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ABSTRACT

The hippocampus plays a crucial role in learning and mem-
ory, and its progressive deteriorationwith age is functionally
linked toavarietyofhumanneurodegenerativediseases.Yet
a systematic profiling of the aging effects on various hip-
pocampal cell types in primates is still missing. Here, we
reported a variety of new aging-associated phenotypic
changes of the primate hippocampus. These include, in
particular, increased DNA damage and heterochromatin
erosion with time, alongside loss of proteostasis and ele-
vated inflammation. To understand their cellular and

molecular causes, we established the first single-nucleus
transcriptomic atlas of primate hippocampal aging. Among
the 12 identified cell types, neural transiently amplifying
progenitor cell (TAPC) and microglia were most affected by
aging. In-depth dissection of gene-expression dynamics
revealed impairedTAPCdivisionandcompromisedneuronal
function along the neurogenesis trajectory; additionally ele-
vatedpro-inflammatory responses in the agedmicroglia and
oligodendrocyte, as well as dysregulated coagulation path-
ways in the agedendothelial cellsmaycontribute to ahostile
microenvironment for neurogenesis. This rich resource for
understanding primate hippocampal aging may provide
potential diagnostic biomarkers and therapeutic interven-
tions against age-related neurodegenerative diseases.
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INTRODUCTION

Aging is a major risk factor for human neurodegenerative
disorders, such as Alzheimer’s disease (AD), which is rapidly
rising in prevalence with age and has become the most
pressing challenge to be tackled. The hippocampus plays a
crucial role in spatial and episodic learning and memory
(Morrison and Baxter, 2012; Fan et al., 2017; Kuhn et al.,
2018). Age-related decline in hippocampal functions mani-
fests as a profound yet inevitable impairment in cognitive
abilities and increases vulnerability to AD (Morrison and
Baxter, 2012; Fan et al., 2017; Hou et al., 2019). Therefore, a
comprehensive understanding of the underlying mecha-
nisms of hippocampal aging is of scientific and clinical
importance.

Although still being debated, adult neurogenesis contin-
ues in the subgranular zone (SGZ) of the dentate gyrus (DG)
within the mammalian hippocampus (Boldrini et al., 2018),
critical to contextual learning and episodic memory (Kuhn
et al., 2018; Navarro Negredo et al., 2020). In the adult DG,
radial glia-like quiescent neural stem cell (NSC) allows for
the addition of newborn neuron throughout life, initiating the
neurogenesis trajectory through the transition into activation,
proliferation, and then generation of transiently amplifying
progenitor cell (TAPC) (Kempermann et al., 2015; Li et al.,
2015; Navarro Negredo et al., 2020). TAPC then gives rise to
neuroblast, which further differentiates into immature and
then mature granule neuron or glial cell (Aimone et al., 2014;
Encinas et al., 2011; Navarro Negredo et al., 2020). Both
NSC and their progenies interact extensively with several
kinds of neurogenic niche cells, including oligodendrocyte,
microglia, and cells comprising the neurovasculature (Ai-
mone et al., 2014; Fan et al., 2017). Although a decline in the
volume of the aged anterior hippocampus was observed in
some studies (Malykhin et al., 2008), others reported con-
flicting findings or altered hippocampal shape rather than its
volume during the aging process (Head et al., 2005; Yang
et al., 2013). Through histological analysis, compromised
neurogenesis, a gradual loss of synaptic plasticity, elevated
microglia activation, and diminished angiogenesis have
been identified as major age-associated changes in the
hippocampus, which may result in age-dependent cognitive
decline (Leuner et al., 2007; Morrison and Baxter, 2012; Fan
et al., 2017; Navarro Negredo et al., 2020). Although
extensive studies have been reported on the morphological
characteristics of the hippocampus during aging, the com-
plexity of underlying cellular and molecular alterations has
never been revealed comprehensively and at single-cell
resolution.

Due to ethical restrictions, it is difficult to obtain disease-
free human brain tissues, including the hippocampus from
both young and old individuals. Therefore, unbiased studies
of human hippocampal degeneration are not feasible. Since
non-human primates (NHPs) share similar genetic, physio-
logical, and neurological characteristics with humans (Chen
et al., 2012, 2016; Chen et al., 2017; Colman, 2018; Zhang

b Figure 1. Aging-related phenotypes of the cynomolgus

monkey hippocampus. (A) Flow chart of the phenotypic

analysis on the hippocampal tissues collected form young and

old monkeys. Representative image of Nissl staining in the

hippocampus is shown (right panel, dentate gyrus (DG), CA1

region (CA1) and CA3 region (CA3), scale bar, 700 μm). (B) Nissl

staining in CA1 and CA3 regions of the hippocampus from young

and old monkeys. Representative images are shown on the left;

neuronal cell densities in corresponding regions are quantified as

fold changes (old vs. young), shown as means ± SEM on the

right. Scale bars, 20 μm and 10 μm (zoomed-in image). Young,

n = 8; old, n = 8 monkeys. ns, not significant. (C) Nissl staining in

the dentate gyrus (DG) from young and old monkeys. Repre-

sentative images are shown on the left; the widths of the granular

cell layers in the DG are quantified as fold changes (old vs.

young), shown as means ± SEM on the right. Scale bars, 20 μm

and 10 μm (zoomed-in image). Young, n = 8; old, n = 8 monkeys.

ns, not significant. (D) SA-β-Gal staining in the indicated regions

of the hippocampus from young and old monkeys. Representa-

tive images are shown on the left; SA-β-Gal positive areas in the

DG, CA1 and CA3 regions are quantified as fold changes (young

vs. old), shown as means ± SEM on the right. Scale bar, 20 μm.

Young, n = 7; old, n = 8 monkeys. *P < 0.05; **P < 0.01.

(E) Immunohistochemical staining of DCX in the DG region of the

hippocampus from young and old monkeys. Representative

images are shown on the left; DCX-positive cells are quantified

as fold changes of their numbers in the old DG vs. in young

counterparts, shown as means ± SEM on the right. Black arrows

indicate the DCX-positive cells. Scale bars, 20 μm and 10 μm

(zoomed-in image). Young, n = 8; old, n = 8 monkeys. **P < 0.01.

(F) Aggresome staining in the indicated regions of the hip-

pocampus from young and old monkeys. Representative images

are shown on the left; aggresome-positive cells are quantified as

fold changes of their numbers in the old DG, CA1 and CA3

regions vs. in young counterparts, shown as means ± SEM on

the right. Red arrows indicate the aggresome-positive cells.

Scale bars, 20 μm and 10 μm (zoomed-in image). Young, n = 8;

old, n = 8 monkeys. ****P < 0.0001. (G) Immunofluorescence

staining of Aβ (4G8) accumulation in the indicated regions of the

hippocampus from young and old monkeys. Representative

images are shown on the left; Aβ (4G8)-positive cells are

quantified as fold changes of their numbers in the old DG, CA1

and CA3 regions vs. young counterparts, shown as means ±

SEM on the right. Red arrows indicate the Aβ (4G8)-positive

cells. Scale bars, 20 μm and 10 μm (zoomed-in image). Young,

n = 8; old, n = 8 monkeys. ****P < 0.0001. (H) Immunofluores-

cence staining of Aβ (1-40) accumulation in the indicated regions

of the hippocampus from young and old monkeys. Representa-

tive images are shown on the left; quantitative data for the

relative Aβ (1-40)-positive cells in the DG, CA1 and CA3 regions

are shown as means ± SEM on the right. The relative fold of

number of Aβ (1-40)-positive cells was obtained by normalizing

the number of Aβ (1-40)-positive cells of the old monkey with the

young monkey. Black arrows indicate the Aβ (1-40)-positive cell.

Scale bars, 20 μm and 10 μm (zoomed-in image). Young, n = 8;

old, n = 8 monkeys. ***P < 0.001, ****P < 0.0001.
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et al., 2018), especially similar neurogenesis within the SGZ
of the DG (Leuner et al., 2007), they represent ideal models
for the study of primate hippocampal aging. On the other
hand, the high complexity in its cellular composition requires
the dissection of molecular mechanisms underlying hip-
pocampal aging and cognitive decline to be performed at
single-cell resolution (He et al., 2020; Zhong et al., 2020).
Emerging single-cell/nucleus RNA sequencing (scRNA-seq/
snRNA-seq) techniques have unraveled the transcriptional
alterations underlying the heterogeneous process of aging at
cell-type-specific resolution in multiple organs (He et al.,

2020; Li et al., 2020; Ma et al., 2020a, b; Wang et al., 2020a,
b). Of note, snRNA-seq provides unique advantages in
analyzing tissues difficult to be dissociated, such as the
neuron-rich hippocampus, thus reducing the bias in cellular
capture and the accompanied transcriptional artifacts (Habib
et al., 2016; He et al., 2020; Ma et al., 2020a). However,
snRNA-seq has not been applied to explore the cellular and
molecular alterations of hippocampal aging in the primates.

In this study,wedemonstratedanarrayof aging-associated
damages in the NHP hippocampus, including genomic and
epigenomic instability, loss of proteostasis, as well as
increased inflammation. To explore unique cellular and
molecular characteristics underlying these age-related phe-
notypes, we generated a high-resolution single-nucleus tran-
scriptomic atlas of hippocampal aging in NHPs. This atlas
enabled us to identify the transcriptional alterations underlying
the early onset of dysregulation in adult hippocampal neuro-
genesis, and to unveil the contributing factors to a hostile
microenvironment for neurogenesis in theagedhippocampus.
Overall, our study deposited a valuable resource for the
identification of new diagnostic biomarkers and potential
therapeutic targets for interventions against hippocampal
aging and related human neurodegenerative disorders.

RESULTS

Accumulation of aging-associated damages in the aged
hippocampus from cynomolgus monkeys

To unravel the structural and functional alterations during
physiological aging, we first isolated hippocampal tissues
from eight young (4–6 years old) and eight aged (18–21
years old) cynomolgus monkeys, which are approximately
∼16 and ∼60 years old in human age, respectively (Figs. 1A
and S1A) (Li et al., 2020; Ma et al., 2020b; Wang et al.,
2020a, b; Zhang et al., 2020c). We compared different
anatomical regions of the hippocampus, including CA1, CA3,
and the dentate gyrus (DG), and found their width and
overall cell density were comparable to those in the young
counterparts (Figs. 1B, 1C and S1B). However, all three
regions showed an increase in cellular senescence, as the
proportions of senescence-associated β-galactosidase (SA-
β-Gal) staining-positive cells escalated with age (Fig. 1D). In
line with the notion that neurogenesis decay was usually
defined as one of the hippocampal aging hallmarks (Navarro
Negredo et al., 2020), we observed a decrease of DCX-
positive neural progenitor cells/neuroblasts in the subgran-
ular zone (SGZ) of the hippocampal DG (Fig. 1E) (Artegiani
et al., 2017; Mauffrey et al., 2019). Moreover, we found
aging-associated accumulation of a broad range of protein
aggregates and amyloid-β (Aβ) deposits (immunostained by
the pan-specific anti-Aβ antibody (4G8) and the anti-Aβ40
antibody) (Fig. 1F–H) (Brunk and Terman, 2002; Buckig
et al., 2002; Li et al., 2004; Wegiel et al., 2012; Giacobini and
Gold, 2013). Importantly, we also found an accompanying
increase in genomic and epigenomic instability in these

b Figure 2. Aging-related loss of genomic and epigenomic

stability in the monkey hippocampus. (A) Immunohistochem-

ical staining of γH2A.X in the indicated regions of the

hippocampus from young and old monkeys. Representative

images are shown on the left; γH2A.X-positive cells are

quantified as fold changes of their numbers in the old DG,

CA1 and CA3 regions vs. in young counterparts, shown as

means ± SEM on the right. Black arrows indicate the γH2A.X-

positive cells. Scale bars, 20 μm and 10 μm (zoomed-in image).

Young, n = 8; old, n = 8 monkeys. ***P < 0.001; **P < 0.01.

(B) Immunofluorescence staining of dsDNA in the indicated

regions of the hippocampus from young and old monkeys.

Representative images are shown on the left; cytoplasmic

dsDNA-positive cells are quantified as fold changes of their

numbers in the old DG, CA1 and CA3 regions vs. in young

counterparts, shown as means ± SEM on the right. Red arrows

indicate the cytoplasm-localized dsDNA. Scale bars, 20 μm and

10 μm (zoomed-in image). Young, n = 8; old, n = 8 monkeys.

****P < 0.0001; ***P < 0.001. (C) Immunofluorescence staining

of H3K9me3 in the indicated regions of the hippocampus from

young and old monkeys. Representative images are shown on

the left; H3K9me3-positive cells are quantified as fold changes

of their numbers in the old DG, CA1 and CA3 regions vs. in

young counterparts, shown as means ± SEM on the right. Red

arrows indicate the H3K9me3-negative cells. Scale bars, 20 μm

and 10 μm (zoomed-in image). Young, n = 8; old, n = 8

monkeys. **P < 0.01. (D) Immunofluorescence staining of HP1γ

in the indicated regions of the hippocampus from young and old

monkeys. Representative images are shown on the left, arrows

indicate HP1γ -negative cells; while HP1γ-positive cells in the

old DG, CA1 and CA3 regions vs. young regions are quantified

as fold changes (means ± SEM) on the right. Black arrows

indicate the HP1γ-negative cells. Scale bars, 20 μm and 10 μm

(zoomed-in image). Young, n = 8; old, n = 8 monkeys. **P <

0.01. (E) Immunofluorescence staining of LINE-1 ORF2p in the

indicated regions of the hippocampus from young and old

monkeys. Representative images are shown on the left; LINE-1

ORF2p-positive cells are quantified as fold changes of their

numbers in the old DG, CA1 and CA3 regions vs. in young

counterparts, shown as means ± SEM on the right. Red arrows

indicate the LINE-1 ORF2p-positive cells. Scale bars, 50 μm

and 10 μm (Zoomed in image). Young, n = 8; old, n = 8

monkeys. ****P < 0.0001.
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Figure 4. Cellular and molecular aging characteristics of the aged monkey hippocampus. (A) Boxplot showing transcriptional

noise in different cell types in young and old monkey hippocampus. Arrows indicate cell types whose transcriptional noise is

significantly increased in the aged groups. (B) Scatter plot showing the log2 ratio of transcriptional noise of different cell types in the

monkey hippocampus between the old and young groups at the cell and sample levels. (C) Circos plots showing aging-related up-

and down-regulated differentially expressed genes (DEGs) (adjusted P-value < 0.05, |logFC| > 0.25) of different cell types in the

monkey hippocampus. Each connecting curve represents a gene that is up- or down-regulated in two cell types. (D) Bar plot showing

GO terms enriched for aging-related DEGs of different cell types in the monkey hippocampus. Y axis represents the ratio of

upregulated genes to total DEGs in corresponding terms. (E) Heatmap showing genes differentially expressed in at least two cell

types in the monkey hippocampus. Only genes with same direction of differential expression among different cell types are included.

(F) Dot plots showing top five cell-type-specific DEGs of different cell types. Only those with annotations are showed. Red dots

represent upregulated genes and blue dots represent downregulated ones. (G) Network plot showing DEGs associated with aging-

related diseases in different cell types in the monkey hippocampus.
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regions, such as increased DNA damage (marked by γ-H2A.
X foci formation), increased cytosolic dsDNA release from
the nucleus, loss of heterochromatin (marked by H3K9me3
and HP1γ reduction) and retrotransposon activation (marked
by LINE-1 ORF2p accumulation) (Fig. 2A–E) (De Cecco
et al., 2019; Geng et al., 2019; Hu et al., 2020; Ma et al.,
2020a; Zhang et al., 2020b). Altogether, these results sup-
ported that the NHP hippocampus suffered from extensive
aging-associated damages during physiological aging even
without obvious overall structural disorganization.

Construction of a single-nucleus transcriptomic atlas
of the NHP hippocampus

To investigate the cellular and molecular signatures under-
lying hippocampal aging, we applied the snRNA-seq

technique to capture all cell types in the hippocampus. After
stringent filtration, 116,951 qualified single-nucleus tran-
scriptomes were retained with a median of 1,972 genes per
nucleus from young and old individuals for downstream
analysis (Figs. 3A, 3B and S1C). No apparent difference in
cell type distribution was observed among age and sex
groups (Fig. S1D), guaranteeing the reliability of gene
expression profiling. Uniform Manifold and Projection
(UMAP) algorithm analysis identified a total of 12 cell types
based on their unique gene-expression signatures (Fig. 3B,
3C and Table S1). Consistent with previous reports (Boldrini
et al., 2018), the hippocampal cell populations were consti-
tuted by three major cell types, including neurogenic lineage
cells, oligodendrocyte lineage cells and niche cells. Neuro-
genic lineage cells include neural stem cells (NSC) (GFAP+

and SOX2+), transiently amplifying progenitor cells (TAPC)
(DCX+, PROX1+ and SNAP25-), immature neurons (ImN)
(PROX1+ and SNAP25+), excitatory neurons (ExN) (SATB2+

and SNAP25+), and inhibitory neurons (InN) (GAD1+ and
SNAP25+) (Fig. 3B and 3C). Oligodendrocyte lineage cells
comprise two cell types, the oligodendrocyte progenitor cells
(OPC) (PDGFRA+), and oligodendrocytes (OL) (MOBP+)
(Fig. 3B and 3C). As for niche cells, they were composed of
T cells (T) (CD247+), microglia (CSF1R+), endothelial cells
(EC) (FLT1+), pericytes (PDGFRB+), vascular lep-
tomeningeal cells (VLMC) (SLC4A13+) (Fig. 3B and 3C). In
addition to canonical markers, we also identified a set of
novel markers for each cell type (Table S2). Gene Ontology
(GO) analysis of these cell-type-specific marker genes
demonstrated functional characteristics of the corresponding
cell type in the hippocampus (Fig. 3D and Table S1). For
example, “Neuron migration” was enriched for the top 30
marker genes for NSC, “Regulation of neuron differentiation”
for TAPC, “Synapse organization” for ImN, “Chemical
synaptic transmission” for ExN, “Postsynaptic membrane
potential” for InN, “Proteoglycan metabolic process” for OPC,
and “Myelination” for OL, etc.

Moreover, we constructed a regulatory network of tran-
scription factors (TFs), which defined core TFs unique for
each cell type and hub TFs shared by at least two cell types
(Fig. 3E and Table S1). For instance, the prominent genes
comprising the cell-type-specific TF network included
TEAD1 for NSC, SOX6 for OPC, CREB5 for OL, and so on
(Fig. 3E). Meanwhile, ZMAT4 was shared by ExN and InN,
suggesting its essential roles in neuron specification and
functional maintenance. SOX5 was shared by NSC, OPC,
EC and pericyte, indicative of its function as a broad-acting
transcriptional regulator. The network depicted the unique
and coordinated transcriptional regulations for the estab-
lishment of hippocampal cell identities. Taken together, this
atlas allows for, in our following analysis, a comprehensive
delineation of the cellular and molecular alterations induced
by aging in the NHP hippocampus.

Figure 5. Aging-related cellular and molecular alterations

along the trajectories of the neurogenesis. (A) Pseudotime

analysis of the neurogenic lineage cells in the monkey

hippocampus. The points are colored by cell types (top) and

age (bottom). The arrows indicate the directions of differenti-

ation trajectories. (B) Heatmap showing the expression profiles

along the pseudotime of top 500 DEGs (q value < 1 × 10−4),

which were divided into five clusters with the expression pattern

and enriched GO terms of the corresponding cluster repre-

sented on the right. (C) Violin plots showing gene set scores of

indicated clusters in different stages of neurogenic cells of

young and old groups. ***P < 0.01. (D) Left, pie plot showing

overlapped genes between cluster 3 DEGs and aging-related

downregulated DEGs of TAPC in the monkey hippocampus.

Right, bar plot showing enriched GO terms of the overlapped

genes listed on the left. (E) Left, pie plot showing overlapped

genes between cluster 5 DEGs and aging-related downregu-

lated DEGs of neurons in the monkey hippocampus. Right, bar

plot showing enriched GO terms of the overlapped genes listed

on the left. (F) Network plot showing transcriptional regulators of

aging-related DEGs in NSC and TAPC in the monkey hip-

pocampus. Node size indicates the number of target genes.

Outer circle of the node indicates the proportion of up regulated

(red) and down regulated (blue) target genes regulated by

corresponding transcriptional regulators. (G) Bar plot showing

GO terms of target genes of ZMAT4. Red, upregulation; blue,

downregulation. (H) Bar plot showing GO terms of target genes

of NR2F2. Red, upregulation; blue, downregulation. (I) Violin

plots showing expression levels of NFIA, NFIB and NFIX in

TAPC in the monkey hippocampus from young and old groups.

(J) Spearman’s correlations between gene set score of cluster 3

DEGs and the expression levels of NFIA, NFIB and NFIX in

TAPC of the monkey hippocampus. (K) Density plot showing

gene set scores of genes related to canonical Wnt signaling

pathway in TAPC of the monkey hippocampus from young and

old groups. (L) Heatmap showing the expression changes of

aging-related DEGs associated with canonical Wnt signaling in

TAPC of the monkey hippocampus from young and old groups.
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Characterization of the aging-associated cellular
and molecular profiles of the NHP hippocampus

To dissect cell-type-specific aging-related alterations in gene
expression, we first examined gene expression signatures of
marker genes for each cell type in the NHP hippocampus.
The unchanged expression signatures suggested that cell
identities remain relatively stable during aging (Fig. S2A).
Yet, given the profound genomic and epigenomic destabi-
lization observed in various hippocampal regions (Fig. 2), we
wondered if there are similar transcriptional instabilities with
age. As expected, calculation of the transcriptional noise
indicated that TAPC and InN in the neurogenic lineage cells,
OL in the oligodendrocyte lineage cells, as well as microglia,
pericyte and EC in the niche cells exhibited higher

transcriptional noise with age (Fig. 4A and 4B), which was in
agreement with the increased transcriptional noise observed
in other aged tissues (Li et al., 2020; Wang et al., 2020a;
Zhang et al., 2020c). In addition, to annotate the hotspot
genes involved in aging and age-related diseases, we per-
formed an integrative comparative analysis between cell-
type-specific marker genes and genes from the Aging Atlas
(AA) gene set and gene sets implicated in learning and
memory disorders (LD, MD) as well as neurodegenerative
diseases including Alzheimer’s disease (AD) and Parkin-
son’s disease (PD) (Aging Atlas, 2021). The marker genes of
microglia and EC were the most frequently annotated as
hotspot genes (Fig. S2B), indicating that these cell types
may be more susceptible to aging and age-related diseases.

In order to further identify the critical cell types affected by
and/or responsible for hippocampal aging, we analyzed age-
associated differentially expressed genes (DEGs) across all
cell types. The largest numbers of DEGs were observed in
TAPC, microglia, and NSC (246, 193 and 31 upregulated
genes, 312, 62 and 74 downregulated genes, respectively in
aged tissues) (Fig. 4C and Table S2). In addition, the num-
bers of DEGs in the male group were larger than their
counterparts in the female group across almost all cell types
(Fig. S2C), suggesting that the male hippocampus may be
more susceptible to aging. Further, through functional
annotation enrichment analysis, we investigated molecular
pathways most affected by aging in these cell types. We
noticed that “neuron differentiation” was enriched for down-
regulated DEGs in both NSC and ImN, suggesting for the
early onset of dysregulation of genes related to neurogene-
sis. Secondly, increased expression of genes involved in
“cell junction organization” and “actin filament-based pro-
cess” in ExN (Fig. 4D) implied for the correlation between a
dysregulation of the cytoskeleton and compromised synaptic
dynamics with age (Végh et al., 2014). Also contributing to
age-related synaptic degeneration are oligodendrocyte lin-
eage cells, as GO analysis of DEGs in OPC and OL
revealed increased “apoptotic process”, along with
decreased “neuron recognition” and “synaptic transmission”
(Fig. 4D). Lastly, for niche cells, increased “chemokine pro-
duction” and “receptor-mediated endocytosis” in microglia,
together with the elevated “zymogen activation” and “en-
dothelial cell migration” in EC and VLMC (Fig. 4D), pointed to
elevated inflammation and debris engulfment along with
compromised supporting abilities with age.

In addition, a total of 18 genes were consistently upreg-
ulated, along with 8 consistently downregulated ones in at
least two cell types (Fig. 4E). For instance, ROBO2, which
encodes roundabout guidance receptor 2 and promotes pro-
inflammatory immune response (Martinelli and Real, 2019),
is upregulated in aged TAPC and microglia (Fig. 4E), sug-
gesting elevated inflammation in the aged hippocampus
(Fig. 4D). NELL1, which encodes a cytoplasmic protein that
contains epidermal growth factor (EGF)-like repeats and is
involved in cell growth regulation and differentiation (Naka-
mura et al., 2012), is downregulated in TAPC and derivative

Figure 6. Elevated inflammation with age in the monkey

hippocampus. (A) Dot plot showing GO terms of aging-related

upregulated DEGs in microglia of the monkey hippocampus.

Each dot indicates a GO term and similar entries were clustered

together. (B) Dot plot showing GO terms of aging-related

downregulated DEGs in microglia of the monkey hippocampus.

Each dot indicates a GO term and similar entries were clustered

together. (C) Violin plots showing expression levels of indicated

genes in microglia of the monkey hippocampus from young and

old. (D) Pseudotime analysis of OPC and OL in the monkey

hippocampus. Cells are colored by the cell types (top) and the

states (below). The arrows indicate the directions of differen-

tiation trajectories. (E) Heatmap showing the expression

profiles along the pseudotime of top 500 DEGs (q value < 1 ×

10−4) in OL and OPC, which were then divided into three

clusters with the expression pattern and enriched GO terms of

the corresponding cluster represented on the right. (F) Bar plot

showing the proportions of different states of OL in the

hippocampus from young and old groups. (G) Density plot

showing gene set scores of pro-coagulation and anti-coagula-

tion genes in EC of the monkey hippocampus from young and

old groups. (H) Density plot showing gene set scores of

senescence-associated secretory phenotype (SASP) genes in

different cell types in the monkey hippocampus. (I) Violin plots

showing increasing SASP gene set scores in microglia and EC

in the monkey hippocampus from young and old groups.

(J) Immunohistochemical staining of TNF-α (brown) and

counterstaining of cell nuclei by hematoxylin solution (blue) in

the hippocampus from young and old monkeys. Representative

images are shown on the left; signal intensity of TNF-α is

quantified as fold changes in the old DG and CA1 regions vs. in

young counterparts, shown as means ± SEM on the right. Scale

bars, 20 μm and 10 μm (zoomed-in images). Young, n = 8; old,

n = 8 monkeys. ****P < 0.0001. (K) Heatmap showing aging-

related DEGs and their age-associated protein products in

human cerebrospinal fluid (CSF) and plasma in different cell

types in the monkey hippocampus. (L) A schematic illustration

showing the phenotypic and transcriptomic signatures of NHP

hippocampal aging.
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neurons (Fig. 4E), correlative with the aberrant neurogene-
sis. On the other hand, for cell-type-specific DEGs, we listed
the top 5 genes for each cell type and noticed that their
dysregulation might compromise corresponding cellular
functions (Fig. 4F and Table S2). For instance, GSAP, an
upregulated gene in aged NSC, was reported to be
responsible for promoting amyloid-beta (Aβ) production
through interaction with both gamma-secretase and its
substrate (He et al., 2010), thus probably contributing to the
increased Aβ deposits observed in the aged hippocampus
(Fig. 1F). CDH13, upregulated in aged TAPC, encodes a
calcium-dependent cell adhesion protein with a central role
in the regulation of brain network development and synaptic
plasticity, and hence is associated with neuropsychriatric
disorders (Rivero et al., 2013). GRM8, downregulated in
aged InN, encodes a glutamate metabotropic receptor of
neurotransmitter L-glutamate, and is known to facilitate
neuronal resilience to central nervous system (CNS)
inflammation (Woo et al., 2021). PAK5 was downregulated in
OL, which may impair cytoskeletal remodeling, and com-
promise the synaptic vesicle trafficking and axon-myelin
contacts (Zhang et al., 2020a). These dysregulated genes
may underlie the progressive functional decay of hip-
pocampal cells during aging.

Next, we performed an integrative comparative analysis
between newly identified age-associated DEGs of the NHP
hippocampus and annotated hotspot genes from various
human neurodegenerative disease-associated gene sets or
from the Aging Atlas gene set (Fig. 4G) (Aging Atlas, 2021).
Through the construction of a high-risk DEG network linking
hippocampal aging and neurodegenerative diseases, we
found that most of the high-risk DEGs were enriched in
TAPC and microglia. This network suggested that these two
cell types were more susceptible to age-related diseases,
especially for AD, as exemplified by TREM2, INPP5D,
SORL1, etc. (Fig. 4G). Among them, TREM2 encodes an
essential microglia sensor that mediates their response to
environmental signals (Leyns et al., 2017), and its upregu-
lation in microglia is closely related to inflammatory respon-
ses and pathogenesis of AD (Keren-Shaul et al., 2017;
Ulland and Colonna, 2018). Meanwhile, some high-risk
DEGs were associated with multiple disorders (Fig. 4G). For
example, PRKN is a risk factor for both learning and memory
disorders, as well as PD, as it encodes a component of a
multiprotein E3 ubiquitin ligase complex (Lubbe et al., 2021),
whose upregulation may be linked to the misregulation of
proteostasis in the aged hippocampus (Fig. 1F) (Costa-
Mattioli and Walter, 2020). Among these high-risk genes,
those dysregulated in more than one cell type, such as
CNTNAP2 and SORL1 (Fig. 4G), may represent potential
targets to defer the onset of cognitive decline and neurode-
generative diseases in the elderly.

In addition to intrinsic changes, direct cell-to-cell contacts
also modulate neurogenesis during aging (Ransohoff, 2016;
Leng and Edison, 2021), which may precede the decline in
neurogenesis. Thus, we preformed cell-cell interaction

analysis across all cell types and discovered a global
increase in cell-cell interactions in the aged hippocampus
compared to the young counterparts (Fig. S2E, S2F and
Table S3), which was consistent with the observations in
other aged tissues (Ma et al., 2020a, b). Of note, VLMC,
TAPC, and OPC were the top three cell types that display the
most old-specific cell-cell interactions; while TAPC, EC and
pericyte were the top three cell types that demonstrate the
most young-specific interactions (Fig. S2E and S2F), pin-
pointing the aberrant communications between the neural
progenitor cells and neurogenic niche cells, which may
contribute to the compromised neurogenesis.

Altogether, our findings identified aging-related molecular
features of the NHP hippocampus, demonstrating impaired
neurogenesis and neuronal function, increased inflammatory
response as the most affected and potential hallmarks in the
age-related neurodegeneration of the hippocampus.

Profiling of aging-related molecular alterations
along the differentiation trajectories in hippocampal
neurogenesis

To determine the molecular disruptions underlying impaired
neurogenesis with age, we first inferred the differentiation
trajectories of NSC in the hippocampal neurogenesis, start-
ing from NSCs, through sequential and stepwise develop-
mental progenitor cells, immature neurons, and finally to
mature neurons, as indicated by pseudotime analysis
(Figs. 5A and S3A), and observed no obvious difference of
cell-type distribution along the trajectories between the
young and old groups (Fig. 5A). Also, we established the
underlying molecular cascades with respect to the pseudo-
time. For example, the differential expression of represen-
tative maker genes reflected the transition from quiescence
to activation of NSCs, then proliferation, and differentiation
into neurons (Fig. S3B). After clustering of stage-specific
gene expression along the pseudotime, we obtained five
distinct clusters of expression profiles and analyzed their
corresponding enriched GO terms (Fig. 5B and Table S4).
For example, cluster 3 defined genes progressively down-
regulated with the trajectories, which were enriched in
pathways regulating “establishment of maintenance of cell
polarity” (Fig. 5B). By contrast, cluster 5 defined genes
progressively upregulated along the trajectories, and signa-
ture genes were involved in “trans-synaptic signaling” and
“regulation of ion transport” (Fig. 5B).

Next, to investigate age-related alterations along the tra-
jectories during neurogenesis, we compared the expression
profiles of cluster-specific genes between the young and the
old (Fig. 5C). We observed significant downregulations of
cluster 3-specific genes in aged TAPC and of cluster
5-specific genes in aged neurons (Fig. 5C). Notably, by joint
analysis of cluster-specific DEGs and age-related DEGs, we
found 16 downregulated genes enriched for “cell polarity”
and “cell division” in TAPC (NFIA, MAML2, etc.) (Fig. 5D),
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reminiscent of the reduced proportion of S-phase TAPC in
the aged hippocampus and decreased DCX-positive pro-
genitor cells in the DG region (Figs. 1E and S3C). And 14
downregulated genes shared between cluster 5-specific
DEGs and aged neuron-specific DEGs (ARPP21, NRG1,
etc.) were enriched for “cation transmembrane transport”
(Fig. 5E), indicating the possibility of dysfunction in neurons
of the aged hippocampus. Collectively, these results sug-
gested aberrant neurogenesis in the aged hippocampus,
including compromised TAPC proliferation at the initial stage
and impaired neuron functions at the late stage of
neurogenesis.

Then we set out to explore the transcriptional regulatory
network governing age-associated DEGs of neuronal lin-
eage cells. Of note, the results revealed a panel of key
transcription factors (TFs), such as ZMAT4 (Zinc Finger
Matrin-Type 4), NR2F2 (Nuclear Receptor Subfamily 2
Group F Member 2), NFIX (Nuclear Factor I X), etc. in TAPC
and KAT2A (Lysine Acetyltransferase 2A) in NSC (Fig. 5F
and Table S5), which regulated the expression of a set of
genes associated with memory and learning (Fig. S3D).
Specifically, GO enrichment analysis of genes targeted by
ZMAT4 and NR2F2, respectively, pinpointed that these two
major hub TFs regulated a series of events involved in
neurogenesis and neuronal synaptic signaling (Fig. 5G and
5H). Interestingly, we also noticed a consistent downregu-
lation of Nuclear Factor I (NFI) family members including
NFIA, NFIB, NFIX in aged TAPC (Fig. 5D, 5F and 5I).
Combined with a correlation analysis, we demonstrated a
positive correlation of NFIX family members with cluster
3-specific genes (Fig. 5J), which are highly expressed at the
early stage of the neurogenesis trajectory. This suggests a
prominent role of NFI family TFs in the initiation of TAPC
differentiation, whose downregulation may contribute to an
aberrant transcriptional regulatory network and compromise
the initial stages of neurogenesis. Other key TFs, such as
TCF7L1 and TCF12 (Fig. 5F), were core TFs involved in the
Wnt signaling pathway. Therefore, we performed the gene
set score analysis for the canonical Wnt signaling pathway
(Fig. 5K). As expected, we observed a decrease of the gene
set score in the aged samples, reflected by an upregulation
of inhibitory genes in Wnt signaling including ANKRD6 and
HECW1, as well as a downregulation of core activating
genes such as CTNND2 (Fig. 5L). As Wnt signaling is
essential for NSC activation and TAPC differentiation (Ben-
goa-Vergniory and Kypta, 2015), its dysregulation further
supported the compromised neurogenesis during hip-
pocampal aging.

Altogether, dysregulation at multiple steps along the
neurogenesis trajectory of the aged hippocampus, especially
at the initial stage of neurogenesis and at the later stage of
synaptic function, constituted one of the major alterations in
the aged NHP hippocampus and may contribute to impaired
cognition.

Identification of elevated neuroinflammation in aged
NHP hippocampus

In addition to intrinsic changes, neurogenesis is profoundly
influenced by the neurogenic niche, which is comprised of
microglia, oligodendrocytes, neurovasculature, and the sys-
temic cytokine and chemokine environment (Kempermann
et al., 2015). It has been reported that neuroinflammation is a
known negative regulator of adult hippocampal neurogene-
sis (Fan et al., 2017; Jin et al., 2021; Leng and Edison,
2021), in which age-induced microglia activation and pro-
inflammatory factors play a central role (Leng and Edison,
2021). Through analysis of age-related DEGs, we observed
that upregulated genes were enriched for “regulation of
chemokine” and “chemokine production” in the aged cells
(Fig. 6A and 6B). Moreover, a panel of genes related to
microglia activation, i.e., CD74, TREM2, PADI2, ROBO1,
were upregulated in the aged microglia compared to their
younger counterparts (Fig. 6C). For example, the estab-
lished marker for activated M1 microglia CD74 acts as a cell-
surface receptor for macrophage migration inhibitory factor
(MIF) and a multifunctional trigger for the inflammatory
response (Hwang et al., 2017; Su et al., 2017). TREM2
contributes to the age-related microglial activation, the
phagocytic oxidative burst, and the loss of neurons with
possible detrimental effects during physiological aging, and
were recently found to increase the risk for developing AD
(Leyns et al., 2017; Linnartz-Gerlach et al., 2019). PADI2 is
known to promote the production of pro-inflammatory factors
IL-1β, IL-6, and TNF-α in macrophages, and has been
implicated in chronic inflammatory diseases (Wang et al.,
2017; Yu et al., 2020). SLIT2-ROBO1 signaling also asso-
ciates with the regulation of genes involved in pro-inflam-
mation (Geutskens et al., 2010; Tiensuu et al., 2019).

Oligodendrocyte, a type of neuroglia that produces mye-
lin, an insulating sheath on the axons of nerve fibers, con-
stitutes an important part of the microenvironment for
neurogenesis (Marques et al., 2016). We next traced the
aging-related molecular changes along their developmental
trajectory and reconstructed the sequential developmental
steps by pseudotime analysis (Figs. 6D and S4A). Differ-
ential expression of representative marker genes demon-
strated the transition from OPC to OL (Fig. S4B). After
clustering of stage-specific gene expression along the
pseudotime, we obtained three distinct clusters of expres-
sion profiles and their corresponding gene sets (Fig. 6E and
Table S4). Through GO term analysis, we found that the
gene set 1 was enriched for genes responsible for “en-
sheathment of neurons”, gene set 2 was enriched for genes
involved in “leukocyte differentiation” and “activation of
immune response”, and gene set 3 was enriched for genes
regulating “chemical synaptic transmission” (Fig. 6E). Inter-
estingly, gene set 2 is specifically expressed in an OL sub-
type (state 3 OL), whose population expanded at the
advanced age (Figs. 6F and S4C). Collectively, these find-
ings suggest an age-associated activation of inflammation
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and consequent promotion of a pro-inflammatory microen-
vironment impairing neurogenesis.

The neurovasculature is a critical node connecting the
neurogenic niche with the systemic environment, whose
dysregulation has been proposed to impair neurogenesis. As
aforementioned, we found increased zymogen activation in
the aged ECs (Fig. 4D), including PLAT, a plasminogen
activator required for fibrinolysis (Kruithof and Dunoyer-
Geindre, 2014), whose upregulation may result in the for-
mation of hemolysis in hippocampus. However, when we
evaluated the expression of coagulation-related genes in
ECs, we found that gene set scores of both pro-coagulation
and anti-coagulation pathways were higher in aged ECs
compared with those in their young counterparts (Fig. 6G),
implicating the imbalance and dysregulation of coagulation
and hemolysis. As coagulation and hyperfibrinolysis are
closely related to disruption of blood-brain barrier perme-
ability (Marcos-Contreras et al., 2016; Gust et al., 2017), our
results suggest a plausible blood-brain barrier dysfunction
involved in hippocampal aging.

We observed increased senescent cells in various
regions of the aged hippocampus (Fig. 1D). As senescence-
associated secretory phenotype (SASP) is a common fea-
ture of senescent cells and usually contributes to a low-
grade inflammatory state (Baker and Petersen, 2018), we
next asked if the neurogenic niche in the aged hippocampus
presents elevated SASP and systemic pro-inflammatory
environment. Accordingly, we noticed that various niche cells
exhibited much higher gene set scores for SASP overall
(Fig. 6H). Especially, for microglia and EC, the two cell types
that constitute the blood-brain barrier (Vanlandewijck et al.,
2018), we found elevated SASP scores with age (Figs. 6I
and S4D). Our findings may reflect a rise in age-related
inflammation responses observed in these two cell types
and a plausible destruction of the hippocampal blood-brain
barrier with age (Sweeney et al., 2018; Yang et al., 2020).
Consistently, we discovered an increase in pro-inflammatory
factors (Tilstra et al., 2011), represented by age-related
elevation of tumor necrosis factor-alpha (TNF-α)-positive
cells (Figs. 6J and S4E). Moreover, we used joint analysis of
the upregulated genes in the NHP hippocampus with pro-
teomic data from aged human cerebrospinal fluid (CSF) or
plasma samples to pinpoint the conserved alteration in pro-
tein products in primates (Baird et al., 2012; Tanaka et al.,
2018). We found that microglia harbor the highest number of
conserved changes, including ROR1 and VWF in the aged
CSF, and NRXN3, NTRK3 and ALCAM1 in the plasma from
the elderlies, respectively, providing the potential for micro-
glia-secreted factors to serve as circulatory hallmarks in the
elderlies (Fig. 6K).

To sum up, these findings indicated a pro-inflammatory
neurogenic niche and underlying molecular features during
hippocampal aging, suggesting the formation of a deleteri-
ous microenvironment in the primate hippocampus at an
advanced age, which may exacerbate age-related

neurodegeneration and facilitate the progression of neu-
rodegenerative diseases.

DISCUSSION

To date, the cellular and molecular mechanisms underlying
primate hippocampal aging have not been determined. In
this study, we systemically depicted the aging-associated
phenotypes, and found that NHP hippocampus underwent
extensive aging-related damages during physiological aging
without obvious structural disorganization. Next, we estab-
lished the first primate single-nucleus transcriptomic road-
map of hippocampal aging. According to their unique
transcriptional signatures, we identified 12 distinct cell types,
comprised of the neurogenesis lineage, oligodendrocyte
lineage, and the niche cells. Aging-related DEG analysis
unraveled that TAPC and microglia were the most suscep-
tible cell types to aging as they manifested the most DEGs,
including genes annotated as high-risk genes for neurode-
generative diseases. In-depth analysis of the dynamic gene-
expression signatures of the stepwise neurogenesis trajec-
tory revealed the impaired TAPC division and compromised
neuronal function as prominent aging features. The elevated
pro-inflammatory response was observed in the aged
microglia, OL and EC, which may trigger the formation of an
inflammaging microenvironment in the primate hippocam-
pus. Furthermore, dysregulation of coagulation-regulating
genes in aged EC suggested perturbance of the blood-brain
barrier integrity as a potential factor associated with hip-
pocampal degeneration. In summary, our analyses provided
a wealth of resources for understanding the aging pheno-
typic changes and the underlying mechanisms of the primate
hippocampal aging, and shed light on the development of
novel diagnostic and therapeutic interventions against age-
related neurodegenerative disorders (Fig. 6L).

Age-associated impairments of neurogenesis in DG of the
hippocampus are associated with various neurodegenera-
tive disorders (Morrison and Baxter, 2012; Fan et al., 2017;
Hou et al., 2019), making hippocampus a crucial and
attractive subject for both fundamental research and trans-
lational neurobiology. As a highly heterogeneous tissue, the
complexity of hippocampal aging needs to be unveiled at the
single-cell level. A pioneering study at single-cell resolution
has been carried out in the mouse hippocampus specifically
for the neurogenic niche, thus only focusing on the non-
neuronal cell types. They focused more on the abundance of
different cell types rather than their molecular profiles due to
the limitation of available high-quality single cell transcrip-
tomes in this early study (Artegiani et al., 2017). On the other
hand, a following study supporting age-associated alter-
ations in gene expression of neuronal cells has been
reported for the neural stem/progenitor cell (NSPC) sub-
populations by single-cell RNA-seq in the mouse brain,
although it focused on NSPC localized in the subependy-
mal/subventricular zone (SEZ/SVZ) of the forebrain, rather
than those in the SGZ of the hippocampus (Shi et al., 2018).
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Yet another very recent study reported that NSC subpopu-
lations exhibited aging-related asynchronous depletion
accompanied by increased quiescence, and revealed a set
of molecular hallmarks of aging in mouse hippocampus via
single-cell transcriptomic analysis (Ibrayeva et al., 2021). All
these previous studies advanced our understanding of age-
related neurodegeneration, although we need to be cautious
applying it to human diseases due to the drastic difference in
physiological structure and functions between mouse and
primate brains (Herculano-Houzel, 2009; Zhang et al., 2018;
Zhong et al., 2020). Therefore, a high-resolution and com-
prehensive study to help understand age-related molecular
changes in the primate hippocampus is of pressing demand.

With recent advances of snRNA-seq technologies (He
et al., 2020; Ma et al., 2020a, b), we established a com-
prehensive single-nucleus transcriptomic atlas of monkey
hippocampal aging, which provides extensive resources for
the illustration of age-related molecular signatures at the
single-cell level. Overall, we have captured a broad spec-
trum of cell types in the hippocampus, including the neuro-
genic lineage cells, oligodendrocyte lineage cells, microglia,
and other niche cells. While our study failed to capture a cell
cluster with the astrocyte signature, it may be attributed to
the technological limitation in enriching astrocytes with the
current procedures. One possibility is that astrocyte and
NSC shared some common marker genes, implying that the
NSC population may contain some astrocyte, which was
consistent with the previous studies (Artegiani et al., 2017;
Dulken et al., 2019). Another technical restriction that
snRNA-seq only sequences the pre-mRNA in the nucleus
with relatively low sequencing depth may also limit the
comprehensiveness and dynamic range of detection, espe-
cially for mature neurons with dendrites and axons. In this
context, spatial transcriptomic analysis, a newly developed
technology (Stahl et al., 2016; Chen et al., 2020), may pro-
vide a potential resolution for measuring transcriptional
profiles of previously undetectable cells.

Neurogenesis abnormality can lead to compromised
neuron regeneration upon injury, along with progressive
neurodegeneration and loss of memory in physiological
aging (Wyss-Coray, 2016). Since the old hippocampi in the
present study were still disease-free, an overall change in
their major cell types were not yet presented, nor were the
consequent alteration in its structure. Although we did
observe reduced DCX+ TAPC and increased pro-inflamma-
tion OL in the elderly, not excluding the possibility of changes
that may be revealed by future studies to classify hip-
pocampal cells into finer subpopulations. But more impor-
tantly, we found significant remodeling in the transcriptomes
of various cell types, reflecting dysregulation at multiple
steps along the developmental trajectories of the neurogenic
lineage cells in the aged NHP hippocampus, i.e., at the early
onset of neurogenesis and at the later synaptic transmission
stage. Especially, we found age-associated downregulation
of NFI family members during the initiation of TAPC differ-
entiation, which are import transcription factors in multiple

organ development (Harris et al., 2015; Zenker et al., 2019).
In line with our observations, recent studies demonstrated
that knockout mice of either Nfia, Nfib, or Nfix displayed
shared brain defects, including megalencephaly, dysgenesis
of the corpus callosum, and a severely malformed hip-
pocampus with reduced DG volume (Zenker et al., 2019). It
was further supported by human phenotypes caused by the
haploinsufficiency of NFIA, NFIB, and NFIX (Zenker et al.,
2019), suggesting a common but not redundant role of these
NFI members in brain development. Together with our find-
ings, the function of these NFI members now extends to the
protection of cognition during aging, providing potential tar-
gets to intervene disease progression in the nervous system.

On the other hand, neuroinflammation has also been
documented for a crucial role in the pathogenesis of chronic
neurodegenerative diseases, such as the progressive loss of
memory and development of AD (Ransohoff, 2016; Leng
and Edison, 2021). Notably, microglial cells are the primary
players in neuroinflammation among the innate immune cells
(Ransohoff, 2016). In line with previous observations, our
single-nucleus transcriptomic atlas unraveled the upregula-
tion of several pro-inflammatory genes, such as CD74, which
can mediate the MIF signaling and promote the inflammatory
response (Bryan et al., 2008), as well as the canonical pro-
inflammatory factors TNF-α in the aged microglia. Of note,
TNF-α has been reported to promote necroptosis mediated
by receptor-interacting protein kinase 1 (RIPK1), RIPK3, and
MLKL (Ofengeim and Yuan, 2013), which can robustly elicit
the cascade of the inflammation responses, further magni-
fying the deleterious pro-inflammatory microenvironment
that mediates the pathogenesis of various neurodegenera-
tive diseases (Yuan et al., 2019). Interestingly, a recent study
has suggested that microglia activated by Aβ deposition
could produce neurotoxic cytokines and chemokines,
including TNF, IL-6, IL-1β and CCL2, which subsequently
cause neuronal dysfunction and death (Leng and Edison,
2021). Consistently, we observed elevated cytosolic Aβ
deposition and accumulation of aggregates in the aged
hippocampus, further supporting a potential connection
between pathological protein aggregates and neuroinflam-
mation in primate hippocampal aging. However, whether and
how microglia-mediated age-related neuroinflammation
suppress TAPC division and synaptic plasticity remain to be
investigated in the future.

To our knowledge, we provided the first evidence that the
NHP hippocampus underwent age-dependent genomic and
epigenomic alterations, characterized by increased DNA
damage, aggravated cytosolic dsDNA release from the
nucleus, decondensed heterochromatin, and consequent
derepression of heterochromatin-enriched LINE1 retro-
transposon (LINE1). Emerging evidence indicates that
destability of heterochromatin is a major driver for acceler-
ated stem cell aging, and that consolidation of heterochro-
matin can rejuvenate aged stem cells (Zhang et al., 2015,
2020b; Deng et al., 2019; Bi et al., 2020; Hu et al., 2020;
Diao et al., 2021; Liang et al., 2021). We hypothesized that
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the age-associated perturbation of the nuclear envelope may
result in the leakage of the dsDNA and transcripts of dere-
pressed repetitive sequences (Dou et al., 2015; Zhang et al.,
2015, 2020b; Buchwalter et al., 2019; De Cecco et al., 2019;
Deng et al., 2019; Geng et al., 2019; Simon et al., 2019; Bi
et al., 2020; Hu et al., 2020; Diao et al., 2021; Liang et al.,
2021; Liu et al., 2021), thus elicit consequent inflammation
responses as observed in the aged NHP hippocampus.
Consistently, it has been reported that nuclear envelope
impairment is tightly associated with aging and neurode-
generative diseases, such as AD and PD (Liu et al., 2012;
Frost, 2016; Bedrosian et al., 2021; Bin Imtiaz et al., 2021).
When dsDNA accumulates in the cytoplasm, it usually trig-
gers the cGAS-STING signaling pathway and subsequently
activates the innate immune responses (Volkman and Stet-
son, 2014; Bi et al., 2020; Zhang et al., 2020b), which is
frequently observed in senescent stem cells and a variety of
age-related disorders as age-associated inflammation (De
Cecco et al., 2019; Geng et al., 2019; Simon et al., 2019; Bi
et al., 2020). Our findings propose a yet-to-be-explored link
between (epi)genomic instability and elevated neuroinflam-
mation in primate hippocampal aging.

All in all, by constructing the single-cell resolution tran-
scriptomic atlas of primate hippocampal aging, we aimed to
provide a deeper understanding of physiological aging of the
primate hippocampus and its pathological relevance. We
identified molecular features corresponding to (epi)genomic
instability and accumulated damages, elevated neuroin-
flammation, compromised functions in specific cell types in
the old hippocampus, which contribute collectively to the
impaired ability for neuronal regeneration, thus enabling the
identification of potential diagnostic biomarkers and thera-
peutic targets for neurodegenerative diseases associated
with hippocampal aging.

MATERIALS AND METHODS

Ethical statement

This study was conducted following the guidelines for the Ethical

Treatment of Non-Human Primates and was approved by the Insti-

tutional Animal Care and Use Committee of the Institute of Zoology

(Chinese Academy of Sciences). All animal experiment procedures

were performed by certified veterinarians, complying with laws

governing animal research.

Hippocampus tissue collection

Brain tissues from eight young (4–6 years old) and eight aged (18–

21 years old) cynomolgus monkeys (Macaca fascicularis) were

harvested as previously described (Li et al., 2020; Wang et al.,

2020a, b; Zhang et al., 2020c). The monkeys were the same ones

sacrificed in the aforementioned studies (Li et al., 2020; Wang et al.,

2020a; Zhang et al., 2020c). After the perfusion was completed and

the tissue turned white, right hemisphere of each brain was fixed in

4% paraformaldehyde for histological analyses. Left hemisphere of

each brain was separated according to brain regions and was frozen

in liquid nitrogen. The hippocampus is located on the medial tem-

poral lobe. We carefully picked out the hippocampus on ice, divided

them into pieces in order, placed them in a cryotube, and stored

them in liquid nitrogen (During the collection of frozen tissue, the

hippocampus from a young female individual was excluded due to

limited technical experience at the beginning of the experiment).

Nissl staining

Nissl staining was performed as previously described (Boldrini et al.,

2018). After the hippocampus tissues fixed in 4% PFA are dehy-

drated in a series of graded alcohols (70%–100%), the tissues were

embedded in paraffin and sliced to a thickness of 5 μm using a rotary

microtome. The sections were placed on a microscope slide, dried at

56 °C for 2 h, and stored at room temperature (RT). For Nissl

staining, sections were deparaffinized and rehydrated using xylene

and graded alcohols (100%–70%), and then rinsed in distilled water.

Tissue sections were incubated with Nissl Staining Solution (Bey-

otime, China) at RT for 10 min, and washed with distilled water and

70% ethanol twice. Sections were quickly dehydrated in 95% etha-

nol and 100% ethanol, cleared in xylene, and mounted with a resi-

nous mounting medium.

SA-β-Gal staining

SA-β-Gal staining was performed using a previously published

protocol (Debacq-Chainiaux et al., 2009; Chow et al., 2019; Ma

et al., 2020a, 2020b). In brief, the hippocampal tissue stored in the

cryotube was fixed and dehydrated in a cold mixture of 75% ethanol

and 4% paraformaldehyde at 4 °C shaking for 3 h, then in 4%

paraformaldehyde at 4 °C shaking overnight, followed by shaking in

5% sucrose at 4 °C for 3 h and then in 30% sucrose at 4 °C shaking

overnight or until the tissue shrinked completely. OCT-embedded,

dehydrated hippocampus tissues were cryosectioned at a thickness

of 10 μm with a Leica CM3050S cryomicrotome, collected on

Superfrost Plus microslides (VWR) and stored at −80 °C until use.

For SA-β-Gal staining, sections were thawed at RT and rinsed in

PBS, fixed in 2% formaldehyde and 0.2% glutaraldehyde at RT for 5

min and stained with freshly prepared staining solution at 37 °C (X-

gal was purchased from Amresco; all the other reagents were from

Sigma-Aldrich). Images were taken with PerkinElmer Vectra Polaris,

and the SA-β-Gal-positive areas were quantified using ImageJ.

Aggresome staining

Aggresome staining was performed as previously described (Li

et al., 2020). The paraffin section was deparaffinized and rehydrated

using xylene and graded ethanol. Sections were permeabilized with

0.3% Triton X-100 in PBS for 7 min, incubated with the Aggresome

dye (Proteostat® Protein aggregation assay, Enzo, ENZ-51023-

KP002, 1:3,000 dilution in PBS) for 3 min and then destained in 1%

acetic acid for 30 min. Next, sections were washed with PBS for 3

times (10 min each) at RT, and counterstained with Hoechst 33342
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(Thermo Fisher Scientific). Zeiss 900 confocal system was used for

aggresome staining microscopy.

Immunofluorescence staining

Immunofluorescence staining was performed as described (Li et al.,

2020; Wang et al., 2020a, b; Zhong et al., 2020). Briefly, paraffin-

embedded sections were deparaffinized in xylene and rehydrated

through gradient ethanol (100%–70%). After rinsing in distilled water,

sections were microwaved in 10 mmol/L sodium citrate buffer (pH

6.0) 5 times for 3 min each. Upon cooling down to RT, sections were

rinsed three times in PBS, permeabilized with 0.4% Triton X-100 in

PBS for 2 h and rinsed again in PBS three times. Sections were then

incubated with blocking buffer (10% donkey serum in PBS) at RT for

1 h, followed by incubation with primary antibodies overnight at 4 °C

and fluorescence-labeled secondary antibodies at RT for 1 h. Nuclei

were counterstained with Hoechst 33342 (Thermo Fisher Scientific)

before the sections were mounted in VECTERSHIELD® anti-fading

mounting medium (Vector Laboratories, h-1000). Zeiss 900 confocal

system was used for immunofluorescence microscopy. The anti-

bodies used for immunofluorescence staining are as follows: anti-β-

Amyloid (4G8) (Biolegend, 800701, 1:200), anti-H3K9me3 (Abcam,

ab8898, 1:500), anti-LINE1 ORF2p (Abcam, ab106004, 1:200), anti-

dsDNA (Santa Cruz Biotechnology, sc-58749, 1:500). Secondary

antibodies used were the following: donkey anti rabbit-AF488

(Thermo Fisher (1:500)), donkey anti mouse-AF488 (Thermo Fisher

(1:500)), donkey anti chicken-AF488 (Thermo Fisher (1:500)).

Immunohistochemistry staining

Immunohistochemistry staining was performed as previously

described (Li et al., 2020; Ma et al., 2020b). Briefly, the paraffin-

embedded sections were deparaffinized and rehydrated using

xylene and graded ethanol. Antigen retrieval was performed by

steaming in citrate buffer 5 times for 3 min each. After being cooled

down to RT, sections were rinsed three times in PBS, permeabilized

with 0.4% Triton X-100 in PBS for 2 h and rinsed again in PBS three

times. And then sections were incubated with 3% H2O2 for 10 min to

inactivate endogenous peroxidase. Sections were then blocked with

10% donkey serum in PBS for 1 h and incubated with primary

antibodies at 4 °C overnight. The next day, sections were incubated

with HRP-conjugated secondary antibodies at RT for 1 h. Sec-

tions were performed using the DAB Staining Kit (ZSGB-BIO, ZLI-

9018) according to the manufacturer’s instructions. Finally, sections

were dehydrated in a series of graded alcohols (50%, 70%, 80%,

90%, 100%, and 100%) and xylene before being mounted in the

neutral resinous mounting medium. The antibodies used for

immunohistochemistry staining are as follows: anti-DCX (Abcam,

ab18723, 1:200), anti-β-Amyloid (1-40) (Cell Signaling, 12990s,

1:400), anti-γH2A.X (Millipore, 05636, 1:100), anti-HP1γ (Cell Sig-

naling, 2616s, 1:400), anti-TNF-α (Santa Cruz Biotechnology, sc-

52746, 1:200). Images were taken with PerkinElmer Vectra Polaris.

Nuclei isolation and snRNA-seq on the 10x Genomics platform

The protocol for the isolation of nuclei from frozen brain tissues was

adapted from Krishnaswami et al. (2016) with minor modifications

(Ma et al., 2020a, b). All procedures were carried out on ice or at 4 °

C. Nuclei isolation media 1 and 2 (NIM1 and NIM2) and homoge-

nization buffer were pre-chilled on ice. NIM1 contained 250 mmol/L

sucrose, 25 mmol/L KCl, 5 mmol/L MgCl2, 10 mmol/L Tris buffer (pH

8.0) in nuclease-free water. NIM2 was the same as NIM1 except for

the addition of 1 μmol/L DTT and 1× protease inhibitor. Homoge-

nization buffer combined the following reagents, including NIM2, 0.4

U/μL RNaseIn, 0.2 U/µL Superasin, 0.1% Triton X-100, 1 μmol/L

propidium iodide (PI), and 10 ng/mL Hoechst 33342. The Dounce

homogenizer and pestles were pre-chilled on ice. Frozen brain tis-

sues were homogenized with strokes of the pestle in 1 mL pre-

chilled homogenization buffer. Next, put the tubes into dounce

homogenizer, and grind for 60 hz, 60 s, 3 times. Then the homog-

enized tissue was filtered through a 40-μm cell strainer (BD Falcon),

and 500 µL supernatant was collected. The nuclei were collected by

centrifugation at 1000 ×g for 8 min at 4 °C. Samples were filtered

through a 40-μm cell strainer, centrifuged at 1000 ×g for 8 min at 4 °

C, and resuspended in PBS supplemented with 0.3% BSA, 0.4 U/μL

RNaseIn and 0.2 U/μL Superasin. Nuclei were sorted by staining

with both Hoechst 33342 and PI using fluorescence-activated cell

sorting (FACS) (BD Influx) and counted with a dual-fluorescence cell

counter (Luna-FLTM, Logos Biosystems). Mononuclear capture was

conducted with a 10x Genomics single-cell 3’ system. Approximately

8,000 nuclei were captured for each sample following the standard

10x capture and library preparation protocol (10x Genomics) and

then sequenced on a NovaSeq 6000 sequencing platform (Illumina,

20012866).

Processing and quality control of snRNA-seq data

Raw sequencing reads were aligned to the pre-mRNA reference

(Ensemble, Macaca_fascicularis_5.0) and counted using Cell Ran-

ger (version 3.1.0) with the default parameters. SoupX (version

1.4.8) was applied to every sample to remove ambient RNA bias

(Young and Behjati, 2020). Seurat (version 3.1.3) object of each

sample was constructed from decontaminated matrix and cells with

genes fewer than 200 or mitochondrial ratio more than 2.5% were

discarded (Butler et al., 2018). Doublet detection was performed with

DoubletFinder (version 2.0.2) (McGinnis et al., 2019). After sample

integration and clustering as mentioned below, clusters lacking

specific marker genes and with relatively low gene content and high

mitochondrial ratio were also discarded.

Integration, clustering, and identification of cell types

Dataset of each sample was normalized using the “SCTransform”

function of Seurat. Features and anchors for downstream integration

were selected with corresponding pipeline according to the

SCTransform method, ensuring that calculation was based on all

necessary Pearson residuals. After data integration and scaling,

principal component analysis was applied with the “RunPCA” func-

tion and appropriate principal components were selected for the

following analysis. Dimensionality was reduced with the “RunUMAP”

function. “FindNeighbors” and “FindClusters” functions were applied

to perform clustering. Marker genes for each cluster were identified

by the “FindAllMarkers” function with the cutoff of adjusted P-values

< 0.05 and |logFC| > 1 (Table S1). Canonical marker genes were

used to identify cell types.

Single-nucleus transcriptomic landscape of primate hippocampal aging RESEARCH ARTICLE

© The Author(s) 2021 711

P
ro
te
in

&
C
e
ll



Transcriptional noise analysis

Transcriptional noise was estimated as previously described (An-

gelidis et al., 2019). In brief, equal number of cells of each cell type

were used between the young and old groups. All genes were

ordered by their expression levels, and those with the top 10% and

bottom 10% expression levels were excluded. Transcriptional noise

at the cell level was then calculated as the euclidean distances

between cells with the mean value of the corresponding cell type.

For transcriptional noise at the sample level, the euclidean distances

between young and old samples were averaged for each cell type.

Age-related differential gene expression analysis

Differentially expressed genes (DEGs) were identified with the

“FindMarkers” function of Seurat in every cell type between young

and old samples using the Wilcoxon test with the threshold of

adjusted P-values < 0.05 and |logFC| > 0.25 (Table S2).

Transcriptional regulatory network analysis

Transcriptional regulatory network analysis was conducted using

SCENIC workflow (version 1.1.2.2) with default parameters based

on hg19 database from RcisTarget (version 1.6.0) (Aibar et al.,

2017). For cell-type-specific transcription regulatory network, only

marker genes were used and calculation was performed in each cell

type. And cell types with cell more than 20,000 (microglia and OL)

were subsampled to 20,000 cells. For age-related transcriptional

regulatory network, only age-related DEGs were used as input for

transcriptional regulator inferring and all selected cell types were

calculated together. Obtained transcription regulatory network was

visualized by Cytoscape (version 3.8.2) (Shannon et al., 2003).

GO term analysis

FunSet (http://funset.uno/) and Metascape were used to perform GO

term (http://metascape.org/gp/index.html) (version 3.5) (Zhou et al.,

2019). Results were further visualized with the ggplot2 R package

(https://ggplot2.tidyverse.org/) (version 3.2.1).

Pseudotime analysis

Pseudotime analysis was performed with using the Monocle2 R

package (Trapnell et al., 2014). Top 200 highly variable genes from

the “FindMarkers” function of Seurat package were used as ordering

genes with the threshold of adjusted P-value < 0.05 and |logFC| > 1.

DDRTree dimensionality reduction method was applied to construct

the trajectory that was plotted in two-dimensional space. Differenti-

ation-related DEGs were obtain with a cutoff of q value < 1 × 10−4.

Cell-cell communication analysis

Cell-cell communication analysis was performed using the Cell-

PhoneDB (version 1.1.0) (Efremova et al., 2020). Only receptors and

ligands expressed in more than 10% cells of any cell type from either

young or old samples were further evaluated. Only those with a P-

value < 0.01 were used for the prediction of cell-cell communication

between any two cell types.

Gene set score analysis

Gene sets related to aging-related diseases were obtained from

database DisGeNET (https://www.disgenet.org/home/). Gene sets

of AD and PD were generated by filtering with “diseaseName”

(“Alzheimer’s disease” and “Parkinson disease”, respectively). Gene

set of learning disorders consists of genes related to “Learning

Disorders”, “Learning Disturbance” and “Learning Disabilities”, while

that of memory disorders includes genes related to “Age-Related

Memory Disorders”, “Memory Disorders”, “Memory impairment”,

“Memory Disorder, Semantic”, “Memory Disorder, Spatial” and

“Memory Loss”. Other gene sets used in this paper were acquired

from GSEA (Subramanian et al., 2005). Genes related to pro-/anti-

coagulation and SASP were manually curated from previous litera-

tures (Hoppe and Dorner, 2012; Ma et al., 2020a, b; Gu et al., 2021).

All gene sets involved in this study are summarized in Table S6.

Gene set scores were acquired by analyzing the transcriptome of

each input cell against aforementioned gene sets by the Seurat

function “AddModuleScore”. Changes in the scores between young

and old samples were analyzed using ggpubr R package via the

Wilcoxon test (https://github.com/kassambara/ggpubr) (version

0.2.4).

Statistical analysis

All experimental data were statistically analyzed using PRISM soft-

ware (GraphPad 8 Software). Results were presented as mean ±

SEM. Comparisons were conducted using the two-tailed Student’s t-

test.
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