINC-FRMDS-1, TSORFli2504, LINC-HSPAS8-21, TTR,
MT3, LINC-RPL31-44, NDUFS7, NCAPD2, PCSKIN,
CALM11Li2, FTH1li4, ACTB, HSP90B1li3, CLU, HSPAS)
across glial types (Astro, OPC, MOL, Micro) and neuronal
types (InN, ExN) in the aging TS hippocampus compared
with adulthood (Fig. 3d and supplementary fig. S10a and
supplementary table S11, Supplementary Material online).
CST3, a gene involved in presynaptic differentiation
(Um et al. 2014), was upregulated in nonDG-ExN, NFOL,
and Astro of adult TS hippocampus, but downregulated in
neurons, OPC, MOL, and Astro of aging TS hippocampus
(supplementary fig. S10a and b, Supplementary Material on-
line), suggesting dysregulated synapse formation during aging.
Metallothionein3 (MT3) with neuroprotection in the aging
brain is upregulated in glial cells and neurons at adulthood
but downregulated in these cells during aging process
(supplementary fig. S10a and b and supplementary table S12,
Supplementary Material online). CTNNA3, associated with
the risk of late-onset AD and plasma AP levels (Miyashita
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et al. 2007; Lincoln et al. 2013), is an upregulated gene in glial
cells, ExN, and InN in aging TS (supplementary fig. S10c,
Supplementary Material online). IGFIR exhibited significant
upregulation in glial cells and neurons in the senescent TS
(supplementary fig. S10c, Supplementary Material online).

To gain insights into the connection between aging and neu-
rodegenerative diseases, we performed a comparative analysis
of DEGs in TS hippocampus with gene sets associated with hu-
man neurodegenerative diseases, including AD and Parkinson’s
disease (PD) (Fig. 3f and g and supplementary fig. S10d,
Supplementary Material online). We identified high-risk
DEGs associated with neurodegenerative disorders, including
PICALM, SORL1, CST3, IGFIR, DDIT4, and HTRAI,
which were enriched in glial cells and neurons (Fig. 3g), indicat-
ing that these cell types are more susceptible to age-related dis-
eases. Importantly, IGFIR was significantly upregulated in
almost all cell types during TS hippocampal senescence, while
DDITH4, a regulator of cell growth, proliferation, and survival,
was significantly reduced in Micro, Astro, and MOL (Fig. 3g
and supplementary fig. S10e, Supplementary Material online),
suggesting potential nutrient sensing pathway composed of
IGFIR and DDIT4 involved in TS hippocampal senescence.
These high-risk genes dysregulated in more than one cell type,
such as IGFIR, DDIT4, and CST3, may be potential targets
for delaying the onset of cognitive decline and neurodegenera-
tive diseases in the elderly. Moreover, aging-related gene sets
scoring delineated that glial cells and endothelial cells showed
higher scores for the aging-upregulated genes and that they sig-
nificantly increased with age, while neurons showed higher
scores for aging-downregulated genes, which significantly de-
creased with age (Fig. 3h). These results indicate a homeostatic
imbalance between neurogenic and glial cells, which may lead
to impaired regulation of brain function.

To further explore aging-associated changes in cellular interac-
tions, we performed a cell-cell communication analysis, focusing
on three major types of communication: Secreted Signaling, extra-
cellular matrix-Receptor, and Cell-Cell Contact. While cellular
interactions increased in adulthood, they decreased in old TS
(supplementary fig. S11a, Supplementary Material online), a pat-
tern also observed in human and mice hippocampus. Notably, the
intensity of cellular communication between non-DG_ExN and
DG_ExN, non-DG_ExN and MOL, DG_ExN, and MOL was
relatively reduced in old stage compared with adulthood, and
the InN- and ependymal-specific cellular communication was
relatively increased in old age (supplementary fig. S11b and c,
Supplementary Material online). These results highlight
age-related imbalances in cellular communication, particularly
between neurogenic and glial cells, which could impair neurogen-
esis and neural signaling. We found that specific communication
pathways were prominent at different stages of aging. In infant
TS, signaling pathways associated with tissue regeneration, cell
migration, and stem cell maintenance (Malanchi et al. 2011;
Fernandes et al. 2017; van der Klaauw et al. 2019; Meng et al.
2022) (e.g. PERIOSTIN, SEMA3, EGF, PDGF, WNT,
CLDN) were significantly elevated, suggesting robust cellular
communication that supports neurogenesis, whereas these signal-
ing were significantly reduced in the old group (supplementary
fig. S11d, Supplementary Material online). Furthermore, cellular
communication associated with inflammatory responses, such
as ANGPTL (Zhao et al. 2022), IL6 (Rummel 2016), CCL
(Ivanovska et al. 2020), PROS (Colgan and Taylor 2010), and
ACTIVIN (Sideras et al. 2013), was significantly enhanced
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in the aging TS hippocampus (supplementary fig. S11d,
Supplementary Material online).

Altogether, our findings revealed age-related molecular and
cellular features of the TS hippocampus, demonstrating im-
paired neurogenesis and neural circuits, and increased inflam-
matory response as the most affected and potential hallmarks
of hippocampal aging.

Molecular Alterations in the Process of Age-Related
Neurogenesis Decline in TS Hippocampus

NSCs have been found existing in adult hippocampal tissues
(Hao et al. 2022). In this study, we found the presence of
SLC1A3*GFAP*SOX2*ETNPPL* RGLs in adult TS hippo-
campus, suggesting their potential contribution to both neuro-
genesis and gliogenesis. Comparing the normalized numbers
of nuclei across age groups (supplementary table S1,
Supplementary Material online), we observed a selective re-
duction in RGLs, IPC1, and IPC2 in the adult and old groups
compared with the infancy groups (Fig. 3¢). Interestingly, the
numbers of RGLs remained consistent between the adult
and old samples (Fig. 3¢ and supplementary table S1,
Supplementary Material online), aligning with reports of sus-
tained but the low-level neurogenesis in adult humans (Sorrells
et al. 2018; Tobin et al. 2019), macaques (Zhang et al. 2021;
Hao et al. 2022), pigs (Wang et al. 2022a), and mice
(Hochgerner et al. 2018). However, IPC1 and IPC2 exhibited
a further decline in the old group compared with adults, with a
corresponding reduction in non-DG_ExN cells (Fig. 3b and
supplementary table S1, Supplementary Material online).
Immunofluorescence staining confirmed a significant
age-related decrease in GFAP/SOX2 double-positive cells in
the subgranular zone (SGZ) of the TS hippocampal DG
(supplementary fig. S12a and b, Supplementary Material on-
line), suggesting diminished hippocampal neurogenesis in
aged TS.

To determine the molecular disruptions underlying this
age-related impaired neurogenesis, we mapped the differenti-
ation trajectories of RGLs in hippocampal neurogenesis.
Using pseudotime analysis, we reconstructed transitions
from quiescent RGLs to intermediate progenitor cells (IPC1,
IPC2), ImN, and finally to mature neurons (Fig. 4a—c), with
no obvious difference in cell-type distribution along the trajec-
tories between the adult and old groups. Molecular cascades
were characterized based on pseudotime, revealing differential
expression patterns of key marker genes that marked transi-
tions from quiescence to activation, proliferation, and differ-
entiation (Fig. 4c). Clustering stage-specific gene expression
along pseudotime identified four distinct expression profiles
(C1 to C4), which were analyzed for enriched Gene
Ontology terms (Fig. 4e). Genes in C2, which were progres-
sively upregulated with the trajectories and enriched in mature
neurons, were associated with synapse transmission and plas-
ticity; in contrast, genes in C3 progressively downregulated
along the trajectories and enriched in immature cell types
were involved in axonogenesis and development (Fig. 4e and
f). Collectively, these results highlight aberrant neurogenesis
in the aged hippocampus, with compromised RGLs prolifer-
ation at the early stages and impaired neuronal functions at lat-
er stages.

Further analysis revealed age-related alteration in histone
modification. Notably, CREBBP and HDAC9 were upregu-
lated in RGLs and Astro (supplementary fig. S12¢ and
supplementary table S12, Supplementary Material online).

Immunofluorescence staining confirmed the upregulation of
CREBBP and HDAC9 in the SGZ of the TS hippocampal
DG (supplementary fig. S12d, Supplementary Material on-
line), indicating that altered histone modifications might im-
pact gene expression, contributing to age-associated aberrant
neurogenesis. To explore the transcriptional regulatory net-
works of age-associated DEGs in neuronal lineage cells, we
identified key TFs, including TCF7L2, TCF7L1, ATF2, and
SOX2 in RGLs and ZMAT4 in ImN (supplementary figs.
S1f and S12e, Supplementary Material online). Specifically,
GO enrichment analysis of TCF7L2 target genes revealed
regulation of neurogenesis and neurotransmitter uptake
(supplementary fig. S12f, Supplementary Material online).
Specifically, upregulated genes targeted by TCF7L2, such
as NFE2L2, ZHX2, VGLL4, PLP1, ZFP36L2, and
NR2E1, were enriched for negative regulation of neurogen-
esis (supplementary fig. S12g, Supplementary Material on-
line). Additional immunostaining of SOX2 and the
proliferating marker Ki67 validated the presence of prolifer-
ating NSCs in the SGZ. However, the number of proliferative
NSCs declined significantly with age in TS hippocampus
(Fig. 4g). Similarly, the population of immature neurons
(PROX1/DCX double-positive cells) also decreased with
age (Fig. 4h). Despite this decline, proliferative NSCs were
still present even in aged TS hippocampus. Overall, these
findings illustrate age-associated declines in hippocampal
neurogenesis, driven by reduced NSCs proliferation and im-
paired neuronal differentiation and function.

Divergent Characteristics of RGLs Across Humans,
Macaques, TS, and Rodents

Next, we addressed whether RGLs in TS displayed unique fea-
tures compared with those of well-studied primates and ro-
dents. We integrated our dataset with those from human,
macaque, and mouse hippocampal tissues. Through data inte-
gration and canonical marker gene identification, we divided
the populations into seven cell populations: Astro (GFAP,
HESS*, AQP4*); RGL1, RGL2, nIPC_p, NB, TS_RGLs, and
Immu_RGLs (Fig. Sa-d and supplementary fig. S13a,
Supplementary Material online). RGLs were distinguished
by their close similarity to Astro (exhibiting expression of
SLC1A3, GFAP, HESS, and SOX2), along with distinct
expression of recently described NSCs markers ETNPPL,
MFGES, and LPART1 (supplementary fig. $13a, Supplementary
Material online) (Hochgerner et al. 2018; Wang et al. 2022b).
ETNPPL is validated as a primate-specific NSCs marker
(Wang et al. 2022b). Notably, RGLs also expressed both
NOTCH?2 and PADI2, which are commonly increased in juven-
ile and adult mice (supplementary fig. S13a, Supplementary
Material online) (Hochgerner et al. 2018). The absence of expres-
sion of cell-cycle genes such as CDK1 and TOP2A further con-
firmed that these cells were in quiescent state, unlike the
actively dividing nIPC_p cells (supplementary fig. S13a,
Supplementary Material online). NB shared expression of the
Eomes marker with nIPC_p cells, CALB1, CABL2, SOX4,
SOX11, IGFBP11, and DCX. A cell-type alignment revealed
that human, macaque, and TS cells showed higher similarity in
gene expression patterns, while mice showed significantly lower
alignment scores with other species (supplementary fig. S13b,
Supplementary Material online). GO analysis of these
cell-type-specific marker genes demonstrated that regulation of
neuron projection development, dendrite development, and axo-
nogenesis was enriched for RGLs, IPC, and NB, while astrocyte
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Fig. 4. Aging-related cellular and molecular alterations along the trajectories of the neurogenesis. a) Pseudotime analysis of the neurogenic lineage cells in
the TS hippocampus. The points are colored by cell types (top) and age (bottom). The arrows indicate the directions of differentiation trajectories.
b) Density plot showing the distribution of neurogenic lineage cells and group along the trajectory. c) Pseudotime analysis showing the expression
levels of indicated genes along the trajectory from RGLs to neurons of the TS hippocampus. d) Top, pseudotime analysis of neurogenic lineage cells
at 3 states in the TS hippocampus. Cells are colored by the states. Bottom, bar plot showing the proportions of neurogenic lineage state in the
hippocampus from infancy, adult, and old groups. e) The line and heatmap showing the expression profiles along the pseudotime of DEGs (g value <
1x107%), which were divided into four clusters (C1 to C4) with the expression pattern and enriched GO terms of the corresponding cluster
represented on the right. f) The violin diagram shows the expression levels of the C1 to C4 genes in different cell types. g) Representative
microscopic fields and quantification of SOX2/Ki67 double-positive cells in the hippocampal DG from infancy, adult, and old TS. Blue, DAPI. Scale bar:
low magnification, 100 um; high magnification, 10 um. n=6 to 8, one-way ANOVA, ***P<0.001. White rectangular boxes represent the focused
areas, and white dashed circles indicate the cell bodies of the cells of interest. Similar outcomes were obtained in three repeated independent
experiments. h) Representative microscopic fields and quantification of PROX7/DCX double-positive cells in the DG of the hippocampus from infancy,
adult, and aged TS. Blue, DAPI. Scale bar: low magnification, 100 um; high magnification, 10 um. n=4 to 7, one-way ANOVA, **P<0.01, ***P<
0.001. White rectangular boxes represent the focused areas. Similar outcomes were obtained in three repeated independent experiments. ML,
molecular layer; GCL, granule cell layer; SGZ, subgranular zone.
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differentiation for Astro, nuclear division for nIPC_p, regulation  that early NSCs (RGL1 and RGL2) exhibited similar character-
of synaptic membrane plasticity for NB (supplementary fig. S13c, istics across species, whereas later-stage NSCs (nIPC) and NB
Supplementary Material online). Differential analysis showed displayed considerable interspecies variability, suggesting
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that differences in brain structure and function between spe-
cies may arise from differences in later NSCs differentiation
(supplementary fig. S13c, Supplementary Material online).
Further differential analysis identified 27 genes were signifi-
cantly upregulated in Astro of humans, macaques, and TS,
functionally associated with regulation of high-voltage-gated cal-
cium channel activity and synaptic transmission. Meanwhile, 11
genes that were significantly highly expressed in NB of humans,
macaques, and TS were linked to synaptic vesicle cycle
and synapse organization (supplementary fig. S13d and e,
Supplementary Material online). Interestingly, we found
that TS_RGLs expressed higher levels of SOXS and SOX6
compared with other NSCs (supplementary fig. S13a,
Supplementary Material online). These genes are crucial for
the transition from a quiescent state to an activated mitotic
state in the adult RGLs under physiological conditions (Li
etal.2022). DEG analysis revealed that TS_RGLs specifically
highly expressed ADAMTS19, MAP2, CDK6, and WIF1
(Fig. Se and f). Immunofluorescence staining confirmed the
presence of specific TS_RGLs in the SGZ of TS hippocampal
DG, marked by GLAST'SOX6"ADAMTS19* and
GLAST'SOX6"™MAP2* co-expression (Fig. 5g). Although
GLAST/SOX6/MAP?2 triple-positive cells were observed in
the macaque hippocampus, their numbers were low and do
not express ADAMTS19 (Fig. 5g). In contrast, the GLAST/
SOX6 double-positive cells were detected in the mice hippo-
campus, but they do not express MAP2 and exhibited only
low expression of ADAMTS19 with fewer cell numbers
(Fig. 5g). In summary, we identified a distinct NSCs popula-
tion in the TS hippocampus, characterized by a set of TS- and
primate-specific markers, and confirmed the presence of
TS-specific NSCs (TS_RGLs) in the SGZ of the TS hippocam-
pal DG at both the RNA and protein levels.

Characteristics of InN and RC Population in TS
Hippocampus

Impaired GABA-mediated neurotransmission has been impli-
cated in many neurologic diseases, including epilepsy, intellec-
tual disability, and psychiatric disorders (Hunt et al. 2013). To
characterize the conservation and divergence of InN
(GABAergic/InN) across species, we analyzed single-cell InN
datasets from mice, pigs, TS, macaques, and humans.
Spearman’s correlation analysis revealed a higher correlation
between TS and pigs, macaques, and humans compared with
mice (Fig. 6a). To obtain the unique marker gene for InN in
TS and macaques, we performed a DEG analysis comparing
mice with TS, macaques, and humans (Fig. 6b). The results
showed that NRXN3, GRIP1, GALNTL6, ZNF385D,
ADARB2, and ERBB4 were consistently highly expressed in
the inhibitory nerves of TS, pigs, macaques, and humans as
compared to mice (Fig. 6b and c).

In TS, InN were subclassified as CNR1*SST—, CNR™SST*,
CNR178ST—, and CCK*CNR1-SST CALB2 "PVALB™ rose-
hip cells (RCs) (Boldog et al. 2018) (Fig. 6d). A unique popu-
lation of RCs, a specialized interneuron subtype previously
described in human cortical layer 1 but absent in rodents,
was identified in the TS hippocampus (Fig. 6d). These cells ex-
hibited a distinct gene expression profile, with GO enrichment
showing associations of CNR™SST* InN with regulation of
membrane potential and synaptic signaling, CNR™SST* InN
with axonogenesis and axon development (Fig. 6e).
RCl1-related genes were linked to neurogenesis and synapse
signaling, while RC2-related genes were enriched in
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neurogenesis, hippocampus development, regulation of syn-
aptic plasticity, and learning or memory (Fig. 6e).
Comparative analysis unveiled a higher proportion of
CNR1*SST™ cells in each age groups than other subtypes
(Fig. 6f), suggesting an essential role for CNR1*SST~ InN in
hippocampal development and synaptic plasticity in TS.
Additionally, the decline of RC2 in aged TS may contribute
to the reduced neuronal function and altered cognition
(Fig. 6f). GO analysis of genes downregulated in aged RC2 in-
dicated enrichment in the neurotransmitter transport and
regulation of membrane potential, while upregulated genes
were enriched in the glutamate receptor signaling pathway,
positive regulation of interleukin-5 production, and regula-
tion of postsynaptic density assembly (Fig. 6g). However,
RCs (CCK*LAMPS*CNR1~, SLC6AI1"LAMPS*CNRI™)
were not found in the TS and macaque hippocampus by im-
munofluorescence staining, possibly due to their low abun-
dance or discrepancies between RNA and protein expression
(Fig. 6h and i). In summary, we identified TS-RCs with tran-
scriptional profiles similar to human RCs, suggesting their po-
tential role in TS hippocampal aging.

TS-specific Microglial Features and Age-Related
Neuroinflammation in the TS Hippocampus

Micro malfunction is implicated in various neurodegenerative
and neuropsychiatric disorders. We identified a distinct micro-
glial population in the TS hippocampus and analyzed single-cell
Micro datasets from five different species: mice, pigs, TS, mac-
aques, and humans. Cross-species analysis showed strong align-
ment across species, with TS Micro exhibiting greater similarity
to macaques, followed by pigs and humans, and lower similar-
ity to mice (Fig. 7a and b). Conserved microglial markers, in-
cluding CSF1R, PTPRC, P3RY12, CX3CR1, and MEF2C,
are expressed across species, (Fig. 7c), with MEF2C identified
as a key conserved TF in microglial evolution, consistent with
previous studies (Wang et al. 2022a). Immunofluorescent stain-
ing confirmed MEF2C expression in IBA1-positive Micro in the
hippocampus of TS, mice, and macaques (supplementary fig.
S14a, Supplementary Material online). Single-cell genetic regu-
latory network inferring and clustering analyses revealed TS
shared more common TFs with pigs, followed by macaques
(Fig. 7d). Furthermore, DEG analysis identified TS-specific
microglial markers, including PLDS, CYTL1, BLNK,
PIPOX, MEF2C, and others (supplementary fig. S14b,
Supplementary Material online), as well as primate-shared
markers, such as LRMDA, MAN1A1, CAMKI1D, and GAB2
(supplementary fig. S14c, Supplementary Material online).
IBA1 immunohistochemistry-based Sholl analysis revealed
that the TS, macaques, and mice were positive for parenchymal
IBAT* cells (Fig. 7e), and TS Micro had longer dendrites, more
branches, and larger radiation areas than mice, aligning more
closely with macaques (Fig. 7e-h). These findings suggest that
TS Micro exhibit a hybrid profile, with transcriptomic and mor-
phological features closer to primates than to rodents.

Micro are key players in brain inflammation (Guo et al.
2024), and we next examined their molecular and functional
alterations during aging in the TS hippocampus. The number
of IBA1-positive Micro increased significantly in the aged
(Fig. 7i). Sholl analysis showed corresponding increase in
dendrite length, branching, and radiation areas in adult and
aged TS hippocampus relative to infancy (Fig. 7f-h and
supplementary fig. S14d and e, Supplementary Material online).
Interestingly, MEF2C expression decreased with age at both
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Fig. 6. InN subpopulation analysis and identification of the RC population. a) Heatmap shows the correlation of InN across species (Spearman,
*P<0.05, **P<0.01, ***P<0.001, significance test for Spearman’s rank correlation coefficient using t-distribution approximation). b) Left, Venn
showing the DEGs between mouse and other species (two-sided Wilcoxon rank-sum test, adjusted P-value <0.05, logFC>0.25) about InN in
hippocampus. Right-top, Venn showing the intersection of shared genes of TS/primate and TS microglia genes (two-sided Wilcoxon rank-sum test,
adjusted P-value <0.05, logFC > 0.25). Right-below, dot plot showing the expression of common genes of TS/primate-special and TS microglia-special
(adjusted P-value <0.05, logFC>0.25). c) Dot plot showing the average expression of TS-specific genes for microglia in each cell type of TS
hippocampus. d) Top, visualization of InN subclusters using UMAP. Below, the violin plot demonstrates the expression of the canonical marker genes
of InN subclusters. RC, rosehip-like InN. e) Heatmap showing the enriched GO terms of cell-type-specific marker genes of different InN subclusters
in the TS hippocampus, with their enriched functional annotations on the right. f) Bar plot showing the proportions of InN subclusters in the
hippocampus from infancy, adult, and old groups. g) Enriched GO terms for RC2 aging-related genes from adult and old groups. h) Representative
microscopic fields of CCK/LAMP5/CNR1 triple-positive cells in the hippocampal DG from adult TS. i) Representative microscopic fields of SLC6AT/
LAMP5/CNR1 triple-positive cells in the DG of the hippocampus from adult TS (above) and macaques (below). Blue, DAPI. Scale bar: low
magnification, 100 um; high magnification, 50 um, 10 um. n= 3. White rectangular boxes represent the focused areas.
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Fig. 7. Transcriptional heterogeneity of cells derived from TS microglia. a) UMAP shows the distribution of cell types from humans, macaques, TS, pigs, and
mice. b) Heatmap shows the correlation of microglia across species (Spearman, *P<0.05, **P<0.01, ***P<0.001, significance test for Spearman’s rank
correlation coefficient using t-distribution approximation). c) The violin plot demonstrates the expression of the canonical marker genes of microglia across
species. d) Network plot show species-specific transcriptional regulators of microglia. e)-h) Manual tracking and Sholl analysis-based quantification of cell
morphology of hippocampal /BAT-positive microglia (red). Each symbol represents one individual; three to five cells analyzed per individual. Sholl analysis:
step size=20 um. Blue, DAPI. Scale bar: 25 um. Similar outcomes were obtained in three repeated independent experiments. One-way ANOVA, *P<
0.05, ns, not significant. i) Quantification of /BA7-positive cells in the hippocampal DG from infancy, adult, and old TS. One-way ANOVA, ***P<0.001.
j) Violin plots showing expression levels of MEF2C in microglia in the TS hippocampus from infancy, adult, and old groups (two-sided Wilcoxon rank-sum
test, **P<0.01, ***P<0.001). k) Representative microscopic fields of IBA1/MEF2C double-positive cells in the hippocampal DG from infancy, adult, and
old TS. Blue, DAPI. Scale bar: low magnification, 50 um; high magnification, 10 um. n= 3. |) Density plot showing gene set scores of HuMi_Aged microglia
genes in different cell types in the TS hippocampus. m) Top, boxplot showing increasing gene set scores in TS hippocampus with age. Bottom, violin plots
showing increasing HuMi_Aged gene set scores in microglia in the TS hippocampus from infancy, adult, and old groups (two-sided Wilcoxon rank-sum
test). n) Visualization of microglia subclusters using UMAP. o) Left, bar plot showing the proportions of microglia subclusters in the hippocampus from
infancy, adult, and old groups. Right, enriched GO terms in Micro1 and Micro3. p) Visualization of Micro1 subclusters using UMAP. q) Left-top, bar plot
showing the proportions of Micro1 subclusters in the hippocampus from infancy, adult, and old groups. Left-bottom, UMAP showing the distribution of

cluster-related DEGs in the Micro1. Right, enriched GO terms in Micro1_1 and Micro1_2.
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RNA and protein levels (Fig. 7j and k and supplementary fig.
S14f, Supplementary Material online), consistent with reports
showing that MEF2C deficiency exacerbates microglial activa-
tion and behavioral deficits during immune challenges in mice
during aging (Deczkowska et al. 2017). Then, we analyzed the
HuMi_Aged gene set, which were significantly enriched in TS
Micro and increased with age both at overall hippocampal levels
and within Micro (Fig. 7] and m). Micro were further subclus-
tered into three populations: Microl, Micro2, and Micro3
(Fig. 7n), with HuMi_Aged gene set significantly enriched in
Microl and Micro3, and Microl and Micro3 numbers signifi-
cantly increasing in aged TS (Fig. 70 and supplementary fig.
S15a and b, Supplementary Material online). The transcription-
al regulatory network revealed a panel of key age-associated TFs
of Micro, such as ETV6, TCF7L2, and TAL1 (supplementary
fig. S15c¢, Supplementary Material online). TCF7L1/2, FOXO1/
3, SOX2, and LEF1 (supplementary table S14, Supplementary
Material online) were core TFs involved in the WNT signaling
pathway. The gene set score analysis for the canonical WNT sig-
naling pathway demonstrated an increase of the gene set score in
aged samples (supplementary fig. S15d, Supplementary Material
online). Through age-related DEGs analysis, a panel of genes re-
lated to microglial activation, such as CD74, TLR4, NFKBI,
P2RY6, IL2RA, IL18, TGFBR1, ITGAM, and IL6ST, were up-
regulated in aged Micro compared with their younger counter-
parts (supplementary fig. S15e, Supplementary Material online).
In particular, Micro2 represents a resting state of Micro express-
ing genes such as P2RY12 and SALL1, while Micro1 and Micro3
populations were a group of active Micro, expressing proinflam-
matory markers such as CD74, TLR4, TYROBP, IL6ST,
TGFBR1, IL18, and NFKBI1 at high levels (supplementary fig.
S15e, Supplementary Material online). GO enrichment analysis
inked Microl to phagocytosis and inflammatory response
(Fig. 70). Active Micro exert beneficial effects via phagocytosis
and detrimental effects by secreting cytotoxic cytokines. To detail
the nature of active Micro, Microl was divided into two subclus-
ters, Micro1_1 and Micro1_2 (Fig. 7p). Micro1_2, predominant-
ly found in young TS samples, expressed antiinflammatory genes
such as C10B, C1QA, and CX3CR1 and was associated with
synaptic pruning and phagocytosis of debris from apoptotic cells
during the early postnatal stages (Fig. 7q and supplementary table
S14, Supplementary Material online). In contrast, Micro1_1, en-
riched in aged TS samples, expressed proinflammatory
markers BCL2L1, FYN, GAB2,and MAPK1 and was linked
to chemokine and IL-3 signaling pathways, characteristic
of aging-associated microglial activation (Fig. 7q and
supplementary table S14, Supplementary Material online).
In summary, TS Micro exhibit age-dependent changes in
morphology, function, and transcriptional profiles. During
early stages, active Micro contribute to hippocampal develop-
ment through phagocytic activity, while in aging, they shift to
a predominantly proinflammatory role, potentially contribut-
ing to neuroinflammation and hippocampal dysfunction in TS.

Transcriptomic Diversity of Oligodendrocyte
Lineages in Postnatal TS Hippocampus

OPCs are the most proliferative cells in the CNS, generate
MOL throughout life, and potentially contribute to circuit for-
mation and function (Allen and Lyons 2018). Single-cell ana-
lysis has revealed heterogeneity among oligodendrocytes in
both mice and humans CNS (Jikel et al. 2019). To explore
this diversity, we integrated OPC and MOL single-cell data-
sets from TS, pigs, mice, macaques, and humans. Similar to

InN, the transcriptomic profiles of TS OPC and MOL were
closer to those of macaques and pigs (Fig. 8a), and 12 distinct
hippocampal cell populations were conserved across species
(Fig. 8b). TS OPCs were then subclustered into two popula-
tions (OPC1 and OPC2) with distinct gene expression profiles
(Fig. 8c). Notably, OPC2 numbers increased with age
(Fig. 8d), and DEG analysis revealed elevated expression of
myelin regeneration related genes, including CNTNG,
IGF1R, NINJ2, TTR, TMEM98, DDB2, and SNTGI
(Fig. 8e). TS MOLs were subclustered into three populations
(MOL1, MOL2, and MOL3), with MOL1 and MOL3 num-
bers increasing with age (Fig. 8f and g). DEG analysis showed
a significant upregulation of myelin-related genes such as
CNTN6, IGFIR, NINJj2, TTR, TMEM98, DDB2, and
SNTG1 in MOL1 and MOL3 (Fig. 8h), suggesting
age-associated functional adaptations. However, despite an
increase in PLP1-positive puncta in aged TS hippocampus,
disrupted myelin sheaths were more prevalent (Fig. 8i),
indicating myelin-related dysfunction. To trace age-related
molecular changes, we reconstructed the developmental tra-
jectory from OPC to MOL using pseudotime analysis
(Fig. 8j). Differential expression of representative marker
genes highlighted the sequential transition along this trajec-
tory (Fig. 8k). Clustering of stage-specific gene expression
along the pseudotime revealed three distinct clusters (C1 to
C3) with distinct functional profiles (Fig. 81): C1 was enriched
for genes involved in regulation of actin filament organization
and proteoglycan metabolic process, C2 for synapse organiza-
tion and neuron migration, and C3 for leukocyte migration in-
volved in inflammatory response and leukocyte homeostasis
(Fig. 81). Interestingly, C3 was specifically expressed in MOL
subtypes (MOL1 and MOL3), whose populations expanded
at an advanced age (Fig. 8m and supplementary fig. S15f-k,
Supplementary Material online). Furthermore, joint analysis
of cluster-specific and age-related DEGs identified hub genes,
including CNTN6, IGFIR, NINJj2, DDB2, IL33, and
RALYL, as key regulators of oligodendrocyte proliferation
and aging (Fig. 8n).

In summary, TS oligodendrocyte lineages exhibit distinct
transcriptomic diversity, with age-associated shifts in OPC
and MOL populations contributing to myelin regeneration
pathways but also to increased myelin dysfunction in aged
TS hippocampus.

Identification of Proliferating Endo Cells in the TS
Hippocampus During Aging

Brain Endo cells, the major component of the neurovascular
unit, are implicated in neuronal degeneration and neurodege-
nerative disorders (Hansen et al. 2025; Xia et al. 2025). In this
study, we observed an increase in the Wnt gene set score in the
aged samples (supplementary fig. S16a, Supplementary
Material online), highlighting the role of Wnt signaling in
endothelial activation and differentiation under brain inflam-
mation (Liebner et al. 2018). Endo cells were subclustered into
three populations (Endo1, Endo2, and Endo3) with distinct
gene expression profiles. The number of Endol increased
with age (supplementary fig. S16b and c, Supplementary
Material online), and aged Endo1 cells showed elevated Wnt
signaling activity (supplementary fig. S16d, Supplementary
Material online). GO term analysis revealed that Endo1 was
enriched for genes associated with proteasome, leukocyte acti-
vation, Wnt signaling pathway, endothelial development, and
platelet aggregation (supplementary fig. Sl6e and f,
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Fig. 8. Identification of the OPC and MOL populations in TS hippocampus. a) Left, heatmap showing the correlation of OPC across species. Right,
heatmap showing the correlation of MOL across species (Spearman, *P<0.05, **P<0.01, ***P<0.001, significance test for Spearman’s rank
correlation coefficient using t-distribution approximation). b) The cell proportions for each cluster in different species. c¢) Left, visualization of OPC
subclusters using UMAP. Right, violin plot showing the average expression of marker genes for the OPC subclusters. d) Bar plot showing the
proportions of OPC subclusters in the hippocampus from infancy, adult, and old groups. e) Dot plot showing cluster-related DEGs. f) Left,
visualization of MOL subclusters using UMAP. Right, violin plot showing the average expression of marker genes for the MOL subclusters. g) Bar
plot showing the proportions of MOL subclusters in the hippocampus from infancy, adult, and old groups. h) Dot plot showing cluster-related DEGs.
i) Representative microscopic fields of PLP7-positive cells (red) in the hippocampal CA3 from infancy, adult, and old TS. Blue, DAPI. Scale bar: 100 pm.
Similar outcomes were obtained in three repeated independent experiments. j) Pseudotime analysis of OPC and MOL in the TS hippocampus. Cells
are colored by the cell types (top) and the states (bottom). The arrows indicate the directions of differentiation trajectories. k) Pseudotime analysis
showing the expression levels of indicated genes along the trajectory from OPC to MOL of the TS hippocampus. The points are colored by cell type
(top) and cell state (bottom). |) Heatmap showing the expression profiles along the pseudotime of top DEGs (g value <1x 1074 in MOL and OPC,
which were then divided into three clusters (C1 to C3) with the expression pattern and enriched GO term of the corresponding cluster represented
on the right. m) Left, bar plot showing the proportions of different states of MOL in the hippocampus from infancy, adult, and old groups. Right, the
tree plots showing the state of OPC to MOL from infancy, adult, and old groups. n) Pseudotime analysis showing the expression levels of DEGs
along the trajectory from OPC to MOL of the TS hippocampus. The points are colored by state.
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Supplementary Material online). Notably, genes related to
proteasomes (PSMAs and PSMBs) were elevated in the aged
TS hippocampus. The ubiquitin-proteasome system, essential
for essential for degrading unwanted or misfolded proteins
(Schmidtetal. 2021), was impaired with age, leading to the ac-
cumulation of neurotoxic aggregates such as B-amyloid, tau,
and a-synuclein, which are associated with neurodegenerative
diseases such as AD, PD, Huntington’s disease, and amyo-
trophic lateral sclerosis (supplementary fig. Slég,
Supplementary Material online). Considering that age-related
differential genes in MOL and Endo populations both regulate
leukocyte activation, we performed cell communication ana-
lysis. As a result, we observed a significant increase in micro-
glial signals derived from the MOL and Endo in the aged TS
hippocampus, with significantly elevated CD74 and NOTCH
signaling (supplementary fig. S16h and i, Supplementary
Material online). CD74 and NOTCH signaling have been re-
ported to exacerbate Micro-mediated neuroinflammation and
contribute to neuropathological conditions (Vandenbark et al.
2019). In summary, these findings indicate identify proinflam-
matory endothelial cells and their molecular features during hip-
pocampal aging in TS.

These changes suggest the formation of a deleterious micro-
environment in the aged TS hippocampus, potentially exacer-
bating neuroinflammation and facilitating the progression of
age-related neurodegenerative diseases.

Discussion

The COVID-19 pandemic has significantly impacted research,
limiting the availability of macaques for experimental studies.
Although recent advancements in organoid and cloning tech-
niques have offered promising alternatives for mimicking hu-
man biology, in vitro models fail to fully replicate the
complexities of in vivo systems. This necessitates the research
for new animal models to replace macaques. As a primate-like
species, TS show high similarities with humans in physiology,
anatomy, genetics, and metabolism (Hochgerner et al. 2018;
Hao et al. 2022), making it a promising alternative for study-
ing complex human diseases. In this study, we generated the
first age-related single-nucleus transcriptomic atlas of the TS
hippocampus. Based on their unique transcriptional signa-
tures, we identified 15 distinct cell types, comprising the
neurogenesis lineage, oligodendrocyte lineage, and niche cells.
Cross-species comparisons revealed notable similarities and
differences among TS, mice, macaques, and humans, further
highlighting the potential of TS as an animal model. The pre-
sent study not only provides a comprehensive single-nucleus
transcriptomic landscape of TS hippocampus but also present
a detailed comparison with other species for the first time.
These insights enhance our standing of hippocampal biology
and underscore the value of TS as a versatile and advanced
model for scientific research.

This study compared hippocampal cell diversity and mo-
lecular features among TS, humans, macaques, and mice, re-
vealing that TS are more transcriptomically similar to
macaques and humans than to mice. Consistent with previ-
ous reports from mice (Hochgerner et al. 2018), macaques
(Zhang et al. 2021; Franjic et al. 2022; Hao et al. 2022;
Wang, Wang et al. 2022b) and humans (Franjic et al.
2022), we identified three major hippocampal cell lineages
in TS: neurogenic lineage cells (RGLs, ImN, ExN, cInN,
and CR), oligodendrocyte lineage cells (OPC, NFOL, and
MOL), and niche cells (Micro, Astro, Endo, Peri, and

Epend). Analysis of single-cell transcriptomes showed most
classical marker genes for cell types were conserved among
species, though with differing expression abundance.
SLC1A3 (GLAST), encoding a glutamate transporter, was
highly expressed in Astro and RGLs of these four species, sug-
gesting a conserved role in glutamatergic synaptic transmis-
sion. Similarly, GFAP and AQP4 were highly enriched in
Astro and RGLs, though expressed at lower levels than
SLC1A3. Glutamate, the main excitatory neurotransmitter
in the mammalian CNS, is removed from the synaptic cleft
by sodium-dependent glutamate transporters (Jackson et al.
2001). Adult Astro play a critical role in glutamatergic synap-
tic input and maturation of adult-born hippocampal neurons
and local dendritic spines (Sultan et al. 2015). These results
suggest that SLC1A3 is central to the cross-species conserva-
tion of synaptic transmission regulated by Astro. Although
GAD1 and GAD2 are recognized as InN marker genes,
they are hardly expressed in TS, whereas ADARB2
(ADAR3) and GRIP1 exhibited higher expression levels in
TS InN. ADAR3, a catalytically inactive member of the
Adenosine Deaminase Acting on RNA (ADAR) protein fam-
ily, is exclusively expressed in the brain. While the reasons for
the catalytic incapability of ADAR3 have not been defined,
its biological function in learning and memory may suggest
a central role TS InN in hippocampal memory formation
(Wang et al. 2019a). Similarly, glutamate receptor interact-
ing protein 1 (GRIP1), an AMPAR-binding protein regulat-
ing the trafficking and synaptic targeting of AMPARSs, is
essential for long-term potentiation, learning, and memory
(Tan et al. 2020). These findings suggest that TS InN may
play a pivotal role in hippocampal memory processes.
DCX, a widely adopted marker of NB and immature neurons
(Tobin et al. 2019), is highly expressed in InN across species,
suggesting that DCX is not only a specific marker for NB or
immature granule neurons or that InN may share functional
role with ImN. We also observed high expression of MEF2C
across species, supporting its role as conserved TFs in micro-
glial evolution, consistent with previous studies (Wang et al.
2022a). Furthermore, microglial TYROBP, a network hub
and driver of sporadic late-onset AD (Zhang et al. 2013),
was highly expressed in TS Micro. As a cytoplasmic adaptor
for TREM2 and other receptors, TYROBP is essential for
microglial activation. However, TREM2 expression was ab-
sent in TS hippocampus, suggesting that TYROBP signaling
in TS Micro may function independently of TREM2 and po-
tentially play a foundational role in establishing the
disease-associated Micro phenotype. Morphological analysis
revealed that TS Micro exhibited longer dendrites, more
branches, and larger radiation areas than mice, whereas the
microglial morphology in mice more closely resembled that
of young TS, highlighting species-specific developmental dif-
ferences. Unexpectedly, we identified primate-specific rose-
hip cells in the TS hippocampus, which play a role in
regulating synaptic plasticity, long-term potentiation, and
neurogenesis in the TS. The reduction of rosehip cells in the
TS hippocampus and the downregulation of the ability to
regulate membrane potential and neurotransmitter transmis-
sion suggested that it plays a role in hippocampal senescence
in TS.

Neurological diseases such as AD, ADHD, ALD, ANO,
anxiety, ASD, BIP, epilepsy, learning and memory disorders,
MDD, narcolepsy, SCZ, OCD, TOS, and brain aging have
been extensively studied in the human brain, and significant
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proportions of genes have been proposed to be closely related
to these diseases (Lu et al. 2004; Olah et al. 2018; Yang et al.
2022). This study systematically examined the enrichment of
disease-associated risk genes across cell types from four
species (humans, TS, macaques, and mice) to establish con-
nections between neurological diseases and specific cell pop-
ulations. AD and the HuMi_aged gene set were consistently
enriched in Micro across all species, highlighting the central
role of Micro in neuroinflammation and neurodegeneration.
TS Micro, in particular, exhibited higher enrichment scores for
Learning disorders and MS compared with other species, re-
inforcing their utility as a model for studying Micro-related
neuroinflammatory processes. ADHD risk genes were signifi-
cantly enriched in TS MOL, suggesting a potential link be-
tween myelin-related dysfunction and ADHD. ALD risk
genes were enriched in ExN, ImN, and InN in TS, underscoring
the role of neurotransmitter imbalances and synaptic dysregu-
lation in addiction. TS hippocampus demonstrates remarkable
potential for modeling diseases such as AD, ADHD, ALD,
aging, learning disorders, MS, and Wnt signaling-related con-
ditions, offering unique insights into species-specific and con-
served mechanisms at the cellular and molecular levels. These
results establish TS as a promising model for studying a broad
range of neurological and psychiatric disorders.

Differences in intercellular communication contribute to
diverse neuronal circuits which may underlie behavioral and
emotional differences across species (Heller et al. 2020). We
found that various signals are conserved across species, with
differences in intensity and number. Particularly, EGF,
PTN, FGF, VEGF, and IGF signaling pathways are conserved
across species, serving a main function among RGLs, neu-
rons, and oligodendrocytes across humans, macaques, and
TS. Adult neurogenesis in the DG arises from quiescent
RGLs and is supported by niche factors like EGF (Zhou
et al. 2018). In the subventricular zone (SVZ), EGFR signal-
ing promotes NPC proliferation and migration, and enhanced
EGER signaling in vivo expands NPC pool while reducing
NSCs number and self-renewal (Aguirre et al. 2010). In the
DG, EGF signaling helps maintain NSCs quiescence, prevent-
ing developmental exhaustion and sustaining continuous
neurogenesis throughout adulthood (Zhou et al. 2018). IGF
signaling is a key regulator of aging, metabolism, reproduc-
tion, and growth, and their evolution is conserved across vari-
ous species (Menting et al. 2013; Weigelt et al. 2020; Szwed
et al. 2021). PTN influences neuronal differentiation and
the maintenance of neuronal plasticity, especially within hip-
pocampal circuits (Ballesteros-Pla et al. 2023). FGF is critical
for neurodevelopment, including the regulation of RGLs pro-
liferation, neuronal differentiation, and synaptic plasticity,
which additionally supports oligodendrocyte lineage progres-
sion (Mason 2007). Beyond its role in angiogenesis, VEGF
promotes neurogenesis and provides neuroprotection by sup-
porting RGLs survival and enhancing oligodendrocyte func-
tion (Mackenzie and Ruhrberg 2012). These conserved
signaling pathways emphasize their fundamental roles in neural
development, plasticity, and repair. Their shared involvement
across humans, macaques, and TS highlights their evolutionary
importance in maintaining the cellular functions of RGLs, neu-
rons, and oligodendrocytes. Besides, we also identified several
species-specific signaling pathways. Specifically, human-specific
pathways include PARs (Steinhoff et al. 2005), GALECTIN
(Wang et al. 2023), IL16, and CHEMERIN (Laffranchi et al.
2024). These genes are predominantly involved in
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neuroendocrine immune regulation, inflammation, and tissue
remodeling. In macaques, we identified AVP (Pagani et al.
2015) and CCK (Dinan and Cryan 2012), which are associated
with closely associated with neural regulation, social behavior,
and stress responses, indicating potential roles in
primate-specific social behavior and stress regulation.
Pathways, such as CXCL, MIF, ENHO, VIP, NPY, and
ACTIVIN, reflect inflammatory responses and vascular regula-
tion, which are highly relevant in rodent models but differ in
other species. TS-specific signaling pathways, including NTS
(Christou et al. 2020), CCL6 (Mantovani et al. 2004), IL6
(Hunter and Jones 2015), RESISTIN (Steppan et al. 2001),
and SOMATOSTAIN (Patel 1999), point to unique aspects of
inflammatory regulation, metabolic signaling, and neural com-
munication in TS. The identification of these TS-specific signal-
ing pathways underscores their unique roles in the regulation of
inflammation, metabolism, and neuroendocrine interactions.
Further exploration of these pathways could provide deeper in-
sights into TS physiology and uncover potential targets for
therapeutic intervention. Our findings highlight that TS hippo-
campus is evolutionarily closer to macaques and humans than
to rodents, while it also exhibits unique transcriptomic and cel-
lular features. These results provide a deeper understanding of
cross-species hippocampal biology and position TS as a promis-
ing model for studying complex human diseases.

The adult mammalian brain contains two primary reser-
voirs of regenerative NSCs (known as “neurogenic niches”):
SVZ of the lateral ventricles and the DG of the hippocampus
(Navarro Negredo et al. 2020). In vivo labeling and micros-
copy revealed a decline in neurogenesis in the SVZ and hippo-
campal neurogenic niches during aging and AD (Cope and
Gould 2019; Tobin et al. 2019; Navarro Negredo et al.
2020; Yu et al. 2024). This decline likely involves a number
of cellular processes, including increased NSCs dormancy, de-
creased NSCs self-renewal, decline in neuronal fate commit-
ment, and NSCs aging or death (Dong et al. 2017; Navarro
Negredo et al. 2020; Yan et al. 2023). In this study, we ob-
served a decreasing trend in the number of RGLs with age,
along with a decline in their ability to differentiate into new
neurons. More importantly, significant remodeling of the
transcriptomes of various cell types was identified, indicating
dysregulation at multiple stages of the developmental trajec-
tories of neurogenic lineage cells in the aged non-human pri-
mate hippocampus. These disruptions were observed at both
the early stages of neurogenesis and the later stages involving
synaptic transmission. Specifically, the transcriptional regula-
tory network analysis revealed that TCF7L1 and TCF7L2 are
central TFs during the aging of NSCs and Astro in the TS
hippocampus. The genes targeted by TCF7L1 and TCF7L2
are associated with the negative regulation of neurogenesis.
Using snRNA-seq and cross-species analysis, we identified
various NSCs that are hallmarks of adult hippocampal neuro-
genesis. The presence of quiescent RGLs and the actively pro-
liferating IPCs provides strong support for the robustness of
TS hippocampal neurogenesis. Notably, a unique NSCs popu-
lation (TS_RGLs) was identified in the TS hippocampus, char-
acterized by markers including SOXD (SOXS5 and SOX6),
ADAMTS19, MAP2, CDK6, WIF1, and SLIT2, which was
further confirmed by immunofluorescent staining. The expres-
sion of SOXD was enriched in activated RGLs and is a key me-
diator in the transition of adult RGLs from quiescence to an
activated mitotic state under physiological conditions (Li
et al. 2022). Meanwhile, SLIT2, an extracellular matrix
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protein, regulates the axonal migration during CNS develop-
ment (Sherchan et al. 2020).

Moreover, neurogenic niches are specialized microenviron-
ments comprising a variety of different cell types, including
cells from the NSCs lineage, endothelial cells, and Micro. An
elevated proinflammatory response was observed in the aged
Micro, MOL, and Endo, which may trigger the formation of
an aging microenvironment in the TS hippocampus. MOL
and Endo exacerbate Micro-mediated neuroinflammation
via CD74 and NOTCH signaling pathways. In addition, we
observed elevated oligodendrocyte proliferation in aged TS
hippocampus. The myelin pieces were gradually released
from aging myelin sheaths and subsequently cleared by
Micro. Myelin fragmentation increases with age and leads to
the formation of insoluble, lipofuscin-like lysosomal inclu-
sions in Micro (Safaiyan et al. 2016; Guan et al. 2022).
Additionally, senescent Micro show impaired phagocytic
function and altered lipid metabolism, which causes the accu-
mulation of lipid metabolites and eventually leads to myelin
sheath degeneration (Ahn et al. 2022). Therefore, we provide
strong evidence for disrupted hippocampal neurogenesis
along with abnormal neuroinflammation modulation in TS
during aging.

Altogether, we have generated, to the best of our knowl-
edge, the first comprehensive cellular atlas of the TS hippo-
campus across the lifespan, from infancy to old age,
representing an important species for neuroscience and evolu-
tionary studies. We systematically examined the gene expres-
sion profiles and molecular characteristics of each cell type
and performed cross-species comparisons at the single-cell lev-
el. Our analyses offer rich resources for understanding pheno-
typic changes associated with aging and the underlying
mechanisms of hippocampal aging, potentially paving the
way for the development of novel diagnostic and therapeutic
approaches for age-related neurodegenerative diseases. One
of the limitations of our study is the potential bias introduced
by differences in the definition of age across species. Although
we made efforts to control for physiological age and sex ef-
fects, the comparative equivalence of age between species re-
mains a challenge. For example, the correlation between the
age of mice and humans is debated, and this disparity in
physiological age could influence the interpretation of cross-
species comparisons. Additionally, while we matched for sex
in our analysis, different species may have varying gene ex-
pression responses to sex, which means that sex-related differ-
ences may still exist even in sex-matched samples. These
factors could introduce confounding effects in our results
and necessitate further research to fully understand the role
of age and sex in the transcriptional profiles of hippocampal
cells across species. To address these limitations, future studies
would benefit from more comprehensive multiomics ap-
proaches and experimental validation to explore and mitigate
these confounding variables. Moreover, although we used or-
thologous gene mapping to integrate datasets and minimize
species-specific bias, we recognize that discrepancies between
datasets in terms of experimental conditions and protocols
may influence the comparability of the results. To mitigate
these limitations, further rigorous statistical methods should
be innovated to adjust for potential differences in data pro-
cessing across species. More reliable analysis methods are es-
sential for checking the robustness of results and to ensure
that the observed cross-species comparisons were not driven
by technical artifacts.

Materials and Methods

Ethical Statement and TS Sources

Infant (2 to 3 months old, 7= 5, two males and three females),
adult (2 to 3 years old, #=35, two males and three females),
and old (5 to 6 years old, 7="7, four males and three females)
TS were provided from the Animal Center of Kunming
Medical University (no. SYXK(Dian) K2020-0004)) and
housed in individual cages under a 12-h light/dark cycle,
with food and water available throughout the study. We se-
lected TS at different postnatal stages to capture key develop-
mental and aging characteristics based on the published study
by Lu et al. (2018). All experimental procedures were ap-
proved by the Experimental Animal Ethics Committee of
Kunming Medical University (no. KMMU2020001) and
were conducted in compliance with Guide for the Care and
Use of Laboratory Anmimals published by the National
Institutes of Health.

Sample Collection and Nucleus Extraction

The hippocampus was carefully dissected from the TS with
strict compliance to the ethical guidelines. The dissected tis-
sues were washed with cold phosphate-buffered saline (PBS;
Invitrogen, Carlsbad, CA, USA), quickly frozen, and then
stored in liquid nitrogen before use. Prior to the library con-
struction process, the tissues were first thawed, cut into small
pieces, and then transferred to a 1.5-mL tube containing
1x homogenization buffer containing 30 mmol/L CaCl,,
18 mmol/L.  Mg(Ac),, 60 mmol/L TrissHCl (pH 7.8),
320 mmol/L sucrose, 0.1% nonidet P-40, and 0.1 mmol/L eth-
ylenediaminetetraacetic acid (Invitrogen). The tissue pieces
were then transferred to a 2-mL Dounce homogenizer and
stroked on ice with loose pestles and then with tight pestles
15 times. The nucleus extraction was filtered with a 40-mm
strainer and spanned down at a speed of 500 x g for 10 min
at 4 °C to carefully discard the supernatant. The pellets were re-
suspended in PBS containing 0.1% bovine serum albumin
(Invitrogen) and 20 U/mL RNase inhibitor for 10 X Genomics
library construction (10 X Genomics, Pleasanton, CA, USA).

Sequencing Libraries Construction

SnRNA-seq was performed using the 10x Genomics
Chromium platform with Chromium Controller Readiness
Test to ensure optimal performance. Samples were processed
with the 10 x Genomics Chromium Single Cell Kit v.3. The
single-cell suspensions were prepared at a concentration of
1,000 cells per puL in 0.04% PBS-bovine serum albumin to
maintain cell viability and minimize aggregation. The
Chromium RT mix was added to each sample, and the single-
cell capture was performed following 10 X Genomics’ guide-
lines. Key parameters, such as the version of the kit, cell viability,
initial cell stock concentration, and total cell stock volume,
were carefully monitored to achieve a target capture of 5,000
to 10,000 cells per sample. The processes included cell barcod-
ing and reverse transcription, followed by cDNA synthesis (12
to 14 PCR cycles, depending on the quality and yield of the
c¢DNA) and library preparation. Quality control was rigorous-
ly performed according to the manufacturer’s instructions to
ensure high-quality libraries. Libraries were sequenced on
the Illumina HiSeq 4000 platform (Hao et al. 2022) to gener-
ate sufficient read depth for comprehensive transcriptomic
analysis.
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Preprocessing and Quality Control of snRNA-Seq
Data

Raw sequencing data were processed using Cell Ranger soft-
ware (v.7.0.1, 10 X Genomics) to align reads to the T. belan-
geri TS_3.0 genome (available at http:/www.treeshrewdb.
org/download.html). Cell-by-gene count matrices were gener-
ated following sequence alignment with Cell Ranger software
(https:/support.10xgenomics.com/), and stringent quality
control measures were applied to ensure data reliability. We
only retained cells with 200 to 6,000 detected genes and the
percentage of the detected mitochondrial genes <2% of total
gene expression to minimize artifacts from low-quality or
stressed cells. To identify and remove potential doublets, we
employed DoubletFinder (v.2.0.3), setting the expected doub-
let rate at 0.075. Genes expressed in fewer than three nuclei
were excluded. Ribosomal RNA content was restricted to
<5%, and cells with erythroid gene expression (HBAI,
HBA2, HBB, HBD, HBE1, HBG1, HBG2, HBM, HBQI,
HBZ) >0.2% were also removed to minimize contamination
from erythroid RNA. After sample integration and clustering,
clusters lacking specific cell-type marker genes (expressing
markers of more than one cell type) with relatively low gene
content or disproportionately high mitochondrial gene ex-
pression were discarded.

Identification of Cell Clusters

After filtering, unsupervised clustering was performed using
Seurat v4 (https:/satijalab.org/seurat/) (Butler et al. 2018).
Datasets from different sequencing libraries underwent nor-
malization (using “NormalizeData()” function with parame-
ters “normalization.method = “LogNormalize, “scale.factor
=100007) and identification of highly variable genes (HVGs)
(using “FindVariableFeatures()” function with the options
“selection.method = “vst, “nfeatures =2000”). Then, we ap-
plied the “FindIntegrationAnchors” and “IntegrateData” func-
tions to integrate all sequencing libraries with the top 20
significant principal components (PCs) (dim=1:50). The top
2,000 HVGs of each dataset were used for downstream PC ana-
lysis (PCA). The top 30 significant PCs were selected for cluster-
ing and visualization using UMAP. We removed batch effects
and preserved the biological variation present in our dataset
by conducting a canonical correction analysis among individual
samples with the functions “FindIntegrationAnchors” and
“IntegrateData.” Clustering analysis was performed with the
functions “FindNeighbors” and “FindClusters.”

Identification of DEGs Across Cell Type
To identify genes differentially expressed in each group per cell
type, P-values were calculated and false discovery rate
(FDR)-corrected using MAST (Schirmer et al. 2019). All nu-
clei from infancy, adult, and aging samples for corresponding
cell types were used. MAST was used to perform zero-inflated
regression analysis by fitting a linear mixed model. To exclude
gene expression changes stemming from confounders, such as
sex, fractions of ribosomal and mitochondrial transcripts, the
following model was fit with MAST:

zlm(~condition + nCount_RNA + percent.mt + percent.rb +
Sex, sca, method = glmer, ebayes =T), where percent.rb is the
ribosomal RNA fraction and percent.mt is the mitochondrial
RNA fraction.

To identify genes differentially expressed due to the age ef-
fect, likelihood ratio test was performed by comparing the
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model with and without the diagnosis factor. Genes with at
least 50% increase or decrease in expression in a group vs oth-
er group and an FDR-corrected P < 0.05 were selected as dif-
ferentially expressed.

GO Term Enrichment Analysis

The “enrichGO()” function of cluster Profiler R package (Yu
et al. 2012) was used for enrichment analysis, and the
Benjamini-and-Hochberg (BH) method was employed for mul-
tiple test correction (OrgDb=org.Hs.eg.db, pAdjustMethod =
“BH,” pvalueCutoff=0.05). A GO term with an adjusted
P-value of <0.05 was considered significantly enriched.
Notably, we used the “org.Hs.eg.db” package because of the
homogeneity between TS and humans and the lack of compre-
hensive TS resources.

Gene Set Enrichment Analysis

GSEA was applied to identify a priori defined gene sets that
showed statistically significant differences between two given
clusters. We used the expression file as input and implied
gene sets of KEGG pathways and Gene Ontology, which
were collected in the Molecular Signatures Database (Zhong
etal. 2018).

Construction of Cellular Communication Network

Intercellular communication analysis was conducted using the
CellChat (v.0.0.1) R package with default parameters. TS
hippocampus datasets for infant, adult, and old were analyzed
separately. Intercellular communication analysis was per-
formed based on cell types. The cell-cell communication
network was visualized using the “netVisual_aggregate” func-
tion, centrality score was computed and visualized using the
“netAnalysis_signalingRole_network” function, and relative
contribution of each ligand-receptor pair was visualized using
the “netAnalysis_contribution” function.

Transcriptional Noise Analysis

Transcriptional noise was estimated as described previously
(Angelidis et al. 2019; Zhang et al. 2021). In brief, equal num-
bers of cells of each cell type were used among the young,
adult, and old groups. All genes were ordered according to
their expression levels, and those with the top 10% and bot-
tom 10% expression levels were excluded. Transcriptional
noise at the cell level was then calculated as the Euclidean dis-
tances between cells with the mean value of the corresponding
cell type.

Gene Set Score Analysis

Gene sets related to aging-related diseases were obtained from
the DisGeNET database (https:/www.disgenet.org/home/).
Gene sets for AD and PD were generated by filtering with “dis-
ease Name” (“Alzheimer’s disease” and “Parkinson disease,”
respectively). The gene set of Learning Disorders consists
of genes related to “Learning Disorders,” “Learning
Disturbance,” and “Learning Disabilities.” Genes related to hu-
man brain aging, SASP, and HuMi_Aged were acquired from lit-
erature (Lu et al. 2004; Olah et al. 2018; Zhang et al. 2021).
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
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between young, adult, and old samples were analyzed using the
ggpubr R package via the Wilcoxon test.

Cross-Species Comparison

We performed a cross-species comparison by integrating pre-
viously reported snRNA-seq datasets of mice (Hochgerner
et al. 2018), macaques (Wang et al. 2022b), and humans
(Wang et al. 2022b) hippocampus with TS hippocampus
snRNA-seq dataset generated in this study. Prior to perform-
ing species integration analysis, we conducted individual qual-
ity control, dimensionality reduction, and cell annotation for the
snRNA-seq data of each species. To ensure high-quality
snRNA-seq data across species, we applied a consistent quality
control pipeline with species-specific adjustments. Reads were
aligned to the respective reference genomes (GRCh38 for hu-
mans, Macaca_fascicularis_6.0 for macaques, and mm10 for
mice) using Cell Ranger to generate cell-by-gene count matrices,
and DoubletFinder with doublet rate set at 0.075 was used to
identify doublets for each sample individually. For all species,
we excluded genes expressed in fewer than three nuclei, restricted
ribosomal RNA content to <5%, and removed cells with eryth-
roid gene expression exceeding 0.25% to minimize contamin-
ation. Additionally, we retained cells based on species-specific
thresholds: for human and mouse datasets, cells with 200 to
6,000 detected genes were kept, while for macaques, the range
was 200 to 8,000. Mitochondrial gene expression thresholds
were also species-specific: <5% of total expression for humans
and macaques and <10% for mice, to account for differences
in mitochondrial activity and stress responses. Then, for cross-
species integration, orthologous gene sets were determined using
human genes as the reference and converted to other species us-
ing HomoloGene and biomaRt (Wang et al. 2022b). We focused
exclusively on one-to-one orthologous genes to ensure accuracy
in cross-species comparisons and excluded genes lacking orthol-
ogous matches in one or more species. After identifying the or-
thologous genes across different species, the integrated analysis
was performed using the Seurat v3 pipeline (Stuart et al. 2019).
Batch effects and technical variability were addressed using the
“Harmony” package to ensure robust integration. In detail, we
used “SelectIntegrationFeatures()” (nfeatures = 3,000) function
to select the top 3,000 HVGs as integration features, fol-
lowed by “FindIntegrationAnchors()” (anchor.features = 2,000,
dims=1:50) to identify anchor genes across species. Finally, the
datasets were integrated using the “IntegrateData()” (dims = 1:50)
function. After integration, the data were normalized, scaled,
and centered by using the “ScaleData()” function, followed
by dimensionality reduction by the “RunPCA()” function
(npcs = 30). Unsupervised clustering was performed to identify
cellular subpopulations. Cell identities were annotated based
on the expression of canonical cell-type markers validated across
species, ensuring consistency in cell-type definitions. Conserved
cell types were identified based on shared markers between TS
and humans and further validated by reference-based annotation
in macaques and mice. Cluster-specific DEGs from TS were
mapped back to human orthologs to determine conserved bio-
logical processes, pathways, and interspecies similarities.

When performing overall correlation analysis, expression-
weighted cell-type enrichment (ECWE) analysis, ToomanyCells
analysis, scDRS analysis, and CellChat analysis, we used age-
and sex-matched snRNA-seq data from four species: humans,
macaques, TS, and mice. This approach minimized confounding
effects related to age and sex differences, while enhancing the
comparability of cross-species results and improving statistical

power. In cross-species analysis of individual cell types, we uti-
lized snRNA-seq data from human, macaque, mouse, and pig
samples. Since we primarily focused on the transcriptomic pro-
files and functional similarities and differences of a specific cell
type across species, the effects of age and sex were disregarded.

EWCE Analysis

EWCE (Skene and Grant 2016; Zhu et al. 2021) was em-
ployed for the analysis of disease gene enrichment using de-
fault parameters. This analysis was conducted separately for
each species dataset. This analysis was performed separately
for each species dataset. To mitigate the bias effect, we initially
employ the “vst()” function to conduct a variance-stabilizing
transformation on the unique molecular identifier count ma-
trix. Subsequently, we utilize the “fix_bad_mgi_symbols()”
function to rectify gene nomenclature. The “drop_uninforma-
tive_genes()” function is then applied to eliminate noninfor-
mative genes, thereby reducing computational time and
minimizing noise in subsequent analyses. Following this, we
implement the “generate.celltype.data()” function to compute
the specificity matrix for each dataset. We perform 100 boot-
strap resamplings with replacement on all detected genes with-
in each species dataset as a background reference, and
P-values are adjusted using the BH method. A significance
threshold of 0.05 is established.

Single-Cell Disease Relevance Score

The single-cell disease relevance score (scDRS) method was
employed to assess the polygenic disease enrichment of indi-
vidual cells within scRNA-seq data (Niu et al. 2024).
Initially, to establish statistical significance, scDRS generates
1,000 sets of cell-specific raw control scores through Monte
Carlo sampling of matched control gene sets that are aligned
in terms of gene set size, mean expression, and expression vari-
ance with respect to the candidate disease genes. Subsequently,
scDRS normalizes both the raw disease scores and the raw
control scores for each cell—resulting in normalized disease
scores and normalized control scores—and computes cell-
level P-values based on the empirical distribution derived
from pooled normalized control scores across all control
gene sets and all cells.

Cell Composition Analysis

To quantify the impact of aging on cell differentiation dynam-
ics, we employed two distinct analytical methods for inter-
group cell composition difference analysis. These included a
cell composition analysis utilizing the Cacoa package
(Batiuk et al. 2022) and a differential cell density analysis con-
ducted with the miloR package (Dann et al. 2022). The
“estimateCellLoadings()” function from the Cacoa package
(v.0.4.0) was utilized for analyzing cellular components.
Specifically, logarithmic ratio transformation was applied to
the fractions of different cell types, followed by typical dis-
criminant analysis using the candisc software package to de-
rive weighted comparisons between the two sample groups.
The separation coefficient was assessed through random sub-
sampling of cells, and its robustness along with statistical sig-
nificance was thoroughly evaluated. Then, we perform 1,000
resamplings, during which 1,000 cells are randomly selected
from each group to assess the robustness of the test. The BH
procedure is employed for multiple comparison correction.
The Cacoa package’s estimateCellDensity function is utilized
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to conduct a differential cell density analysis. To assess the dif-
ferences in cell density between sample groups, we first employ
the ks R package to compute the kernel density for each sam-
ple within the joint embedding space. Subsequently, we nor-
malize the resulting density matrix across samples using
quantile normalization techniques. To quantify the differences
in cell density between sample groups, we perform a -test on
samples located within each grid box. To mitigate background
noise, we filtered out boxes containing at least one cell, and the
z-scores were represented as a heatmap. The sample labels
were randomly shuffled 200 times to assess the robustness
of the test. For single-cell differential abundance analysis, we
utilized the Milo function to create a miloR object, followed
by employing the buildGraph function to construct a
K-nearest neighbor graph in UMAP space. Subsequently, the
makeNhoods function was applied to define cellular neighbor-
hoods, while the countCells function quantified the number of
cells within each neighborhood across all samples. The
testNhood function was employed to evaluate neighborhood
differential abundance with a spatial FDR significance threshold
set at 0.05. Visualization of differential abundance neighbor-
hoods was achieved using the plotNhoodGraphDA function.

Trajectory Analysis

For cell developmental trajectory assessment, the data for cells
belonging to the corresponding cell population were used to
create a separate Seurat object using the “SubsetData” func-
tion. The most variable genes for these clusters alone were
identified using the FindVariableGenes function and the fol-
lowing parameters: x.low.cutoff=0.003, x.high.cutoff=3,
and y.cutoff = 1. The Seurat object was imported into a CDS
(CellDataSet) object using the Monocle function #mportCDS
(Trapnell et al. 2014).

Single-Cell Regulatory Network Inference and
Clustering

To carry out TF network inference, data were subsampled by
randomly selecting cells from each cell type. Analysis was per-
formed as described using the single-cell regulatory network
inference and clustering (SCENIC) R package (v.1.1.0, which
corresponds to ReisTarget 1.2.0 and AUCell 1.4.1). The activ-
ity of the regulatory networks was evaluated on the full data-
set in the scoring step with AUCell. Regulons annotated as
“extended” include target genes harboring motifs that have
been linked to the respective TF by lower confidence annota-
tions (Aibar et al. 2017).

Immunofluorescence Staining

Hippocampal tissues from TS, mice, and macaques at different
life stages were dissected and fixed with 4% paraformalde-
hyde for up to 24 h and cryoprotected in 30% sucrose at 4 °C
for 72 h. The tissue samples were frozen in optimal cutting
temperature compound (Tissue-Tek) at —80 °C and sectioned
at 15 pm on a cryostat microtome (Leica CM1950). Sections
were rinsed with PBS and incubated for 30 min in 0.3%
Triton X-100 (Sigma-Aldrich) and then for 2 h in 5% donkey
serum (Vector Laboratories). Subsequently, sections were in-
cubated overnight at 4 °C with the primary antibodies and
for 2 h at room temperature with the secondary antibodies.
Detailed antibody information is provided in supplementary
table S15, Supplementary Material online. Sections were
mounted with DAPI (Abcam) and covered with coverslips.
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Images were obtained using an LSM880 Zeiss microscope
and a two-photon confocal microscope (NIS-Elements AX).

Microglia Tracing and Sholl Analysis

For each microglia, the figure was imported into Fiji (Image],
v.2.3.0) and converted into 8-bit images. The z-project feature
in Fiji was used to flatten the z-stacks and create the maximum
2D projection image. A skeleton image was generated for each
RGC in 2D with the Simple Neurite Tracer plugin, which pro-
vides a semiautomated system of tracing over each dendrite in
the z-stack. 2D Sholl analysis was performed with the Sholl
plugin, which overlays concentric rings 20 microns apart
and quantifies the number of skeleton intersections with
each ring. The output data were used to generate 2D Sholl pro-
files, from which the branches, junction, and radiation areas
were calculated.

Mfuzz Analysis

Through the cluster analysis of expression patterns, the gene
expression trend of infant, adult, and old TS hippocampus
samples was presented.

Quantification and Statistical Analysis

All data obtained from TS at each age gradient were collected
from one sample with at least three independent experiments.
Error bars represent SD. Samples from each group were tested
for normality and homogeneity before statistical analysis.
Statistical analyses were performed using one-way ANOVA
with corresponding post hoc tests for multiple group compari-
son using SPSS Statistics 26.0 (IBM, Chicago, IL, USA).
Graphical visualization was performed using GraphPad
Prism software (v.9.1.1). The sample size and P-values are giv-
en in the figure legends. P-values were designated as follows:
*P<0.05, **P<0.01, ***P<0.001, and ****P <0.0001.

Supplementary Material

Supplementary material is available at Molecular Biology and
Evolution online.
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