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SUMMARY

Brain aging leads to a decline in cognitive function and a concomitant increase in the susceptibility to neuro-
degenerative diseases such as Alzheimer’s and Parkinson’s diseases. A key question is how changes within
individual cells of the brain give rise to age-related dysfunction. Developments in single-cell “omics” technol-
ogies, such as single-cell transcriptomics, have facilitated high-dimensional profiling of individual cells.
These technologies have led to new and comprehensive characterizations of brain aging at single-cell reso-
lution. Here, we review insights gleaned from single-cell omics studies of brain aging, starting with a cell-
type-centric overview of age-associated changes and followed by a discussion of cell-cell interactions during
aging. We highlight how single-cell omics studies provide an unbiased view of different rejuvenation interven-
tions and comment on the promise of combinatorial rejuvenation approaches for the brain. Finally, we pro-
pose new directions, including models of brain aging and neural stem cells as a focal point for rejuvenation.

INTRODUCTION

Aging is associated with a decline in brain function and a striking
increase in the prevalence of neurodegenerative diseases,
including Alzheimer’s and Parkinson’s diseases. Indeed, the
main risk factor for these neurodegenerative diseases is old
age." Even in the absence of disease, aging is associated with
cognitive decline.? In humans, aging is often characterized by
decline across multiple cognitive domains such as fluid intelli-
gence, processing speed, attention, memory, and learning.?
Hence, a systematic understanding of the changes that occur
in the aging brain is critical to designing new strategies for coun-
tering age-related cognitive decline and neurodegenerative
diseases.

Inthe past, most studies on brain aging have focused on select
aspects, including performance on cognitive and behavioral
tasks,”° loss of synaptic plasticity and neural circuits,® changes
in gene expression from bulk profiling of brain tissues,” DNA
damage and repair,’® compromised brain metabolism,'" and
comparisons between normal aging and neurodegenerative dis-
ease.'? This has provided invaluable information on how the
global state of the brain changes during aging. However, the
ensemble of cellular changes in the brain during aging, and
how they differ in diverse brain cells, is still not fully understood.
The brain is arguably the most complex of all organs, consisting
of many different cell types and subtypes, with specialized func-
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tions, and with intricate interactions between cell types. For
example, neurons encompass many specialized subtypes with
different functions across brain regions."®'* Non-neuronal cell
types—oligodendrocytes, astrocytes, neural stem cells (NSCs),
cells of the brain vasculature and meninges, and immune cells
of the brain—have emerged as key players in brain aging.'>"°
Thus, important questions arise: are all brain cells aging at the
same pace and in the same manner? Are there shared hallmarks
of aging across brain cell types or regions? How are interactions
between these diverse cell types changing with age? Can spe-
cific aspects of cellular brain aging be rejuvenated by specific in-
terventions?

The advent of single-cell omics technologies has resulted in an
unprecedented wealth of data on gene expression, chromatin
state, and other types of biomarkers in individual cell types. Un-
like earlier single-cell-based techniques (immunohistochemistry,
cell sorting, lineage tracing, etc.), single-cell omics technologies
are high-dimensional and largely unbiased, capturing informa-
tion across hundreds to thousands of molecular entities. High-
dimensional data are powerful for machine learning modeling,
notably to build *“aging clocks” and for generating novel
hypotheses about brain aging. Accordingly, single-cell omics
technologies have been instrumental in establishing new sys-
tematic understandings of age-related changes at the cell-
type level across multiple tissues and organ systems, including
the brain.?°® Given the rapid development of single-cell
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technologies to study the diverse cell types and regions of the
brain, there is a need to synthesize and understand the multitude
of aging- and rejuvenation-induced changes in the brain.

Of particular interest are the interactions that occur be-
tween different cell types of the brain and how these interac-
tions are impacted by aging. The high-dimensional nature of
single-cell omics provides an opportunity to identify putative
cell-cell interactions, which can be experimentally validated.
The recent development of spatial technologies to profile tis-
sues in situ at single-cell resolution provides an additional
level of spatial insight that can be leveraged to identify cell-
cell interactions in the context of brain aging. Spatially
resolved datasets are also critical to compare aging of similar
cell types but across different regions of the brain, which is
particularly interesting given the highly specialized function
of distinct brain regions.

An important goal for the study of brain aging is to identify
avenues for rejuvenating the brain, which can slow or reverse
different aspects of brain aging and cognitive decline. Several
promising interventions, including physical exercise, dietary re-
striction, and the introduction of young circulating blood fac-
tors, have been shown to at least partially rejuvenate certain
functions of the aged brain.?*?° With single-cell omics, the
response of different cell types to diverse rejuvenation interven-
tions and their relative contributions to functional brain rejuve-
nation can be investigated in a systematic manner. Importantly,
such analysis should lead to a better understanding of the
shared and unique pathways by which different rejuvenation in-
terventions achieve their effects —paving the way toward iden-
tification of synergistic combinations of multiple rejuvenation
interventions.

In this review, we will focus on vertebrate brain aging and reju-
venation, mostly discussing work in mice and humans. While
invertebrate nervous system aging has provided key insights
into brain aging and its effect on organismal lifespan,”’° the
vertebrate brain contains cell types not present in invertebrates,
such as endothelial cells and specialized immune cells. We will
also focus on “physiological” aging rather than specific age-
related pathologies, though we will highlight interesting connec-
tions between brain aging and suscepitibility to injury and neuro-
degenerative disease.

Here, we present an overview of recent insights into brain ag-
ing and rejuvenation that have been provided by single-cell
omics technologies, and we highlight promising future direc-
tions that could lead to new discoveries and interventions.
We review the key aging-related changes occurring in multiple
different cell types of the adult brain and describe how cell-cell
interactions change during the course of aging. We discuss the
emergence of single-cell omics in systematically profiling reju-
venation interventions in the brain and in comparing their ef-
fects across cell types and regions. We also consider the po-
tential role of single-cell omics in profiling cell-type-specific
and pathway-specific rejuvenation responses to develop
combinatorial rejuvenation interventions. We outline shared
cell-type-specific signatures between aging and disease.
Finally, we discuss promising in vitro models for studying hu-
man brain aging and highlight insights from non-mammalian
vertebrate species.

¢ CellP’ress

OPEN ACCESS

SINGLE-CELL OMICS TECHNOLOGIES USED TO STUDY
BRAIN AGING

Single-cell omics technologies have emerged as a powerful
tool to study brain aging because they enable a high-
throughput and high-dimensional understanding of age-depen-
dent molecular and cellular changes.?>®" In this section, we
describe the single-cell-based technologies mainly used to un-
derstand brain aging and rejuvenation as well as their advan-
tages and limitations. Most studies for the aged brain have
leveraged single-cell transcriptomics, including single-cell
RNA sequencing (scRNA-seq) and single-nuclei RNA-seq
(snRNA-seq) (Figure 1). While scRNA-seq detects both cyto-
solic and nuclear transcripts and recovers more transcripts,
snRNA-seq exhibits less bias in cell-type coverage, particularly
for cells that are difficult to isolate, such as neurons, and it
can be applied to frozen tissues® (Figure 1). Several single-
cell transcriptomics methods have been developed, including
droplet-based methods and combinatorial indexing-based
technologies.*® Spatial transcriptomics technologies have also
recently emerged, with some of them exhibiting single-cell res-
olution (e.g., Multiplexed Error-Robust Fluorescence In Situ Hy-
bridization, or MERFISH). A key advantage of spatial single-cell
transcriptomics approaches compared with dissociated ones is
that they avoid bias from cell dissociation and preserve the
spatial context of individual cells and their neighbors. A limita-
tion of spatial transcriptomics is that the methods largely used
for brain aging (e.g., MERFISH) are based on predesigned gene
panels, which introduces a bias in the genes examined
(Figure 1). Finally, single-cell technologies have also started
to be used for profiling chromatin accessibility, chromatin mod-
ifications (e.g., DNA methylation), genome architecture, whole-
genome sequence, and even protein abundance for the aging
brain (Figure 1). Compared with more traditional approaches,
single-cell omics studies of brain aging have allowed unbiased
discoveries and comparison between cell types, but they
also have limitations such as data sparsity and high costs.
Consideration of the relative strengths and limitations of each
method is important to evaluate the findings obtained from
single-cell omics studies of brain aging and rejuvenation. In
addition, the various techniques used could underlie some of
the differences between studies, and we indicate this below
wherever appropriate.

AGING OF SPECIFIC BRAIN CELL TYPES

The brain is composed of many cell types, including neurons,
glia, NSCs, and neural progenitors, and cells of the brain
borders, and it also experiences infiltration by immune cells,
especially during aging (Figure 2). Here, we systematically
evaluate the processes most impacted during aging in each
of these cell types. We mostly review recent single-cell omics
studies describing changes in gene expression and chromatin
accessibility in different cell types, paying special attention to
the spatial context when available. We also discuss emerging
data about somatic mutation accumulation in specific brain
cell types. A summary of key findings is provided in Table 1,
and comparisons between cell types are in Table 2.
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Figure 1. Overview of main single-cell omics technologies for the brain
Depiction of the experimental pipelines for single-cell and single-nuclei transcriptomics (dissociated and spatial), chromatin accessibility, methylation, genome
architecture, genome sequencing, and cytometry by time of flight (CyTOF). Key attributes, advantages, and disadvantages are listed next to each technology.
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Neurons, the most widespread cell
type in the brain, are critical for
information transmission. They are
protected by myelin produced by
oligodendrocytes and receive
metabolic and other support from
astrocytes. ’

Quiescent and activated

, which can produce

that give rise

to new neurons, oligodendrocytes,
and astrocytes, are localized to
specific niches, including one that
partially lines the ventricles and
another in the hippocampus.

) Microglia, the resident innate
immune cells of the brain that
are also highly phagocytic,
are interspersed throughout
the brain tissue.

the aged mammalian
brain, they are most
concentrated in white
matter (myelin-rich)
tracts.

The meninges—composed of many immune cell types such as
macrophages, as well as fibroblasts—surround and protect the brain.
Macrophages are also found at other border tissues of the brain, including
along blood vessels (not depicted) that consist of endothelial cells, pericytes,
and smooth muscle cells. Another brain border tissue is the choroid plexus,
found along the ventricles, which produces cerebrospinal fluid.

Figure 2. Cell types of the vertebrate brain

Depiction of a coronal section from a mouse brain with cutouts showing common cell types of the brain that are highlighted in this review.

Neuronal cell types

Neurons are critical for receiving and transmitting information in
the brain. Apart from a few exceptions, they are generated during
development and remain present throughout the life of an indi-
vidual. They also exhibit striking diversity both within and across

different regions of the brain and are often organized in subre-
gions.">'* For example, distinct neuronal subtypes show
laminar organization in the cortex.>> Additionally, highly hetero-
geneous neuronal subtypes are present in the hypothalamus®®-°”
and the cerebellum.”® Here, we survey the transcriptional,
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Table 1. Insights from select key single-cell omics studies of aging in the vertebrate brain

Insight Source data

Species References

Neurons show changes in pathways relating to
protein synthesis, metabolism (including
mitochondrial function and ion homeostasis), and
neurotransmission with age

Neurons show heterogeneity in age-related
transcriptional changes across different subtypes
and brain regions

Multiple cell types of the female hypothalamus show single-nuclei RNA-seq

increased expression of Xist with age
Transcriptional profiles of multiple cell types can be
used to predict age

Excitatory neurons show loss of heterochromatin
with age

Neurons accumulate somatic insertions/deletions
faster than oligodendrocytes, but oligodendrocytes
accumulate somatic single-nucleotide variants faster

sequencing

Oligodendrocyte precursor cells decline in
abundance with age, while oligodendrocytes

single-cell RNA-seq; single-nuclei mouse
RNA-seq; spatial transcriptomics

single-cell RNA-seq; single-nuclei mouse
RNA-seq; spatial transcriptomics

single-cell RNA-seq; single-nuclei
RNA-seq; spatial transcriptomics

single-cell ATAC-seq

single-cell whole-genome

single-cell RNA-seq; single-nuclei
RNA-seq; spatial transcriptomics

Ximerakis et al.**; Hajdarovic
et al.>% Allen et al.'®

Ximerakis et al.*>*; Hajdarovic
et al.®®; Hahn et al.*®
mouse Hajdarovic et al.>®

Emani et al.?”; Buckley et al.*%;
Sun et al.’®

human, mouse

mouse Zhang et al.**

4
|.O

human Ganz et a

Emani et al.>’; Ximerakis
et al.®*; Allen et al.’®;

human, mouse

increase in abundance

Microglia, as well as other glial cell types such as
astrocytes and oligodendrocytes, show increased
expression of inflammation-related genes with age

White matter tracts such as the corpus callosum are
hotspots for aging-enriched glia

Aged oligodendrocytes, astrocytes, and microglia
upregulate genes associated with these cell types’
respective “reactive” states

Neuronal progenitors decrease in abundance and

single-cell RNA-seq; spatial
transcriptomics

spatial transcriptomics

single-cell RNA-seq; spatial
transcriptomics; single-cell
ATAC-seq

single-cell RNA-seq; spatial

human, mouse

mouse

mouse

mouse, Killifish

Sun et al.™®
Sankowski et al.*’; Hammond
etal.*’; Allen et al.'®

Hahn et al.*%; Allen et al.®

Allen et al.'®; Sziraki et al.*®

Kalamakis et al.**; Ximerakis

neurogenic potential with age transcriptomics

Endothelial cells show transcriptomic evidence of
metabolic shifts, oxidative stress responses, and
changes in immune-related genes with age

transcriptomics

Border-associated macrophages show increased
inflammatory signaling with age, as do other cells
found at the brain’s borders such as pericytes and
ependymocytes

Various immune cell types including T cells and

natural killer cells infiltrate the brain with age transcriptomics

single-cell RNA-seq; spatial

single-cell RNA-seq; single-nuclei mouse
RNA-seq; spatial transcriptomics;
single-cell mass cytometry

single-cell RNA-seq; spatial

et al.>*; Xie et al.**; Lu et al.*®;
Wu et al.*’; Ayana et al.*%; Sun et al."®

Ximerakis et al.>*; Chen et al.*%;
Allen et al.™®

mouse

Mrdijen et al.°%; Ximerakis
et al.**; Dani et al.”'; Allen
etal.'®

human, mouse Groh et al.>; Dulken et al.®%;
Jin et al.>%; Allen et al.’?;
Sun et al.™®

Summary of select key single-cell omics studies of brain aging and their associated findings.

chromatin, and genomic changes that occur in neurons during
aging as identified unbiasedly via single-cell omics studies.
Transcriptomic changes in neurons and heterogeneity
across subtypes and regions

Single-cell transcriptomics has become a widely used tool to
characterize the heterogeneity of neuronal cell types and their
changes during aging. scRNA-seq of whole brains from young
and old male mice revealed that all mature neurons exhibit
shared aging-related pathways such as dysregulated expres-
sion of some metabolic, ion homeostasis, and neurotransmis-
sion pathways.®* However, neuronal subtypes also display het-
erogeneity in age-associated regulation of some genes.** For
example, dopaminergic neurons show downregulated expres-
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sion of ribosomal protein-encoding genes with age, while
GABAergic and glutamatergic neurons show upregulated
expression of the same genes with age.®* Similarly, a spatially
resolved single-cell transcriptomic atlas of brain coronal sec-
tions containing frontal cortex and striatum from juvenile, young,
and old female mice revealed that genes involved in neurode-
generative diseases, oxidative response, and mitochondrial
function are upregulated with age in all neurons but that this is
particularly pronounced for inhibitory neurons.'® In the hypothal-
amus—a region with many neuronal subtypes involved in many
physiological functions in the body (e.g., sleep, hunger/satiety,
stress, fertility)*®°” —scRNA-seq has been performed in young
and old female mice.®® Clustering of hypothalamic neuron



Neuron

¢? CellPress

OPEN ACCESS

Table 2. Summary of main insights for brain aging in different cell types

Increased
inflammation

Responses Change in

abundance

Cell types

Neurons ? ?

Oligodendrocytes

> @

Oligodendrocyte
precursor cells

Increased

reactivit:
A
.

N/A

o ?

N/A ?

Metabolic shifts Somatic mutation

accumulation

o
o

Aging clocks

?

Microglia ° 0 ? ° ?
Astrocytes 0 ? Q ? 9 ?
Neural stem

cells/neural 0 o N/A ? 0 ?
progenitors

Endothelial cells g ? N/A 9 Q ?
Border-associated

macrophages 9 ? N/A ? ? ?
Ependymocytes 0 ? N/A ? 9 ?
Pericytes 0 ? N/A ? Q ?
T cells ? (1) N/A 2 9 2
Natural killer cells ? o N/A ? ? ?

Green checkmarks and black arrows: conclusions highlighted by one or more studies cited in this review. Question marks: conclusive results have not
been reported, or results from different studies conflict. “N/A,” “not applicable.”

subtypes shows both subtype-specific and shared gene path-
ways that are impacted by aging.®® Subtype-specific changes
in gene expression generally involve neuropeptide processing
genes, while shared pathways generally implicate neurodegen-
erative disease pathways, ribosomes, and oxidative phosphory-
lation.®® Interestingly, during aging of female mice, Xist, the key
regulator of X chromosome inactivation, increases in expression
in hypothalamic neurons (and in several other cell types) and can
be used to predict neuronal age.®* Consideration of sex-specific
differences in aging will be crucial for the study of neuronal aging.
Comparisons across single-cell transcriptomics studies indicate
that neuronal subtypes display shared aging signatures, particu-
larly for genes associated with neurodegeneration'®%>°¢ or
mitochondrial function and metabolism,'®°* as well as distinct
subtype-specific aging-related changes.***°

Individual neuronal cell types display transcriptomic shifts dur-
ing aging that can be region-specific.® snRNA-seq profiling of
the anterior hippocampus and caudate putamen regions in
young and old mice found caudate putamen-specific aging

gene signatures for medium spiny neurons, which are not
observed in any other brain regions, and hippocampal dentate
gyrus (DG)-specific aging signatures for granule cells, which
are not observed in the granule neurons of the cerebellum.*®
These transcriptomic differences may reflect functional special-
ization of neuronal subtypes in different regions of the brain.
Are neurons exhibiting more or fewer transcriptional changes
than other cell types in the brain? Due to the high abundance
of neuronal cell types, there is greater power for detecting low-
magnitude but statistically significant changes in gene expres-
sion in neurons. Accordingly, single-cell transcriptomics on
entorhinal cortex samples from young and old cynomolgus mon-
keys (Macaca fascicularis) show the largest number of differen-
tially expressed genes in neurons compared with other cell
types, which is likely due to the very high abundance of neurons
relative to other cells in this dataset.®® Likewise, predictive
modeling using a large-scale snRNA-seq atlas of aging human
brains revealed that the transcriptomes of intratelencephalic
cortical neuron subtypes (along with oligodendrocytes and
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oligodendrocyte progenitor cells [OPCs]) are highly predictive of
age.®” However, studies using snRNA-seq'®°® and spatially
resolved single-cell transcriptomics'®' have shown a compar-
atively lower magnitude of transcriptomic changes in neurons
than in non-neuronal cell types (e.g., glia) during aging, after con-
trolling for differences in the abundance of cell types. The lower
magnitude of transcriptomic changes during aging of neurons
could be the consequence of their longer lifespan relative to
some other cell types.

Overall, neuronal cell types experience both shared and diver-
gent transcriptomic changes across different brain regions and
subtypes, but these changes are of generally lower magnitude
than in other cell types of the brain.

Epigenomic changes in neurons: chromatin accessibility
and genome architecture

Several studies have characterized age-related changes in epi-
genomics, including chromatin accessibility, at single-cell reso-
lution. Single-cell assay for transposase-accessible chromatin
with sequencing (scATAC-seq)*°° has been used to profile
nuclei from brains of young, middle-aged, and old mice.*®
This profiling revealed a general age-dependent loss of hetero-
chromatin in excitatory neurons but not in other cell types.*®
However, there is increased chromatin accessibility in specific
heterochromatin domains of excitatory neurons in old mouse
brains.® Accordingly, the expression of genes within these do-
mains is increased with age, and these genes are enriched for re-
petitive elements or pseudogenes and for the humoral immune
response and cell-adhesion pathways.>’ A separate study
used paired snRNA-seq and scATAC-seq profiling of the dorsal
hippocampus in young and old male mice under normal condi-
tions and with environmental enrichment.®' The paired analysis
revealed that aging has a stronger effect on chromatin accessi-
bility and gene expression than environmental enrichment, espe-
cially in the excitatory neuron populations of the dorsal hippo-
campus.®’

Interestingly, integrated profiling of single-cell transcriptome,
chromatin accessibility, and three-dimensional genome archi-
tecture in the cerebellum of humans and mice across life showed
pronounced age-related changes of three-dimensional genome
structure in cerebellar granule cells across both species.®” These
three-dimensional changes are characterized by ultra-long-
range intrachromosomal contacts that are rarely found in neu-
rons from young adults.®? Yet, the transcriptional and chromatin
accessibility changes in cerebellar granule cells during aging are
quite low.®> Thus, neurons may exhibit greater age-related
changes in other aspects of gene regulation, such as genome or-
ganization. It will be important to understand the role of this re-
modeling outside of gene expression.

Overall, single-cell epigenomic analyses of neurons have
revealed age-related changes that are subtype-specific and
different from hallmark transcriptional changes discussed
above. Further studies will be necessary to identify epigenomic
changes in additional neuronal cell types and in different brain re-
gions and to determine the role of these epigenomic changes in
neuronal aging—either on gene expression or otherwise.
Accumulation of somatic mutations in neurons
Emerging evidence highlights the accumulation of somatic mu-
tations in neurons with age, which may underlie some of the
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transcriptional and chromatin changes observed. Single-cell
whole-genome sequencing identified somatic single-nucleotide
variants (sSNVs) in neurons from the prefrontal cortex and hippo-
campus from healthy human individuals at different ages.®® The
rate of increase in sSNVs across age is linear in both of these re-
gions, with a higher rate of increase in the hippocampus.®® Simi-
larly, another single-cell whole-genome sequencing study of hu-
man brain aging revealed that both sSNVs and indels (insertions
and deletions) accumulate with age across cell types.’® Interest-
ingly, neurons accumulate indels faster—but sSNVs slower—
than oligodendrocytes in the same individual.*® Chromatin
accessibility and snRNA-seq profiling further revealed that
neuronal mutations are enriched in open chromatin regions
that are transcriptionally active, while oligodendrocyte mutations
are concentrated in inactive genomic regions."® Single-cell ge-
nomics of the mouse hippocampus indicated age-associated
accumulation of neuronal mutations in sites not bound by the
NPAS4-NuA4 complex, which is involved in synaptic activity-
dependent DNA repair.®* Given the long-lived nature of neurons,
the role of somatic mutations in neuronal aging and their accu-
mulation across life may be critical for dysregulated neuronal
gene expression and function during aging.

Glial cell types

Glia encompass various non-neuronal cell types with different
origins (neural and immune) that are present in both mice and hu-
mans: astrocytes, oligodendrocytes, and microglia.®® In contrast
to neurons, astrocytes and oligodendrocytes are born later in
development, and some of these cells can be produced in adult-
hood.®® Astrocytes provide metabolic support to neurons and
make contacts with synapses.®” Mature oligodendrocytes are
generated from OPCs, and they ensheath neurons in myelin for
protection and rapid signal transmission.®® Unlike astrocytes
and oligodendrocytes, which have a neural origin, microglia
represent brain-resident innate immune cells, with an important
role in phagocytosis and clearing of damaged cells, aggregated
proteins, or debris®® as well as remodeling of extracellular ma-
trix"® and synapses in specific brain regions.”" Here, we describe
transcriptional changes in glia in mice and humans, highlighting
common and divergent changes with age in different glia types.

Comparison of several scRNA-seq and spatial transcriptomic
studies of the aging mouse and human brain shows that one
common hallmark especially prominent in glia is a striking in-
crease of immune and inflammatory gene expression with
age.'8:36:41:4247.72 The number of microglia increases with age
in the mouse midbrain, corpus callosum, and external capsule,
as shown by a spatial transcriptomic study with single-cell reso-
lution.”® Spatial transcriptomic studies have also revealed an in-
crease in oligodendrocyte abundance with age in the mouse
brain."®'® Mouse oligodendrocytes show decreased expression
of Mog, which encodes a key myelin component, with age®*—a
change that may be linked to age-related defects in myeli-
nation.”*

Aging-associated changes in microglia (and other glia) appear
to be driven by changes in specific subpopulations.'®*>°° A
subpopulation of oligodendrocytes expressing immune genes
is enriched in the aged mouse brain, and spatial transcriptomics
has identified white matter (myelin-rich regions) such as the
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corpus callosum as a hotspot for aging-enriched glia.'®*® Sub-
populations of senescent or proliferative microglia have also
been detected in the aged mouse brain.”®’® In a scRNA-seq
study of adult human microglia, an age-associated gene co-
expression module related to lipid metabolism is enriched in an
interferon-responsive microglia subpopulation.”® This is consis-
tent with the inflammatory lipid droplet-accumulating microglia
state described in the aged mouse brain.”” In mice, microglia
and astrocytes both upregulate genes associated with these
cell types’ “activated” (or “reactive”) states with age, though as-
trocytes are more spatially heterogeneous in their aging-related
profiles than microglia.’® It will be important to determine
whether these phenotypes are conserved in humans, though
snRNA-seq, which is commonly used to profile human brain
samples, may lack the sensitivity to detect microglial acti-
vation.”®

Outside of white matter tracts, glia may exhibit more region-in-
dependent aging signatures than neurons. Indeed, a comparison
of snRNA-seq data from the aging mouse hypothalamus and
hippocampus showed stronger correlation between these two
regions in age-related gene expression changes in glia than in
neurons.*” Interestingly, one key commonality between neurons
and many glial cells (oligodendrocytes, astrocytes, and micro-
glia) in the female hypothalamus is an increase in Xist expression
with age,®® which is also observed in female hippocampal neu-
rons.”® It will be important to investigate whether neurons and
glia also show different regional patterns of age-related tran-
scriptional changes in the human brain.

scATAC-seq (and scRNA-seq) of the mouse brain has shown
increased reactivity in oligodendrocytes and microglia with
age,”® similar to the aforementioned findings from spatial tran-
scriptomics. Somatic mutations have also been examined in hu-
man glia. Interestingly, some age-associated mutational signa-
tures in oligodendrocytes behave in a “clock-like” manner (i.e.,
accumulating at a constant rate over time®°), with at least one
of these signatures possibly corresponding to mutations occur-
ring during OPC proliferation.”® Further exploration will be
needed to identify changes at the chromatin and genomic levels
that may underlie the increased expression of immune genes in
subpopulations of glial cell types and identify conserved features
between mice and humans.

Overall, inflammation is a conserved hallmark of brain ag-
ing, and single-cell omics has been instrumental in identifying
glia, especially microglia, as important and conserved players
in this process. Increased expression of immune genes in
aged glia does indeed correspond to increases in the en-
coded proteins (e.g., Dulken et al.>®). However, it will be
important to determine if changes in transcripts in glia with
age correspond to changes in proteins in mouse and human
brains by performing validation or proteomics studies (e.g.,
Soto et al.?" and Kjell et al.??). In addition, the mechanisms
by which immune-related signals in glia impact brain health
are not fully understood. Given that glia have varied functional
interactions with neurons, each other, and other brain cell
types, comprehensive functional studies will be indispensable
to reveal pathways that could be therapeutic targets for
reversing detrimental effects of inflammation and other aging
processes in the old brain.
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Neural stem and progenitor cells

NSCs and neural progenitor cells (NPCs) have been a central
focus of brain aging studies due to their potential to generate
new neurons (neurogenesis), astrocytes, and oligodendrocytes
in the adult brain.®**% The regenerative niches of the adult
mammalian brain are the subventricular zone (SVZ) of the lateral
ventricles and the DG of the hippocampus. NSCs in the SVZ
generate new neurons in the olfactory bulb,®” which is important
for olfactory discrimination and memory,®*-°° whereas NSCs in
the DG generate new granule neurons in the hippocampus,?'
which contributes to learning and memory formation in
mice.?%8494%6 With age, the rate of neurogenesis in both the
SVZ8°-86:88:89.97 and DGI#9°%-99 niches declines in mice. While
the extent of neurogenesis is controversial in adult humans, %
some studies have shown a decline in neurogenesis during hu-
man aging.'?""'°? Here, we discuss recent single-cell studies of
NSC aging in mice and humans and how they can uncover
mechanisms that drive age-dependent neurogenesis defects.

Single-cell transcriptomic studies have characterized the
quiescent and activated (proliferative) pools of NSCs during ag-
ing in mouse neurogenic niches—SVZ***>*% and DG.'%*"%*
These studies have shown that the total number of NSCs
(including quiescent and activated NSCs) in the SVZ**°® and
DG'** declines with age. In addition, the fraction of quiescent
NSCs increases in both niches with age,**'°* and old quiescent
NSCs are less able to activate.***° Interestingly, in the DG,
quiescent NSCs downregulate the expression of genes associ-
ated with cell cycle and neurogenesis in middle-age,'® which
could underlie defects in proliferation and differentiation along
the neurogenic lineage. scRNA-seq has also revealed that
NSCs upregulate interferon signaling and inflammation path-
ways with age,****1%® and this could contribute to the increase
in quiescence with age in the SVZ.** Numerous other NSC-spe-
cific molecular changes have been identified in aging, including
changes in proteostasis, '°°~'°® and epigenetic landscape, %"
among others. Complementary imaging-based approaches
have been essential to understand in vivo NSC dynamics with
age, including reduced NSC migration in the SVZ''? and
increased cell death in hippocampal NSC clones.'"® Targeting
molecular pathways identified by scRNA-seq or other methods
has the potential to rejuvenate quiescent NSCs and boost neuro-
genesis in the brains of old mice.

Single-cell transcriptomic studies have highlighted inflam-
mation as a central signature of old age in the SVZ and DG
neurogenic niches.*®**5310% These single-cell omics studies
have also revealed that T cells infiltrate the SVZ neurogenic
niche with age,®® and this correlates with upregulation of the
interferon response pathway in many cells in the SVZ neuro-
genic niche.'®*® Infiltrated T cells and inflammation may be
responsible for the age-dependent decline in NSC activation.®®
Consistently, inhibition of inflammatory cytokine CXCL10 with a
neutralizing antibody increases the proportion of neuroblasts in
the old niche.** Thus, targeting T cells or inflammatory cyto-
kines could represent a therapeutic strategy to increase neuro-
genesis with age.

Interestingly, a multi-omics approach combining scRNA-seq,
chromatin accessibility, and DNA methylation showed that
quiescent SVZ NSCs and astrocytes (from the cortex and
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striatum) are transcriptionally similar but differ in their DNA meth-
ylome.""* Thus, DNA methylation could be a stemness signa-
ture,"'* and it will be interesting to determine how this signature
changes with age.

Single-cell omics studies, including spatial transcriptomics,
have also characterized the proliferation and differentiation of
NSCs in the SVZ and DG, highlighting their decline with
age.'®*®*" A single-cell method using combinatorial indexing
profiled the transcriptome and chromatin landscape of prolifer-
ating progenitor cells in vivo from the brains of young and old
mice.*® This study showed a decline in NPC number and a
decrease in self-renewal potential of those progenitors, which
may underlie the neurogenesis decline with age.*® In mice, neu-
roblasts—more committed progenitors originating from NSCs—
decline in number earlier in the DG than in the SVZ and the olfac-
tory bulb,*® pointing to important regional differences.

NSCs within the SVZ niche are heterogeneous®®''>""¢ and
their regional location within the niche determines differentiation
potential."'”''® Regional dissection of the SVZ coupled to
scRNA-seq has also shown differences between septal and
lateral location of the niche with respect to the lateral ventricle.”'®
These regional differences could be due to distinct intrinsic
cellular fates or different responses to external stimuli. Heteroge-
neity within the SVZ may allow for the production of distinct pop-
ulations of neurons in specific physiological contexts such as
pregnancy.’'® Spatial transcriptomic technologies would help
further probe the regional differences of NSCs in response to
environmental stimuli.

Interestingly, single-cell transcriptomics has also helped to
characterize the NSC pool in the aging human brain. Adult hu-
man hippocampal neurogenesis has been controversial,'%%'%
and single-cell omics strategies could give an unbiased charac-
terization of NSCs and their progeny during human aging. Two
studies identified immature neurons in the adult and aged brain
(40-82 years old in Zhou et al., and 67-92 years old in Wang
et al.),'>>"?! but one study did not (~53 years old).'** A recent
study of 62 individuals ranging from 0 to 92 years old used
snRNA-seq coupled to machine learning to identify immature
neurons in the adult human hippocampus.'?® This approach
avoids relying on mouse-specific NSC markers, which have little
overlap with human-specific markers.'?%'2"12% |nterestingly,
one of the studies that identified immature neurons in the human
hippocampus showed that they decrease with age.'° Adult hu-
man neurogenesis in the SVZ has been less controversial, and
scRNA-seq of the human SVZ of adults aged 38-72 identified
distinct subpopulations of NSCs that have enrichment for
neuronal or oligodendrocyte progenitor pathways.'2*'2° Overall,
more work will be needed to further characterize neurogenesis in
humans during aging.

In addition to NSCs and NPCs, other cells with regenerative
potential include OPCs, which give rise to mature oligodendro-
cytes in different brain regions. Similar to what has been found
for NSCs, scRNA-seq, snRNA-seq, and spatial transcriptomics
have all shown a decrease in abundance of OPCs in both mice
and humans during aging.'3**’

Overall, technological advances have been crucial to devel-
oping a better understanding of aging stem and progenitor cells
of the brain by identifying age-related changes in numbers and
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unbiasedly characterizing molecular signatures. Combining
the observation of age-related changes in regenerative cells
with functional readouts will be essential to understand the
causal effects of these molecular changes on NSC function dur-

ing aging.

Cell types of the brain’s borders

The brain’s interactions with the periphery are critical in aging-
related signaling, as highlighted by the rejuvenating effects on
the brain of young blood'?® and cerebrospinal fluid (CSF)."? In
both mice and humans, border tissues of the brain include blood
vessels, lined by endothelial cells as well as vascular smooth
muscle cells and pericytes (mural cells), which all form the
blood-brain barrier.®'?® Border tissues also include the choroid
plexus, which produces CSF and forms the blood-CSF bar-
rier.'° Finally, border tissues of the brain also encompass the
meninges (including the leptomeninges), a multilayered structure
composed of immune cells, fibroblasts, and other cell types that
surrounds the brain.'=°

Cells of the brain’s borders are very diverse but generally
experience increased immune and inflammatory signaling with
age, similar to many other cell types in the brain. scRNA-seq of
mouse brains also revealed increased senescence and hypoxia
signatures as well as evidence of metabolic shifts in endothelial
cells with age.>"'*' scRNA-seq and spatial transcriptomics on
the mouse brain have highlighted increased interferon signaling
with age in ependymocytes, which form the actual blood-CSF
barrier, as well as in pericytes.'®>*

A study using flow cytometry to enrich for brain endothelial
cells prior to scRNA-seq profiling showed that in the mouse hip-
pocampus, the subclasses of endothelial cells—arteries, veins,
and capillaries—exhibit distinct patterns of transcriptional
changes with age, with the most pronounced changes occurring
in capillaries and relating to immune genes as well as transform-
ing growth factor B (TGF-B) signaling and oxidative stress
responses.’® The increase in inflammation could be a conse-
quence of the infiltration of immune cells such as T cells in the
old brain (see the following section).

Animmune cell type found in proximity to all of the brain’s bor-
ders is the border-associated macrophage (BAM).'*? BAMs are
in contact with the CSF and regulate its dynamics.'? Single-cell
mass and fluorescence cytometry of the mouse brain immune
compartment showed that BAMs display altered surface marker
expression with age.®® One notable change observed with age
was an expansion of BAM subpopulations expressing proteins
of the antigen-presentation machinery, indicative of an inflam-
matory phenotype.*® Consistently, in the mouse choroid plexus,
predicted inflammatory signaling mediated by choroid plexus
macrophages (a subset of BAMSs) increases with age.”’

Spatial transcriptomics of mouse brains revealed that a sub-
population of endothelial cells, characterized by high expression
of xanthine dehydrogenase (Xdh; an enzyme involved in purine
oxidation'®®), is enriched in the brains of old mice, though Xdh-
high endothelial cells and other subpopulations do not display
region-specific localization.’® This could indicate that age-
related metabolic changes in endothelial cells are driven more
by exposure to circulating blood factors than by the surrounding
brain environment.
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Insights from single-cell chromatin-level profiling of brain border
tissues have been sparse, though a bulk ATAC-seq study that
included fluorescence-activated cell sorting (FACS)-sorted endo-
thelial cells of the mouse SVZ neurogenic niche identified several
cell-adhesion pathways enriched among the genes with more
open chromatin in old endothelial cells of this brain region.'""
No single-cell whole-genome sequencing studies to date have
examined somatic mutations in the brain’s border tissues, and
this would be a fruitful area for future study in an aging context.

Also critical for additional investigation will be determining
which changes in the brain borders’ cells are linked to different
permeability to peripheral signals with age—including blood or
CSF proteins (e.g., Yang et al."**) as well as infiltrating peripheral
immune cells, as discussed in the following section.

Infiltrating and peripheral immune cell types

Recent evidence, including single-cell omics atlases, has re-
vealed that during aging, the brain is infiltrated with non-resident
immune cells and affected by peripheral immune cells, including
T cells. Despite their relative sparsity in comparison with other
celltypes, these immune cells exhibit stark changes during aging
and can have dramatic effects on resident cell types of the brain
(see “interactions between cell types during aging”).

T cells infiltrate the brain with age

T cells are key players in the adaptive immune response and
have been implicated in aging across multiple tissues.'®”
scRNA-seq has revealed the infiltration of the brain by T cells
during aging, with increased numbers of infiltrating cytotoxic
(CD8+) T cells in the old mouse subventricular zone,* in multiple
regions of the mouse brain,'®'® and in old human and mouse
white matter regions.>? Infiltrating CD8+ T cells in the SVZ ex-
hibited transcriptional signatures consistent with activation, tis-
sue retention, and effector memory state®® and are clonally
expanded, suggesting they have recognized an antigen.*® Infil-
trating CD8+ T cells in old white matter regions of both mouse
and human brains contribute to axon degeneration and cognitive
deficits.”®> scRNA-seq uncovered multiple T cell subtypes,
including central memory, effector, and interferon-stimulated
T cell subsets.®*"'*¢ Single-cell whole-transcriptome and T cell
receptor (TCR)-targeted sequencing of CSF from patients of
different ages revealed that TCR sequences from cognitively
impaired donors are most similar to TCR sequences from the
oldest ages in cognitively normal individuals,’’ suggesting
that aging and cognitive impairment may be associated with
similar shifts in infiltrating T cells. Hence, single-cell transcrip-
tomics has been instrumental in revealing the infiltration of cyto-
toxic and clonally expanded T cells in the brain with age.

Although less common than CD8+ T cells, spatially resolved
single-cell transcriptomics show that CD4+ T cells also infiltrate
the brain with age.'® Given that CD4+ T cells generally play a
more supportive and modulating role in immune response
compared with CD8+ T cells, the infiltrating CD4+ T cells could
have beneficial roles in the aging brain.

Another interesting subset of T cells is regulatory T (T,eg) cells,
which may also have a beneficial role in the aging brain. Consis-
tently, scRNA-seq studies in young and old mice with brain-spe-
cific injection of IL-2, a cytokine that increases the number of T4
cells,"**7“? have suggested that T,q cells could suppress neu-
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roinflammation, partially restore age-related transcriptional sig-
natures of brain glia, and reduce decline in spatial learning during
aging.

Other infiltrating immune cells in the brain

Single-cell omics studies have revealed aging-associated
changes in other infiltrating immune cells in the brain.>*'*

Infiltrating monocytes, white blood cells that perform phagocy-
tosis and antigen presentation, have been discovered in the brain
using single-cell omics tools.**'%""1*? scRNA-seq of CSF from 45
cognitively normal human donors across different ages and 14 hu-
man donors with cognitive impairment revealed an increase in the
expression of lipid transport genes in monocytes during aging and
decreased expression of these genes in cognitively impaired do-
nors."®” In mice, scRNA-seq of young and aged brains revealed
that monocytes (as well as resident microglia) had elevated
senescence-related transcriptional signatures during aging.'*
Further single-cell characterizations will be necessary to deter-
mine compartment-specific heterogeneity (e.g., CSF compared
with brain) and species-specific heterogeneity (e.g., mouse
compared with human) of monocyte aging in the brain.

Natural killer (NK) cells, which are white blood cells with cyto-
toxic properties, have also been identified to infiltrate the brain
across single-cell transcriptomic studies.®*'*>'%* Importantly,
NK cells are particularly enriched in the DG of aged mice and
potentially supported by IL-27 secretion by neuroblasts in this
brain region.®* These NK cells exhibited increased activation,
cytotoxicity, and adhesion based on transcriptional signatures.**
Fate mapping further revealed that local expansion of NK cells
contributes to their age-associated increase in the DG, and im-
munostaining confirmed accumulation of NK cells in the aged
human DG.>*

In addition to the aforementioned immune cells (neutrophils,
monocytes, NK cells), other immune cells such as macro-
phages,”®>® dendritic cells,”® and B cells'®>" have also been
observed in single-cell omics studies. However, most infiltrating
immune cells have not been studied at depth in the aging brain,
likely due to the low numbers of these cells relative to other brain
cell types. Future efforts to build a comprehensive atlas of the
infiltrating immune cell repertoire in the aging brain will likely yield
new insights into how neuroinflammation and other aging-
related changes are regulated by infiltrating immune cells.

INTERACTIONS BETWEEN CELL TYPES DURING AGING

The brain is a highly complex organ, consisting of many different
interacting cell types. It is therefore essential to understand how
cell-cell interactions are impacted by aging. Single-cell technol-
ogies, notably spatial approaches, enable large-scale character-
ization of cell-cell interactions across entire tissues. Here, we
discuss insights on cell-cell interactions in brain aging, focusing
on direct cell-cell contacts and paracrine signaling (e.g., secre-
tion of cytokines).

Decrease in synaptic neuron-astrocyte program

with aging

Astrocytes are abundant in the brain, play a supportive role
for neuronal function, and are essential in the formation of
long-term memories.’*®> An extensive snRNA-seq atlas of the
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lllustration of the main steps in building cell-type-specific transcriptomic aging clocks: collect single-cell transcriptomic data using scRNA-seq or spatial
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determine the effect of different interventions on the transcriptional aging of different cell types and the proximity effect of certain cell types on the transcriptional

aging of nearby cells.

prefrontal cortex across 191 human donors spanning 22-92
years of age revealed a new synaptic neuron-astrocyte program
(SNAP), where cortical neurons with higher expression of synap-
tic component genes are associated with astrocytes with higher
expression of synaptic function and cholesterol synthesis
genes. ¢ Interestingly, SNAP decreases in the brain during ag-
ing and in patients with schizophrenia,“® suggesting that aging
and cognitive states may both be influenced by dysregulated co-
expression of this neuron-astrocyte program. The SNAP cell-cell
interaction may involve the synthesis of cholesterol in astrocytes
to support neuronal synapses and dendritic spines, which
require high amounts of cholesterol."” Further experiments
will be needed to identify the causal factors underlying SNAP
and assess the functional impact of this synaptic neuron-astro-
cyte program on brain aging.

Potential influence of NSCs on other cells

Spatial aging clocks are cell-type-specific machine learning
models that have been developed to predict the age of individual
cells from spatially resolved single-cell transcriptomics data
across adult mouse lifespan (Figure 3). Spatial aging clocks
have been used to identify cell types with strong influences on
the relative aging of nearby cells in the brain.'® Spatial aging
clocks predicted that NSCs and neuroblasts have the most
pro-rejuvenating effect on nearby cells.'® Differential expression
analysis using imputation'*® has implicated extracellular vesi-
cles/exosomes in NSCs as potential mediators of the pro-rejuve-
nating effect of NSCs on neighboring cells and fatty acid oxida-
tion as one of the pathways that could be responsive in these
neighboring cells.'® The co-expression of the exosome marker
CD9 and the fatty acid oxidation marker CPT1A has been
confirmed by immunostaining.'® Further characterization of the
effect of NSCs on other cell types through experimental pertur-
bation studies will be crucial to establish a causal link between
NSCs and other cell types during aging.

Impact of T cells on microglia and oligodendrocytes
Infiltrating T cells can have dramatic effects on the state of micro-
glia and oligodendrocytes in the aging brain. scRNA-seq of
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young and old mouse brains revealed that old oligodendrocytes
and microglia exhibit a strong response to interferon in the white
matter—brain regions that contain high proportions of oligoden-
drocytes.'®® Interestingly, these interferon-responsive cells are
localized close to cytotoxic CD8+ T cells based on immunostain-
ing.'® Activated microglia and inflamed oligodendrocytes are
also spatially enriched near infiltrating T cells across multiple
brain regions in spatially resolved single-cell transcriptomics.19
Interferons are a family of secreted cytokines that bind to specific
receptors and encompass three major isoforms (o, 8, and v) that
are secreted by different cell types.'*® As cytotoxic T cells
secrete interferon-v,"*%"" T cells may trigger microglia and
oligodendrocyte inflammation via secretion of interferon-y
(although interferon-o. and interferon-p, secreted by other cells,
may contribute to this response). Consistently, scRNA-seq
showed decreased proportion of interferon-responsive oligo-
dendrocytes and microglia in immunodeficient mice compared
with control mice, suggesting that infiltrating T cells cause inter-
feron-responsive oligodendrocytes and microglia.'*® Interferon-
v injection leads to myelination damage in white matter, suggest-
ing an overall detrimental effect.’® T cells may act on microglia
and oligodendrocytes through interferon-y signaling, shifting
their transcriptional states in aging. Inflamed microglia and oligo-
dendrocytes could, in turn, contribute to T cell infiltration in a
positive feed-forward loop.

How detrimental is this interferon response on neighboring
cells? Spatial aging clocks revealed that the presence of T cells
is associated with a strong pro-aging effect on nearby cells,
including microglia and oligodendrocytes, as measured by
their transcriptional signatures.'® These findings suggest a detri-
mental effect of T cells on neighboring cells, likely due to
inflammation. The pro-aging effect of T cells on microglia and
oligodendrocytes persisted even after controlling for activation
status of microglia and inflammation status of oligodendrocytes. '°
Imputation analysis indicated that the pro-aging effect of T cells on
nearby cells is mediated through interferon-vy signaling, which was
further validated via immunostaining.’® Whether experimental
modulation of interferon-y production or secretion in T cells is suf-
ficient to alter the aging of nearby cells remains to be determined.
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Infiltrating immune cells affect NSCs and neuroblasts
Despite their overall low abundance in the brain, infiltrating im-
mune cells such as T cells and NK cells can have dramatic ef-
fects on NSCs and neuroblasts, which are key cells involved in
neurogenesis. sScCRNA-seq of the mouse SVZ neurogenic niche
from young and old male mice shows age-associated T cell infil-
tration of the SVZ and concomitant upregulation of transcrip-
tional signatures for interferon response across other cell types
in the niche, including astrocytes, quiescent and activated
NSCs and NPCs, and endothelial cells, in addition to microglia
as described above.*® Upregulated interferon response markers
(STAT1 and BST2) in cells near T cells have also been confirmed
in the SVZ and other brain regions (cortex, striatum, and
corpus callosum) by immunostaining.'®*® Importantly, NSCs
with strong interferon-y response also exhibit reduced prolifera-
tion in vivo,*® suggesting that T cells may negatively affect neuro-
genesis in the SVZ via secretion of interferon-y. Consistently,
inflammatory interferons have been shown to reduce NSC prolif-
eration in vitro.**

Other immune cells could also impact NSCs. scRNA-seq has
revealed that NK cells accumulate in the DG of the hippocampus
in aged brains.>* Neuroblasts in this region exhibit a senes-
cence-associated secretory phenotype (SASP) and are elimi-
nated by NK cells.> This occurs through NK cell activation and
cytotoxicity induced by upregulation of major histocompatibility
complex (MHC) class-I-related ligands in senescent neuro-
blasts.®* Experimental depletion of NK cells using antibodies
can restore neurogenesis,”* suggesting that at least in the hippo-
campal neurogenic niche, NK cells may drive the age-related
decline in neurogenesis.

Putative cell-cell interactions predicted from single-

cell omics

Several computational methods have been developed to predict
putative cell-cell interactions from scRNA-seq datasets by
modeling enrichment of ligand-receptor pairs.'*'*® Due to their
ease of use for assessing cell-cell interactions, these computa-
tional methods have become popular tools in the analysis of sin-
gle-cell omics, including in the context of aging.

Application of the CellChat model’>* on scRNA-seq data from
the young and aged SVZ niche indicates an overall reduction in
intercellular interactions during aging but enhanced microglial in-
teractions with multiple cell types. Aging was associated with
reduced TWEAK (a tumor necrosis factor family ligand) signaling
from multiple other SVZ cell types to endothelial cells, character-
ized by decreased expression of the TWEAK receptor gene.'*®
Experimental validation of the role of TWEAK signaling in SVZ
aging is still needed.

Another method, CellPhoneDB, '°® has been used with sScRNA-
seq of the young and old choroid plexus.®’ This study predicts
enhanced IL-1p signaling from macrophages to endothelial cells
(and mesenchymal cells) during choroid plexus aging, which has
been validated by immunostaining.®" CellPhoneDB also predicts
that in the aged primate entorhinal cortex, receptor-ligand pairs
are enriched for pro-inflammatory, cell-adhesion, and neuroactive
pathways.>®

Application of NicheNet'>” to scRNA-seq data of young and
old spinal cords from mouse models of multiple sclerosis iden-
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tifies Spp1 as a top age-associated ligand with putative interac-
tions with integrins (itgb1, ltgav, and ltgb5) in microglia."*® Immu-
nostaining confirms overlap between these integrins and
microglia in young and old brain lesions, '°® suggesting a poten-
tial role for this interaction in extracellular matrix remodeling.

Finally, deployment of iTALK'®® to snRNA-seq profiles from
hippocampus of young and aged macaques indicates strong
interactions between NSCs and astrocytes.'?! In particular,
growth factor signaling (VEGF-VEGFR and fibroblast growth fac-
tor [FGF]) is enriched in the young macaque hippocampus, '?’
and this type of signaling is known to mediate the positive effect
of astrocytes on neurogenesis.'®*'®" Consistently, spatial tran-
scriptomic profiling of the adult mouse brain across life suggests
that Vegfa expression is associated with the beneficial effect of
NSCs on nearby cells.'® Secretion of VEGF by hippocampal
NSCs is important for maintaining the neurogenic niche and
proximity of NSCs to the vasculature.'®?'®® Additionally, interac-
tions involving cytokines, integrins, and the BMP pathway are
predicted to be enriched in the old macaque hippocampus.'?’
As some of these molecules have previously been linked to in-
duction of quiescence in stem cells,'®*'%" cell-cell interactions
between NSCs and astrocytes may contribute to decreased
NSC proliferation during aging.

It is important to note that these computational methods pro-
vide only inferred cell-cell interactions. Experimental validation is
necessary to confirm putative interactions and test functional
significance. Despite this limitation, these methods provide an
accessible first step into probing the interplay of different cell
types during brain aging and disease.

Spatial dependencies between aging of brain cell types

Spatially resolved single-cell transcriptomics have also been
applied to characterize cellular architectures across different
brain regions.'® 48187171 gpatia| transcriptomics technologies
can provide new insights into cell-cell interactions beyond
what can be achieved using dissociated single-cell transcrip-
tomics due to preserved spatial architecture.'®"'® For example,
astrocytes exhibit higher activation scores in proximity of
vascular cells (particularly those localized to the meninges).'®
Meanwhile, microglia exhibit higher activation scores in prox-
imity to oligodendrocytes (but not to vascular cells).'® Thus,
different cell-cell interactions may drive activation of microglia
compared to activation of astrocytes. Interestingly, activation
scores of astrocytes and microglia are also spatially correlated
with oligodendrocyte inflammation levels.'® Finally, activated mi-
croglia and inflamed oligodendrocytes are spatially localized
closer to infiltrating T cells in the aging mouse brain.'® These ob-
servations suggest a prominent role for spatial relationships be-
tween cells in driving the activation of microglia and inflamma-
tory status of glia, but the whole cast of mechanisms
underlying these spatial associations remains to be determined.

INTERVENTIONS FOR REJUVENATING CELL TYPES OF
THE BRAIN

An important aspect of aging biology is to identify “rejuvenating”

interventions that boost cell function and restore tissue homeo-
stasis during aging. Research in the field has delineated several
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Figure 4. Rejuvenation interventions for the brain

Depiction of classical rejuvenation interventions such as exercise, dietary restriction, and parabiosis as well as promising newer interventions such as partial

reprogramming and GLP-1 agonists.

promising rejuvenation interventions for rescuing age-related
deficits in the brain®*?%°" (Figure 4). However, the cellular and
molecular changes underlying these rejuvenation effects are
not fully understood for most interventions. Single-cell omics
technologies provide a useful lens to investigate the cellular
and molecular changes that occur during aging and rejuvenation
at scale (Table 3).

Dietary interventions

Dietary restriction is a gold standard intervention that has been
shown to improve physiologic and cognitive functions, slow or
even reverse age-related decline across multiple tissues and
organs, and increase median and maximum lifespan across
different species.'®”'®" Several studies have examined the
impact of long-term and acute dietary restriction on the rodent
brain at single-cell resolution.®%'"?

To determine the cellular and molecular changes underlying
dietary restriction, snRNA-seq was performed on brain tissue
from aged rats (27 months old) that were subjected to either
ad libitum feeding or long-term 70% calorie restriction for
9 months'’® and from young rats (5 months) fed ad libitum.
The age-dependent decrease in inhibitory neurons and endothe-
lial cells is restored to more youthful levels in response to calorie
restriction.’”” Remarkably, the expression of several genes
associated with DNA-damage response is rescued by calorie
restriction.'”® These findings raise the possibility that calorie re-
striction may have beneficial effects on the aged brain by
improving responses to DNA damage.

Another study performed snRNA-seq of the hippocampus of
aged female mice fed ad libitum or with 40% acute dietary re-
striction for 4 weeks.*® Analysis of this dataset revealed that a di-
etary restriction signature (generated from bulk RNA-seq) is spe-
cifically upregulated in glia, including oligodendrocytes, OPCs,
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astrocytes, and microglia, but not increased in any neuronal
cell types.®® These observations suggest that the transcriptomic
response to dietary restriction is primarily driven by glial cells,
though the low transcriptional changes in neurons during aging
may also contribute to the limited impact of dietary restriction
on neuronal cell types.

While dietary restriction does provide rejuvenating effects on
the transcriptional signatures of cells in both studies, the exact
cell types impacted vary depending on the study.*®'"* These
different single-cell transcriptional responses could be due to
differences in dietary restriction interventions (in terms of dura-
tion, timing of feeding, and nutritional composition). Single-cell
transcriptional responses to dietary restriction may also differ
because of the distinct brain regions probed or differences be-
tween species (rat vs. mouse). The expanded use of single-cell
omics to disentangle the differences between dietary restriction
regimens on various cell types of the brain should lead to a better
understanding of the effect of nutrient-based interventions on
brain aging.

Exercise

Like dietary restriction, exercise is a widely studied and well-vali-
dated intervention for rejuvenating the function of multiple tis-
sues and slowing or reversing age-related decline.'®*'®* Unlike
dietary restriction, however, exercise does not appear to extend
maximal lifespan.'®® Here, we examine insights obtained from
single-cell transcriptomic studies into the effect of exercise on
the brain.

Exercise has rejuvenating effects on several regions of the
brain. An atlas of aging and exercise has been generated on mul-
tiple organs, including multiple brain regions and spinal cord.'”®
In this study, young and old mice are either sedentary or sub-
jected to long-term voluntary exercise for 12 months. Analysis



Neuron

¢? CellPress

OPEN ACCESS

Table 3. Insights from select key single-cell omics studies of rejuvenation interventions in the vertebrate brain

Intervention Protocol Key cell-type impacts References

Diet 9 months of 70% calorie restriction e Restoration of endothelial and inhibitory neuron populations  Ma et al.'”?
in old rats ® Restored DNA damage response gene expression
4 months of 40% acute dietary e Oligodendrocytes, OPCs, astrocytes and microglia are Hahn et al.*®
restriction in old mice transcriptionally more rejuvenated than neuronal cell types

Exercise 5 weeks of voluntary wheel running ® Increased proportion of NSC and neuroblasts in SVZ of Liu et al.™®®

in young and old mice

5 weeks of voluntary wheel running
in young and old mice

5 weeks of voluntary wheel running
in young and old mice

12 months of voluntary wheel
running in young and old mice

3 weeks of voluntary wheel running
in old mice

Blood factors 4-5 weeks of heterochronic parabiosis

5 weeks of heterochronic parabiosis

5 weeks of heterochronic parabiosis

5-6 weeks of heterochronic parabiosis

Partial
reprogramming

whole-body partial reprogramming
and SVZ-targeted partial reprogramming

whole-body partial reprogramming

GLP-1R agonist  about 1 month of daily intraperitoneal

exenatide injections

both young and old mice
OPCs and activated NSCs are transcriptionally impacted
the most of all SVZ cell types

Oligodendrocytes experienced greatest rejuvenation by
chronological aging clocks

Activated NSCs and neuroblasts experienced greatest
rejuvenation by functional aging clocks

Buckley et al.*®

@ Cells of the brain vasculature experienced greatest (region-  Sun et al.’®
specific) rejuvenation by spatial aging clocks

® Astrocytes and excitatory neurons experienced greatest Sunetal.'”®
transcriptional rejuvenation in the brain

o Decreased T cell proportion in hippocampus Chauquet

o Microglia experienced the greatest transcriptional etal.'”*
rejuvenation in hippocampus and transitioned to more
homeostatic states

o Endothelial cells were among the most rejuvenated cell Ximerakis
types in the brain etal.'”

® Restored expression levels of genes associated with
mitochondrial activity, oxidative stress response, and
metabolism

o Reduced gene expression associated with cell senescence

e Activated NSCs experienced greatest rejuvenation by Buckley
chronological aging clocks et al.*®

o Neuroblasts experienced greatest rejuvenation by
functional aging clocks

o Relatively low transcriptional response to heterochronic Palovics
parabiosis in brain compared to other organs etal.'’®

® Relatively low transcriptional response to heterochronic Ma et al.'””
parabiosis in brain compared to other organs

@ Increased proportion of neuroblasts in the SVZ Xuetal.'”®

o NSCs and neuroblasts experienced greatest rejuvenation Sun et al.™®
by spatial aging clocks

® Astrocytes and OPCs experienced the greatest Lietal.'”

transcriptional rejuvenation

Summary of select key single-cell omics studies of different brain rejuvenation interventions and associated findings.

of this snRNA-seq atlas showed that the central nervous system
is more impacted by exercise in old mice than young counter-
parts (which is different than what is observed in other or-
gans).'”® Cells with the greatest transcriptional rejuvenation by
exercise in aged mice include ependymal and meningeal cells,
endothelial cells and pericytes, and oligodendrocytes in the spi-
nal cord, and astrocytes and excitatory neurons in the brain."”®

Spatial aging clocks applied to spatial transcriptomics data
of aged mice subjected to 5 weeks of voluntary exercise re-
vealed substantial transcriptional rejuvenation across several
celltypes.'® The most impacted cell types include brain vascula-
ture cells in the cortex, striatum, and corpus callosum but not in

the lateral ventricles. The rejuvenating effects of exercise on the
brain vasculature may be due to their proximity to circulating
blood factors, which transfer some of the beneficial effects of
exercise.”®

Exercise can also transcriptionally rejuvenate cells in the SVZ
niche.*®'%° scRNA-seq of the SVZ niche from young and old
mice subjected to voluntary exercise conditions for 5 weeks
showed restoration of some cell-type proportions by exer-
cise.”® Notably, exercise boosts the proportion of activated
NSCs and neuroblasts in both young and old mice,'°® suggest-
ing that this intervention can improve neurogenesis, consistent
with previous studies.'®%'8” At the transcriptomic level, the cell
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types whose transcriptomes are most restored by exercise
include activated NSCs."®® The transcriptional rejuvenation of
activated NSCs may partially contribute to the striking increase
in neurogenesis induced by exercise.

Cell-type-specific transcriptomic aging clocks based on sin-
gle-cell transcriptomes in the mouse SVZ were also used to
quantify the effects of exercise on different cell types.*® This
analysis revealed that oligodendrocytes experience the largest
rejuvenation from exercise.*® Activated NSCs and NPCs also
experienced rejuvenation, particularly when aging clocks based
on “function” (i.e., proliferation index of the niche) were used.*®
This rejuvenating effect of exercise on NSCs was also observed
using CellBiAge, machine learning models based on binariza-
tion.'® Thus, exercise rejuvenates several cell types, including
activated NSCs.

Finally, another scRNA-seq study showed that exercise exerts
a rejuvenating effect on the old hippocampus.'” In this study,
young and old mice are either in sedentary conditions or sub-
jected (for old mice only) to 21 days of voluntary exercise, fol-
lowed by 14 days of rest.'”* scRNA-seq analysis reveals that
T cell number is significantly reduced by exercise in the aged hip-
pocampus, and these results are confirmed with immunostain-
ing."” Interestingly, the transcriptional effects of exercise are
the most pronounced on microglia.'”* A contributor of the exer-
cise-induced changes in microglia may be the reduction of infil-
trating T cells. Finally, pharmacological depletion of microglia re-
vealed that these cells are necessary for exercise-induced
hippocampal neurogenesis but not for exercise-induced
improvement on spatial learning and memory tasks.'”* These
data suggest that the effect of exercise on microglia may
mediate some but not all of the rejuvenating effects of exercise
on the brain.

Collectively, these single-cell studies outline rejuvenating
changes in response to exercise across multiple cell types,
both in cell proportion and in transcriptional regulation. These
studies implemented diverse exercise durations (e.g., 3 weeks,
5 weeks, and 12 months), profiled different brain regions, and
used different approaches for acquiring single-cell transcrip-
tomic data (scRNA-seq, snRNA-seq, and spatial transcriptom-
ics). These biological and technical differences may underlie
the differences in the cell types most impacted by exercise.
Additionally, single-cell omics studies of exercise primarily
focused on mice and on voluntary exercise regimens (most often
using running wheels). Further single-cell omics studies of the ef-
fect of exercise on the human brain, in the context of endurance
vs. resistance training, will be necessary to better understand the
cell-intrinsic effectors of exercise.

Circulating blood factors

The introduction of factors from the blood of young animals to
old animals has rejuvenating effects on multiple organs,'®’
including the brain.?*?%'°° A prominent mode of introducing
young blood factors into the circulation of old animals is via “het-
erochronic parabiosis,” a procedure where the circulatory sys-
tems of an old and young animal are surgically joined.'®%'9!
We will use the terms “young blood” and “old blood” to describe
the introduction of young blood into an old animal or old blood
into a young animal, respectively (though other factors may
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contribute). We will focus on insights gleaned from single-cell
and spatial transcriptomic studies.

To assess the effect of blood factors on individual cells, a
study generated a single-cell transcriptomic atlas for the brain
of young and old mice in both heterochronic parabiosis and
isochronic parabiosis (control) conditions for 4-5 weeks.'”®
This study showed that endothelial cells are most impacted by
young blood and old blood and exhibit the greatest number of
genes whose age-dependent expression is reversed by young
blood."”® Interestingly, genes involved in heat shock response
are upregulated with age and reversed by young blood in endo-
thelial cells, raising the possibility that young blood may improve
the resilience of the brain vasculature.'”® Increased gene signa-
tures for cellular senescence occur during aging in most cell
types, and this is reduced by young blood in the aged brain.'”®
Across multiple cell types, genes involved in mitochondrial activ-
ity, oxidative stress response, and metabolism broadly, which
are downregulated with age, are restored by young blood in
aged mice.'”® Interestingly, the strong rejuvenation of endothe-
lial cells by young blood is reminiscent of that by exercise,'®
consistent with a role for blood factors in transferring the effects
of exercise.'9% 19

To quantify the rejuvenating effect of parabiosis on neurogenic
regions of the brain, another study applied cell-type-specific ag-
ing clocks to scRNA-seq profiles generated from adult SVZ
niches from young and old male mice in heterochronic and iso-
chronic (control) conditions.*® These aging clocks revealed
that activated NSCs are substantially “rejuvenated” transcrip-
tionally by young blood in old mice across two independent
parabiosis experiments.®® However, unlike in other regions of
the brain,'’® the endothelial cells in the SVZ are only slightly reju-
venated transcriptionally by young blood.*® This may represent a
region-specific response similar to what has been observed for
exercise.'?

To investigate the effects of young plasma (instead of young
blood) on the aged brain, one study profiled the brains of aged
male mice receiving recurring injections of young mouse plasma
using region-resolved bulk RNA-seq.°® The SVZ neurogenic
niche is the region of the brain that is most impacted by young
mouse plasma,*® consistent with the strong rejuvenation of
different cell types (notably activated NSCs) by young blood.*®

By contrast, several multi-tissue single-cell transcriptomic at-
lases of heterochronic parabiosis have shown relatively low tran-
scriptional responses to young blood or old blood in the brain
compared with other organs.'”®'"” Differences in results could
be linked to technical differences (i.e., parabiosis surgeries
with different protocols, distinct ages for the young and old para-
bionts or blood donors, etc.). Notably, there could be differences
in the cell-recovery bias due to single-cell or single-nuclei isola-
tion, and it will be interesting to use technologies that do not
depend on dissociation (e.g., spatial transcriptomics) to identify
the main source of differences.

Collectively, these studies suggest that young blood can have
strong rejuvenating effects on several cells in the brain, notably
endothelial cells across the whole brain and activated NSCs in
the SVZ neurogenic niche. Young blood has also been shown
to rejuvenate several aspects of the hippocampal neurogenic
niche during aging.'?® Cells that are close to blood capillaries
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(activated NSCs) or directly in contact with blood (endothelial
cells) may experience the strongest impact of young blood inter-
ventions, and it will be interesting to further understand how
different cells and distinct regions of the old brain respond to
young blood factors.

Partial reprogramming

In vivo partial reprogramming, generally performed by transient
expression of the Yamanaka reprogramming factors (OSKM:
OCT4, SOX2, KLF4, and c-MYC) or a subset of them, in vivo,
has emerged as a promising rejuvenation intervention.®*'%% |n
the brain, in vivo expression of OSKM improves neurogene-
sis,'"8197 reverses cognitive deficits of aging,'®” and improves
recovery from brain injury.'°% In vivo expression of only one fac-
tor (c-MYC) is sufficient to rejuvenate aged OPCs,'® and
expression of three factors (OSK: OCT4, SOX2, and KLF4) is suf-
ficient to restore vision loss.?°° Here, we focus on the insight pro-
vided by single-cell transcriptomic studies.

Interestingly, scRNA-seq of the SVZ niche from young and
aged adult mice with or without partial reprogramming by induc-
ible expression of all four Yamanaka reprogramming factors
showed that the neuroblast proportion is restored to more youth-
ful levels by partial reprogramming in aged mice.'”® Inducing
the four reprogramming factors in the SVZ niche itself (rather
than in the whole body) is sufficient to restore the neuroblast
populations back to a more youthful level.'”® Immunocytochem-
istry experiments confirm the increase in neuroblasts and new
neurons by partial reprogramming. "8 At the transcriptomic level,
partial reprogramming rejuvenates gene signatures of aging in
several cell types, including activated NSCs, NPCs, neuroblasts,
and endothelial and mural cells.'”® However, partial reprogram-
ming also exacerbates gene signatures of aging in other cell
types such as microglia, astrocytes, and quiescent NSCs.'”®
These results suggest that partial reprogramming restores neu-
rogenesis by promoting the generation of neuroblasts, perhaps
rejuvenating aspects of the aged transcriptome in these cells.

To further examine the effect of in vivo partial reprogramming
in other brain regions, spatially resolved single-cell transcrip-
tomic data have been collected from coronal brain sections
from old mice subjected to partial reprogramming by inducible
expression of all four Yamanaka factors.'® Spatial aging clocks
confirm that partial reprogramming improves NSCs and neuro-
blasts but has surprisingly muted or even pro-aging effects on
other regions and cell types in the brain.'® These studies suggest
that partial reprogramming rejuvenates the progenitor cell line-
age of the SVZ, yet may have detrimental effects elsewhere in
the brain.

Given the beneficial effect of partial reprogramming on cell
types involved in neurogenesis,'”®'9" targeted partial reprog-
ramming may represent a therapeutic strategy for countering
the age-related decline in neurogenesis and in neurodegenera-
tive diseases.??’?°? However, further research is needed to
improve the safety of in vivo partial reprogramming interventions,
including for intestinal function®®® and tumorigenesis.

Other rejuvenating strategies
Single-cell omics could be helpful to systematically evaluate the
brain effects of other promising rejuvenation interventions,
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including senescent cell clearance,”® rapamycin (mMTOR inhibi-
tor) treatment,'°42%* Klotho administration,?°® or interleukin-11
inhibition.**®

Interestingly, glucagon-like peptide-1 (GLP-1) receptor ago-
nists, including pharmaceuticals used as diabetes and weight
loss drugs, have attracted attention as potential anti-aging ther-
apies.”®” GLP-1 receptor agonists have been shown to have
neuroprotective effects, primarily in the context of mouse neuro-
degenerative disease models.’’® In one study, old mice that
received the GLP-1 receptor agonist exenatide showed tran-
scriptional rejuvenation in multiple glial and neurovascular cell
types by scRNA-seq, with the largest effects in astrocytes and
OPCs."" This study did not analyze neurons, so it will be inter-
esting to investigate whether the apparent benefits of GLP-1 re-
ceptor agonists for learning and memory°°® are mediated by
these non-neuronal cells. More generally, the use of single-cell
transcriptomic studies coupled with aging clocks could help
compare the efficacy of different rejuvenation strategies.

THE SPECIFIC CASE OF REGENERATIVE CELL TYPES
FOR REJUVENATION

As NSCs have regenerative capacity and can be involved in
repair upon injury, identifying NSC-specific mechanisms of reju-
venation would be particularly valuable for the aging brain. As
highlighted above, rejuvenation strategies such as young
blood and exercise (systemic) as well as partial reprogramming
(cell-intrinsic) restore youthful gene expression signatures in
the neurogenic lineage and improve neurogenesis. Interestingly,
many studies have identified additional strategies to rejuve-
nate NSCs and boost neurogenesis in old mice. They
include modulating protein aggregation, epigenomic regu-
lators, cell cycle function, and glucose metabolism, among
others,'04108:109,192,209-217  Thys  single-cell transcriptomic
studies should be crucial in identifying important target path-
ways of these interventions, which could in turn be modulated
to increase neurogenesis with age. For example, single-cell tran-
scriptomics revealed differences in expression of metabolic
genes between quiescent and activated cells.”'® Quiescent
NSCs exhibit increased expression of mitochondrial pyruvate
carrier 1, Mpc1, at the RNA level compared with activated
NSCs.?'® Consistently, depleting Mpc1 in vivo in NSCs increases
the number of proliferating NSCs and newborn neurons in the DG
of young and middle-aged mice.?'® In addition, in vitro and in vivo
CRISPR screens revealed that knocking out the glucose trans-
porter gene Sic2a4 (GLUT4) results in increased NSC activation
in vitro and increased SVZ neurogenesis in old mice.?"” It will be
interesting to test the effect of metabolic interventions on multi-
ple cell types in the neurogenic niches using unbiased, single-
cell-based approaches. Moreover, coupling genetic or pharma-
cological strategies to transcriptomic studies (e.g., Perturb-seq)
should provide new insights into NSC rejuvenation.

Beneficial effects in NSCs have the potential to affect the tissue
more globally given their impact on the production of new cells
and perhaps cell-non-autonomous effect on other cells. Several
studies show that targeting the DG with rejuvenating strategies re-
sults in increased neurogenesis, measured by in vivo labeling and
microscopy, and improved cognitive function in old mice'%?'®
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(though the boost in neurogenesis and cognition are not always
directly correlated). As described above, NSCs and neuroblasts
may have a beneficial effect on neighboring cell types'® (see “po-
tential influence of NSCs on other cells”). As NSCs and their
daughter cells differentiate into neurons, they could also rejuve-
nate new neurons. Future investigations will be needed to charac-
terize how rejuvenating NSCs could influence neighboring cell
types or progeny, thereby amplifying the effect of the intervention.

TOWARD COMBINATORIAL REJUVENATION
INTERVENTIONS FOR THE BRAIN

Single-cell transcriptomic studies of aging and rejuvenation
generally focus on a single rejuvenation intervention. Combining
multiple rejuvenation interventions could achieve synergistic and
additive rejuvenation effects. In the brain, combinations of two
different interventions (e.g., physical exercise and diet) result in
amplified hippocampal neurogenesis®?°?® and further improve-
ments in cognition.?>*** Exploration of the rich combinatorial
rejuvenation intervention space, perhaps through developing
new methodologies to search for optimal combinations of inter-
ventions, may open promising avenues for brain rejuvenation.

One approach for identifying promising combinations of reju-
venation interventions is to leverage single-cell omics technolo-
gies to determine the amount of overlap between different inter-
ventions at the level of cell types. For example, cell-type-specific
transcriptomic aging clocks trained to predict age have been
used to compare the transcriptional effects of heterochronic
parabiosis and exercise on predicted age across different cell
types.®® Exercise rejuvenates oligodendrocytes the most in old
mice.®® By contrast, young blood rejuvenates activated NSCs,
quiescent NSCs, and microglia the most in old mice.*® These re-
sults suggest that exercise and heterochronic parabiosis rejuve-
nate different cell types and thus have high potential for synergy
when deployed in combination (perhaps through the injection of
young blood factors into exercising mice). Comparison of cell-
type-specific signatures of age-related processes (e.g., neuro-
genesis, neuroinflammation, etc.) may provide fine-grained un-
derstanding of the overlap between interventions to help advise
the design of combinatorial interventions for rejuvenating
the brain.

Similarly, spatial aging clocks can augment the comparison of
rejuvenation interventions across both different brain regions
and different cell types.’® These spatial aging clocks reveal
that exercise primarily rejuvenates cells of the brain vasculature
and that this rejuvenation occurs in multiple brain regions,
except for the lateral ventricles.’® Meanwhile, spatial aging
clocks show that partial reprogramming selectively rejuvenates
NSCs and neuroblasts in the lateral ventricles but can be slightly
detrimental to other cell types in other brain regions.'®
Combining partial reprogramming with exercise will be particu-
larly interesting given their orthogonal rejuvenation effects on
both different subsets of cell types and different brain regions.'®

Extending single-cell transcriptomics to profile the molecular
changes occurring in combinatorial rejuvenation interventions
should provide new insight into how these synergistic or additive
rejuvenation effects manifest—whether the interventions target
different cell types and biological pathways or amplify the
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same underlying rejuvenation mechanism. Given the complexity
of combinatorial rejuvenation interventions, computational
frameworks for optimizing combinations of interventions using
data from model organisms may be particularly fruitful, espe-
cially given the low availability of human brain samples with reju-
venation interventions.

LINK BETWEEN BRAIN AGING AND INJURY AND
DISEASE

Age is the greatest risk factor for many diseases that affect
the brain, including neurodegenerative diseases such as Alz-
heimer’s or Parkinson’s disease.’ In addition, in the context of
injury such as traumatic brain injury or stroke, the brain’s ability
to recover generally declines with age,??®>?*° although data for
stroke are mixed.??” Single-cell transcriptomics approaches
have allowed for a comparison between aged healthy and
diseased brains and proposed explanations for the increased
susceptibility of the old brain to disease. They have also provided
cell-type-specific insight into the decreased recovery upon injury
in old individuals.

Potential commonalities between aging and disease states
in the brain are underscored by the fact that in mice,
scRNA-seq studies show that similar microglia subpopula-
tions are enriched in old wild-type brains and young brains
from disease models, such as Alzheimer’s models.”*#?® In hu-
mans, microglia subpopulations enriched in healthy tissue
from older patients show transcriptional similarities with sub-
populations enriched in glioma tissue, including elevated
expression of the pro-inflammatory cytokine gene SPP1.*
These commonalities may reflect inflammatory states both in
aging and disease.

Crucially, single-cell transcriptomics has also revealed how
disease states differ from healthy aging: for example, snRNA-
seq has identified transcriptomic states specific to brain sam-
ples from human Alzheimer’s disease patients, both in individual
cell types and in multi-cell-type “communities.”*?%?" A snRNA-
seq study of the aged human leptomeninges highlighted BAMs
and fibroblasts among the cells with the most transcriptomic
differences between healthy controls and Alzheimer’'s pa-
tients.’*> scRNA-seq and snRNA-seq have also identified
diverse changes—including some that are region-specific —dis-
tinguishing cells of the healthy human brain vasculature, such as
endothelial cells, from their counterparts in Alzheimer’s disease
and other pathological states.?®*° In several cases, cells
from diseased individuals share similarities with old cells but
are “older than old.” Indeed, spatial aging clocks reveal substan-
tial acceleration of transcriptional aging of multiple cell types,
particularly glia, in Alzheimer’s disease as well as in response
to multiple sclerosis injury.'®

Given the strong impact of aging on disease risk, deeper char-
acterization of disease models at old ages should be informative.
It is encouraging to see that in a study that included different
ages up to 24 months in both wild-type and Alzheimer’s disease
model mice, scRNA-seq identified disease-associated oligo-
dendrocytes as an oligodendrocyte subpopulation that be-
comes progressively more prevalent both with age and disease
progression.?*® More generally, work in which disease models
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are analyzed at different ages at single-cell and spatial resolution
(e.g., Kilfeather et al.”® for Parkinson’s disease) represents a
promising development for the future.

Regarding response to injury, in mice, scRNA-seq sug-
gested that old endothelial cells may be less able to promote
angiogenesis post-stroke than their young counterparts and
that old OPCs have a decreased ability to form new oligoden-
drocytes post-stroke compared with their young counterparts,
which could be validated by staining for newborn oligoden-
drocytes.?®’

Integration of spatial and single-cell omics data may
provide higher quality characterization of cell-cell interactions
underlying brain aging and disease. Single-cell transcriptomics
will also be useful to unbiasedly evaluate treatments for diseases
in animal models and to test the possibility that anti-aging inter-
ventions (possibly in combination with disease-specific treat-
ments) could slow disease progression.

148,238

HOW TO MODEL BRAIN AGING

Single-cell omics studies have characterized many aging- and
disease-related changes, but in most cases, the functional
impact of these changes, and their mode of action, is not under-
stood. Thus, there is a need to develop additional in vivo and
in vitro models for brain aging.

In vivo, most functional studies on brain aging have so far
relied on the mouse. Yet, the mouse is relatively long-lived, which
can make understanding the interaction between genetic inter-
ventions and age low-throughput. The African turquoise killifish
has been developed as a new model to study vertebrate
brain aging at scale.”®® The killifish has a median lifespan of
4-6 months®*® but displays many phenotypes associated with
mammalian brain aging and disease, including neuronal degen-
eration, increased inflammation, decreased neurogenesis, and
cognitive decline.?*® Rejuvenation strategies, including dietary
restriction and senescent cell clearance, have also been suc-
cessfully used in the killifish.?*'** scRNA-seq has recently pro-
filed age-related changes in the killifish brain, which shares many
key brain cell types with humans.*® Consistent with mammalian
data, killifish neurons experience fewer changes with age than
non-neuronal brain cells.”® In addition, inflammatory gene
expression increases in multiple cell types of the Kkillifish brain
with age,*® and expression of neurogenic transcripts in neuronal
progenitors declines with age.”® Genetic perturbation tech-
niques, including CRISPR knockout®** and knockin®*>?“® have
been developed for killifish, making it more feasible to function-
ally test the impact of aging-related changes in different brain
cells on a rapid timescale.

In vitro brain aging models have been helpful to mechanisti-
cally understand age-related changes from many cell types.
These include organotypic brain slices, cell culture models,
and brain organoids. Organotypic SVZ whole mounts from
young and old mice have revealed impaired NSC migration
and dynamics with age.''® Additionally, in vitro co-culture
models can be designed to recapitulate aging phenotypes. For
example, co-culture experiments with NSCs from young and
old mice and T cells isolated from the spleen showed that
T cell activation could negatively impact NSC proliferation.®® Hu-
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man in vitro systems, such as brain organoids, are critical to
model human brain aging, which occurs over many decades.?*’
Brain organoids can also help to study the genetic factors
involved in normal aging, either by using patient-derived cells
or when coupled to CRISPR editing.?*"**® Patient-derived brain
organoids use patient fibroblasts that have been reprogrammed
to a pluripotent state then differentiated to resemble the compo-
sition of a specified brain region. However, inducing pluripotency
removes many features of aging and results in relatively imma-
ture cell types.>*” Therefore, there is a need to develop in vitro
systems that do not rely on reprogramming. Notably, inhibiting
neddylation in wild-type pluripotent stem cell-derived neurons
recapitulates multiple aging hallmarks.?*° Furthermore, using
direct reprogramming and bypassing pluripotency, 2D culture
systems derived from human donors can recapitulate aging phe-
notypes.”*%?>" |n vitro models of brain aging and neurodegener-
ative diseases will be critical to directly test the cellular impact of
transcriptomic changes with age. However, more work needs to
be done to characterize how well in vitro models recapitulate
in vivo phenotypes.

In summary, diverse model systems, both in vivo and in vitro,
will be necessary to unravel the complex interplay between
different cell types that drives vertebrate brain aging and impacts
the success of rejuvenation interventions.

CONCLUSIONS AND OUTLOOK

This review has focused on vertebrate aging, with an emphasis
on mouse and human models. The animal kingdom is diverse,
and other specific model systems could be key to understand
convergent pathways of aging. We have highlighted how
recently published single-cell technologies have provided insight
into the mosaic landscape of the aging brain. These approaches
have given new clues into the cell-type-specific effects of aging
and characterized aging at an unbiased, high-dimensional level.
Single-cell technologies are powerful for hypothesis generation
and identification of candidate pathways that shape brain aging.
However, to understand the functional decline of the brain
with age, single-cell technologies will need to be coupled to clas-
sical genetic, cell biology, and neuroscience techniques. High-
throughput discovery with single-cell omics technology requires
high-throughput validation of discoveries, and in vitro models of
brain aging have emerged as promising tools to accomplish this
task. In the future, establishing behavioral correlates of cell-type-
specific patterns of aging will link discoveries from omics studies
to functional decline in the aging brain.

Brain cell types all age differently, and aging is not just a cell-
intrinsic feature. To understand how brain aging occurs at a
holistic level, more work needs to be done to determine how
cell-cell interactions shape the aging of the brain itself. Even
rare cell types, like invading T cells, have drastic effects on
nearby cell types, particularly glia. Glia could in turn have critical
effects on neurons. A better understanding of the interactions
and pathways identified by single-cell studies could be used to
develop cell-intrinsic and -extrinsic rejuvenation techniques to
improve brain function with age.

Well-known rejuvenating interventions such as caloric restric-
tion, exercise, and young blood have been further assessed with
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new single-cell technologies. Individual rejuvenation strategies
have a unique fingerprint on the aging brain, and different cell
types and brain regions respond in drastically different ways to
various interventions. Recent innovations in rejuvenating strate-
gies have identified partial reprogramming and GLP-1 receptor
agonists as promising avenues for countering brain aging. It
will be interesting to understand how new rejuvenation strategies
affect the brain using high-throughput single-cell techniques to
determine how different cell types in the old brain are impacted,
leveraging model organisms. Furthermore, coupling genetic
knockout with single-cell transcriptomics will represent a power-
ful method for understanding causal drivers of brain aging at
scale. In the future, more work will need to be done to under-
stand the synergistic effects of multiple interventions on diverse
brain cell types, perhaps aided by aging clock models.

This review is primarily focused on single-cell transcriptomics,
but other types of single-cell strategies, such as single-cell epi-
genomics and whole-genome sequencing, and eventually sin-
gle-cell metabolomics, proteomics, and lipidomics, will provide
a more complete understanding of brain aging and the effect
of rejuvenation interventions. An exciting new direction in the sin-
gle-cell omics field is the development of spatially resolved tech-
nologies, which provide a critical dimension to understanding
cell-cell interactions and spatial proximity effects. Single-cell
technologies are a rapidly growing field, and as they become
cheaper to deploy, they will bring a richer view of brain aging.

Aging is the largest underlying factor for neurodegenerative
diseases. As extensive single-cell studies have focused on
neurodegenerative disease samples, it will be critical to under-
stand the overlap between aging and disease. An important
question is how rejuvenating interventions or interventions that
counter aging improve disease outcome. Specific knowledge
of the sensitivity of different cell types to aging and to specific
disease risk factor (e.g., genetic factors), as well as malleability
in response to rejuvenation interventions, will be critical to devel-
oping therapeutics in the future. Additionally, aging leads to
decreased injury repair. As the brain can be subjected to devas-
tating injuries throughout a lifespan (stroke, trauma), future
studies that apply single-cell-based rejuvenating approaches
to injury and repair could lead to new therapeutic strategies to
improve brain health.

ACKNOWLEDGMENTS

Support was provided by the NSF Graduate Research Fellowship (to E.D.S.),
the Knight-Hennessy Scholars Program (to E.D.S. and R.N.), the Genetics &
Developmental Biology Training Grant (to A.N.P.), the Chan Zuckerberg Initia-
tive award (RO1AG071711 and PO1AG036695) (to A.B.), the Milky Way
Research Foundation (to A.B.), the Simons Foundation grant (to A.B.), the
Knight Initiative for Brain Resilience (to A.B.), and a generous gift from
M. and T. Barakett (to A.B.). Components of all figures were created with
BioRender.com.

AUTHOR CONTRIBUTIONS

E.D.S. wrote the introduction and sections on “single-cell omics technologies
used to study brain aging,” “neuronal cell types,” “infiltrating and peripheral
immune cell types,” “interactions between cell types during aging,” “dietary
interventions,” “exercise,” “circulating blood factors,” “partial reprogram-
ming,” and “toward combinatorial rejuvenation interventions for the brain”

and generated Table 2 and Figures 1 and 3. R.N. wrote sections on “glial

100 Neuron 773, January 8, 2025

Neuron

” ”

cell types,” “cell types of the brain’s borders,” “other rejuvenating strategies,”
and “link between brain aging and injury and disease” and generated
Tables 1 and 3 and Figures 4 and 2 together with A.N.P. A.N.P. wrote the
conclusion and sections on “NSCs and progenitor cells,” “the specific case
of regenerative cell types rejuvenation,” and “how to model brain aging”
and generated Figure 2 together with R.N. A.B. helped with the overall struc-
ture of the review and with revising all sections. All authors contributed to
the writing of other sections.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S.G., Croteau, D.L.,
and Bohr, V.A. (2019). Ageing as a risk factor for neurodegenerative dis-
ease. Nat. Rev. Neurol. 15, 565-581. https://doi.org/10.1038/s41582-
019-0244-7.

2. Harada, C.N., Natelson Love, M.C., and Triebel, K.L. (2013). Normal
cognitive aging. Clin. Geriatr. Med. 29, 737-752. https://doi.org/10.
1016/j.cger.2013.07.002.

3. Petersen, R.C., Smith, G., Kokmen, E., Ivnik, R.J., and Tangalos, E.G.
(1992). Memory function in normal aging. Neurology 42, 396-401.
https://doi.org/10.1212/wnl.42.2.396.

4. Craik, F.I.LM. (1994). Memory Changes in Normal Aging. Curr. Dir. Psy-
chol. Sci. 3, 155-158. https://doi.org/10.1111/1467-8721.ep10770653.

5. Zelinski, E.M., and Burnight, K.P. (1997). Sixteen-year longitudinal and
time lag changes in memory and cognition in older adults. Psychol. Aging
12, 503-513. https://doi.org/10.1037//0882-7974.12.3.503.

6. Burke, S.N., and Barnes, C.A. (2006). Neural plasticity in the ageing brain.
Nat. Rev. Neurosci. 7, 30-40. https://doi.org/10.1038/nrn1809.

7. Lee, C.K., Weindruch, R., and Prolla, T.A. (2000). Gene-expression pro-
file of the ageing brain in mice. Nat. Genet. 25, 294-297. https://doi.org/
10.1038/77046.

8. Jiang, C.H., Tsien, J.Z., Schultz, P.G., and Hu, Y. (2001). The effects of
aging on gene expression in the hypothalamus and cortex of mice.
Proc. Natl. Acad. Sci. USA 98, 1930-1934. https://doi.org/10.1073/
pnas.98.4.1930.

9. Fraser, H.B., Khaitovich, P., Plotkin, J.B., Paabo, S., and Eisen, M.B.
(2005). Aging and gene expression in the primate brain. PLoS Biol. 3,
e274. https://doi.org/10.1371/journal.pbio.0030274.

10. Lu, T., Pan, Y., Kao, S.Y., Li, C., Kohane, I., Chan, J., and Yankner, B.A.
(2004). Gene regulation and DNA damage in the ageing human brain.
Nature 429, 883-891. https://doi.org/10.1038/nature02661.

11. Mattson, M.P., Moehl, K., Ghena, N., Schmaedick, M., and Cheng, A.
(2018). Intermittent metabolic switching, neuroplasticity and brain health.
Nat. Rev. Neurosci. 19, 63-80. https://doi.org/10.1038/nrn.2017.156.

12. Yankner, B.A,, Lu, T., and Loerch, P. (2008). The aging brain. Annu.
Rev. Pathol. 3, 41-66. https://doi.org/10.1146/annurev.pathmechdis.
2.010506.092044.

13. Masland, R.H. (2004). Neuronal cell types. Curr. Biol. 714, R497-R500.
https://doi.org/10.1016/j.cub.2004.06.035.

14. Lake, B.B., Ai, R., Kaeser, G.E., Salathia, N.S., Yung, Y.C., Liu, R.,
Wildberg, A., Gao, D., Fung, H.L., Chen, S., et al. (2016). Neuronal
subtypes and diversity revealed by single-nucleus RNA sequencing
of the human brain. Science 352, 1586-1590. https://doi.org/10.
1126/science.aaf1204.

15. Scott-Hewitt, N., Mahoney, M., Huang, Y., Korte, N., Yvanka de Soysa,
T., Wilton, D.K., Knorr, E., Mastro, K., Chang, A., Zhang, A., et al.
(2024). Microglial-derived C1q integrates into neuronal ribonucleoprotein
complexes and impacts protein homeostasis in the aging brain. Cell 187,
4193-4212.e24. https://doi.org/10.1016/j.cell.2024.05.058.


http://BioRender.com
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.1212/wnl.42.2.396
https://doi.org/10.1111/1467-8721.ep10770653
https://doi.org/10.1037//0882-7974.12.3.503
https://doi.org/10.1038/nrn1809
https://doi.org/10.1038/77046
https://doi.org/10.1038/77046
https://doi.org/10.1073/pnas.98.4.1930
https://doi.org/10.1073/pnas.98.4.1930
https://doi.org/10.1371/journal.pbio.0030274
https://doi.org/10.1038/nature02661
https://doi.org/10.1038/nrn.2017.156
https://doi.org/10.1146/annurev.pathmechdis.2.010506.092044
https://doi.org/10.1146/annurev.pathmechdis.2.010506.092044
https://doi.org/10.1016/j.cub.2004.06.035
https://doi.org/10.1126/science.aaf1204
https://doi.org/10.1126/science.aaf1204
https://doi.org/10.1016/j.cell.2024.05.058

Neuron

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Salas, I.H., Burgado, J., and Allen, N.J. (2020). Glia: victims or villains of

the aging brain? Neurobiol. Dis. 743, 105008. https://doi.org/10.1016/].
nbd.2020.105008.

. Soreq, L., UK Brain Expression Consortium; North American Brain

Expression Consortium, Rose, J., Soreq, E., Hardy, J., Trabzuni, D.,
Cookson, M.R., Smith, C., and Ryten, M. (2017). Major Shifts in Glial
Regional Identity Are a Transcriptional Hallmark of Human Brain Aging.
Cell Rep. 18, 557-570. https://doi.org/10.1016/j.celrep.2016.12.011.

. Allen, W.E., Blosser, T.R., Sullivan, Z.A., Dulac, C., and Zhuang, X.

(2028). Molecular and spatial signatures of mouse brain aging at sin-
gle-cell resolution. Cell 186, 194-208.e18. https://doi.org/10.1016/j.
cell.2022.12.010.

. Sun, E.D., Zhou, O.Y., Hauptschein, M., Rappoport, N., Xu, L., Navarro

Negredo, P.N., Liu, L., Rando, T.A., Zou, J., and Brunet, A. (2024). Spatial
transcriptomic clocks reveal cell proximity effects in brain ageing. Na-
ture. https://doi.org/10.1038/s41586-024-08334-8.

Piwecka, M., Rajewsky, N., and Rybak-Wolf, A. (2023). Single-cell and
spatial transcriptomics: deciphering brain complexity in health and dis-
ease. Nat. Rev. Neurol. 19, 346-362. https://doi.org/10.1038/s41582-
023-00809-y.

Uyar, B., Palmer, D., Kowald, A., Murua Escobar, H., Barrantes, |., Mdller,
S., Akalin, A., and Fuellen, G. (2020). Single-cell analyses of aging, inflam-
mation and senescence. Ageing Res. Rev. 64, 101156. https://doi.org/
10.1016/j.arr.2020.101156.

Ma, S., Chi, X., Cai, Y., Ji, Z., Wang, S., Ren, J., and Liu, G.H. (2023). De-
coding Aging Hallmarks at the Single-Cell Level. Annu. Rev. Biomed.
Data Sci. 6, 129-152. https://doi.org/10.1146/annurev-biodatasci-
020722-120642.

He, X., Memczak, S., Qu, J., Belmonte, J.C.l., and Liu, G.H. (2020). Sin-
gle-cell omics in ageing: a young and growing field. Nat. Metab. 2,
293-302. https://doi.org/10.1038/s42255-020-0196-7.

Wyss-Coray, T. (2016). Ageing, neurodegeneration and brain rejuvena-
tion. Nature 539, 180-186. https://doi.org/10.1038/nature20411.

Mahmoudi, S., Mancini, E., Xu, L., Moore, A., Jahanbani, F., Hebestreit,
K., Srinivasan, R., Li, X., Devarajan, K., Prélot, L., et al. (2019). Heteroge-
neity in old fibroblasts is linked to variability in reprogramming and wound
healing. Nature 574, 553-558. https://doi.org/10.1038/s41586-019-
1658-5.

Bieri, G., Schroer, A.B., and Villeda, S.A. (2023). Blood-to-brain commu-
nication in aging and rejuvenation. Nat. Neurosci. 26, 379-393. https://
doi.org/10.1038/s41593-022-01238-8.

Brenman-Suttner, D.B., Yost, R.T., Frame, A.K., Robinson, J.W., Moehr-
ing, A.J., and Simon, A.F. (2020). Social behavior and aging: A fly model.
Genes Brain Behav. 19, e12598. https://doi.org/10.1111/gbb.12598.

Chew, Y.L., Fan, X., Gétz, J., and Nicholas, H.R. (2013). Aging in the
nervous system of Caenorhabditis elegans. Commun. Integr. Biol. 6,
25288.

Yeoman, M.S., and Faragher, R.G. (2001). Ageing and the nervous sys-
tem: insights from studies on invertebrates. Biogerontology 2, 85-97.
https://doi.org/10.1023/a:1011597420036.

Stein, G.M., and Murphy, C.T. (2012). The Intersection of Aging,
Longevity Pathways, and Learning and Memory in C. elegans. Front.
Genet. 3, 259. https://doi.org/10.3389/fgene.2012.00259.

Armand, E.J., Li, J., Xie, F., Luo, C., and Mukamel, E.A. (2021). Single-Cell
Sequencing of Brain Cell Transcriptomes and Epigenomes. Neuron
109, 11-26.

Bakken, T.E., Hodge, R.D., Miller, J.A., Yao, Z., Nguyen, T.N., Aever-
mann, B., Barkan, E., Bertagnolli, D., Casper, T., Dee, N., et al. (2018).
Single-nucleus and single-cell transcriptomes compared in matched
cortical cell types. PLoS One 13, €0209648. https://doi.org/10.1371/jour-
nal.pone.0209648.

Martin, B.K., Qiu, C., Nichols, E., Phung, M., Green-Gladden, R., Srivat-
san, S., Blecher-Gonen, R., Beliveau, B.J., Trapnell, C., Cao, J., et al.
(2023). Optimized single-nucleus transcriptional profiling by combinato-

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

45.

46.

47.

¢? CellPress

OPEN ACCESS

rial indexing. Nat. Protoc. 18, 188-207. https://doi.org/10.1038/s41596-
022-00752-0.

Ximerakis, M., Lipnick, S.L., Innes, B.T., Simmons, S.K., Adiconis, X., Di-
onne, D., Mayweather, B.A., Nguyen, L., Niziolek, Z., Ozek, C., et al.
(2019). Single-cell transcriptomic profiling of the aging mouse brain.
Nat. Neurosci. 22, 1696-1708. https://doi.org/10.1038/s41593-019-
0491-3.

Hajdarovic, K.H., Yu, D., Hassell, L.A., Evans, S., Packer, S., Neretti, N.,
and Webb, A.E. (2022). Single-cell analysis of the aging female mouse hy-
pothalamus. Nat Aging 2, 662-678. https://doi.org/10.1038/s43587-022-
00246-4.

Hahn, O., Foltz, A.G., Atkins, M., Kedir, B., Moran-Losada, P., Guldner,
I.H., Munson, C., Kern, F., Palovics, R., Lu, N., et al. (2023). Atlas of the
aging mouse brain reveals white matter as vulnerable foci. Cell 186,
4117-4133.e22. https://doi.org/10.1016/j.cell.2023.07.027.

Emani, P.S., Liu, J.J., Clarke, D., Jensen, M., Warrell, J., Gupta, C., Meng,
R., Lee, C.Y., Xu, S., Dursun, C., et al. (2024). Single-cell genomics and
regulatory networks for 388 human brains. Science 384, eadi5199.
https://doi.org/10.1126/science.adi5199.

Buckley, M.T., Sun, E.D., George, B.M., Liu, L., Schaum, N., Xu, L.,
Reyes, J.M., Goodell, M.A., Weissman, |.L., Wyss-Coray, T., et al.
(2023). Cell-type-specific aging clocks to quantify aging and rejuvenation
in neurogenic regions of the brain. Nat Aging 3, 121-137. https://doi.org/
10.1038/s43587-022-00335-4.

Zhang, Y., Amaral, M.L., Zhu, C., Grieco, S.F., Hou, X., Lin, L., Buchanan,
J., Tong, L., Preissl, S., Xu, X., et al. (2022). Single-cell epigenome anal-
ysis reveals age-associated decay of heterochromatin domains in excit-
atory neurons in the mouse brain. Cell Res. 32, 1008-1021. https://doi.
org/10.1038/s41422-022-00719-6.

Ganz, J., Luquette, L.J., Bizzotto, S., Miller, M.B., Zhou, Z., Bohrson,
C.L., Jin, H., Tran, A.V., Viswanadham, V.V., McDonough, G., et al.
(2024). Contrasting somatic mutation patterns in aging human neurons
and oligodendrocytes. Cell 187, 1955-1970.e23. https://doi.org/10.
1016/j.cell.2024.02.025.

Sankowski, R., Béttcher, C., Masuda, T., Geirsdottir, L., Sagar, S., Sin-
dram, E., Seredenina, T., Muhs, A., Scheiwe, C., Shah, M.J., et al.
(2019). Mapping microglia states in the human brain through the integra-
tion of high-dimensional techniques. Nat. Neurosci. 22, 2098-2110.
https://doi.org/10.1038/s41593-019-0532-y.

Hammond, T.R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wy-
soker, A., Walker, A.J., Gergits, F., Segel, M., Nemesh, J., et al. (2019).
Single-Cell RNA Sequencing of Microglia throughout the Mouse Lifespan
and in the Injured Brain Reveals Complex Cell-State Changes. Immunity
50, 253-271.e6. https://doi.org/10.1016/j.immuni.2018.11.004.

Sziraki, A., Lu, Z., Lee, J., Banyai, G., Anderson, S., Abdulraouf, A., Metz-
ner, E., Liao, A., Banfelder, J., Epstein, A., et al. (2023). A global view of
aging and Alzheimer’s pathogenesis-associated cell population dy-
namics and molecular signatures in human and mouse brains. Nat.
Genet. 55, 2104-2116. https://doi.org/10.1038/s41588-023-01572-y.

Kalamakis, G., Briine, D., Ravichandran, S., Bolz, J., Fan, W., Ziebell, F.,
Stiehl, T., Catala-Martinez, F., Kupke, J., Zhao, S., et al. (2019). Quies-
cence Modulates Stem Cell Maintenance and Regenerative Capacity in
the Aging Brain. Cell 176, 1407-1419.e14. https://doi.org/10.1016/j.
cell.2019.01.040.

Xie, X.P., Laks, D.R., Sun, D., Poran, A., Laughney, A.M., Wang, Z., Sam,
J., Belenguer, G., Farifias, I., Elemento, O., et al. (2020). High-resolution
mouse subventricular zone stem-cell niche transcriptome reveals fea-
tures of lineage, anatomy, and aging. Proc. Natl. Acad. Sci. USA 117,
31448-31458. https://doi.org/10.1073/pnas.2014389117.

Lu, Z., Zhang, M., Lee, J., Sziraki, A., Anderson, S., Zhang, Z., Xu, Z.,
Jiang, W., Ge, S., Nelson, P.T., et al. (2023). Tracking cell-type-specific
temporal dynamics in human and mouse brains. Cell 7186, 4345-
4364.e24. https://doi.org/10.1016/j.cell.2023.08.042.

Wu, C., Tu, T., Xie, M., Wang, Y., Yan, B., Gong, Y., Zhang, J., Zhou, X.,
and Xie, Z. (2024). Spatially resolved transcriptome of the aging mouse
brain. Aging Cell 23, e14109. https://doi.org/10.1111/acel.14109.

Neuron 713, January 8, 2025 101



https://doi.org/10.1016/j.nbd.2020.105008
https://doi.org/10.1016/j.nbd.2020.105008
https://doi.org/10.1016/j.celrep.2016.12.011
https://doi.org/10.1016/j.cell.2022.12.010
https://doi.org/10.1016/j.cell.2022.12.010
https://doi.org/10.1038/s41586-024-08334-8
https://doi.org/10.1038/s41582-023-00809-y
https://doi.org/10.1038/s41582-023-00809-y
https://doi.org/10.1016/j.arr.2020.101156
https://doi.org/10.1016/j.arr.2020.101156
https://doi.org/10.1146/annurev-biodatasci-020722-120642
https://doi.org/10.1146/annurev-biodatasci-020722-120642
https://doi.org/10.1038/s42255-020-0196-7
https://doi.org/10.1038/nature20411
https://doi.org/10.1038/s41586-019-1658-5
https://doi.org/10.1038/s41586-019-1658-5
https://doi.org/10.1038/s41593-022-01238-8
https://doi.org/10.1038/s41593-022-01238-8
https://doi.org/10.1111/gbb.12598
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref28
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref28
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref28
https://doi.org/10.1023/a:1011597420036
https://doi.org/10.3389/fgene.2012.00259
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref31
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref31
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref31
https://doi.org/10.1371/journal.pone.0209648
https://doi.org/10.1371/journal.pone.0209648
https://doi.org/10.1038/s41596-022-00752-0
https://doi.org/10.1038/s41596-022-00752-0
https://doi.org/10.1038/s41593-019-0491-3
https://doi.org/10.1038/s41593-019-0491-3
https://doi.org/10.1038/s43587-022-00246-4
https://doi.org/10.1038/s43587-022-00246-4
https://doi.org/10.1016/j.cell.2023.07.027
https://doi.org/10.1126/science.adi5199
https://doi.org/10.1038/s43587-022-00335-4
https://doi.org/10.1038/s43587-022-00335-4
https://doi.org/10.1038/s41422-022-00719-6
https://doi.org/10.1038/s41422-022-00719-6
https://doi.org/10.1016/j.cell.2024.02.025
https://doi.org/10.1016/j.cell.2024.02.025
https://doi.org/10.1038/s41593-019-0532-y
https://doi.org/10.1016/j.immuni.2018.11.004
https://doi.org/10.1038/s41588-023-01572-y
https://doi.org/10.1016/j.cell.2019.01.040
https://doi.org/10.1016/j.cell.2019.01.040
https://doi.org/10.1073/pnas.2014389117
https://doi.org/10.1016/j.cell.2023.08.042
https://doi.org/10.1111/acel.14109

¢? CellPress

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

102

OPEN ACCESS

Ayana, R., Zandecki, C., Van Houcke, J., Marién, V., Seuntjens, E., and
Arckens, L. (2024). Single-cell sequencing unveils the impact of aging
on the progenitor cell diversity in the telencephalon of the female killifish
N. furzeri. Aging Cell 23, e14251. https://doi.org/10.1111/acel.14251.

Chen, M.B., Yang, A.C., Yousef, H., Lee, D., Chen, W., Schaum, N., Le-
hallier, B., Quake, S.R., and Wyss-Coray, T. (2020). Brain Endothelial
Cells Are Exquisite Sensors of Age-Related Circulatory Cues. Cell Rep.
30, 4418-4432.e4. https://doi.org/10.1016/j.celrep.2020.03.012.

Mrdjen, D., Pavlovic, A., Hartmann, F.J., Schreiner, B., Utz, S.G.,
Leung, B.P., Lelios, I., Heppner, F.L., Kipnis, J., Merkler, D., et al.
(2018). High-Dimensional Single-Cell Mapping of Central Nervous
System Immune Cells Reveals Distinct Myeloid Subsets in Health, Ag-
ing, and Disease. Immunity 48, 380-395.e6. https://doi.org/10.1016/j.
immuni.2018.01.011.

Dani, N., Herbst, R.H., McCabe, C., Green, G.S., Kaiser, K., Head, J.P.,
Cui, J., Shipley, F.B., Jang, A., Dionne, D., et al. (2021). A cellular and
spatial map of the choroid plexus across brain ventricles and ages.
Cell 184, 3056-3074.e21. https://doi.org/10.1016/j.cell.2021.04.003.

Groh, J., Knépper, K., Arampatzi, P., Yuan, X., L6Blein, L., Saliba, A.E.,
Kastenmiiller, W., and Martini, R. (2021). Accumulation of cytotoxic
T cells in the aged CNS leads to axon degeneration and contributes to
cognitive and motor decline. Nat Aging 1, 357-367. https://doi.org/10.
1038/543587-021-00049-z.

Dulken, B.W., Buckley, M.T., Navarro Negredo, P., Saligrama, N., Cayrol,
R., Leeman, D.S., George, B.M., Boutet, S.C., Hebestreit, K., Pluvinage,
J.V,, et al. (2019). Single-cell analysis reveals T cell infiltration in old
neurogenic niches. Nature 577, 205-210. https://doi.org/10.1038/
s41586-019-1362-5.

Jin, W.N., Shi, K., He, W., Sun, J.H., Van Kaer, L., Shi, F.D., and Liu, Q.
(2021). Neuroblast senescence in the aged brain augments natural killer
cell cytotoxicity leading to impaired neurogenesis and cognition. Nat.
Neurosci. 24, 61-73. https://doi.org/10.1038/s41593-020-00745-w.

Molyneaux, B.J., Arlotta, P., Menezes, J.R.L., and Macklis, J.D. (2007).
Neuronal subtype specification in the cerebral cortex. Nat. Rev. Neuro-
sci. 8, 427-437. https://doi.org/10.1038/nrn2151.

Sternson, S.M. (2013). Hypothalamic survival circuits: blueprints for pur-
posive behaviors. Neuron 77, 810-824. https://doi.org/10.1016/j.neuron.
2013.02.018.

Chen, R., Wu, X,, Jiang, L., and Zhang, Y. (2017). Single-Cell RNA-Seq
Reveals Hypothalamic Cell Diversity. Cell Rep. 18, 3227-3241. https://
doi.org/10.1016/j.celrep.2017.03.004.

Li, M.L., Wu, S.H., Song, B., Yang, J., Fan, L.Y., Yang, Y., Wang, Y.C.,
Yang, J.H., and Xu, Y. (2022). Single-cell analysis reveals transcriptomic
reprogramming in aging primate entorhinal cortex and the relevance with
Alzheimer’s disease. Aging Cell 21, e13723. https://doi.org/10.1111/
acel.13723.

Buenrostro, J.D., Wu, B., Litzenburger, U.M., Ruff, D., Gonzales, M.L.,
Snyder, M.P., Chang, H.Y., and Greenleaf, W.J. (2015). Single-cell chro-
matin accessibility reveals principles of regulatory variation. Nature 523,
486-490. https://doi.org/10.1038/nature14590.

Preissl, S., Fang, R., Huang, H., Zhao, Y., Raviram, R., Gorkin, D.U.,
Zhang, Y., Sos, B.C., Afzal, V., Dickel, D.E., et al. (2018). Single-nu-
cleus analysis of accessible chromatin in developing mouse forebrain
reveals cell-type-specific transcriptional regulation. Nat. Neurosci. 27,
432-439. https://doi.org/10.1038/s41593-018-0079-3.

Pérez, R.F., Tezanos, P., Pefiarroya, A., Gonzalez-Ramon, A., Urdinguio,
R.G., Gancedo-Verdejo, J., Tejedor, J.R., Santamarina-Ojeda, P., Alba-
Linares, J.J., Sainz-Ledo, L., et al. (2024). A multiomic atlas of the aging
hippocampus reveals molecular changes in response to environmental
enrichment. Nat. Commun. 15, 5829. https://doi.org/10.1038/s41467-
024-49608-z.

Tan, L., Shi, J., Moghadami, S., Parasar, B., Wright, C.P., Seo, Y., Vallejo,
K., Cobos, I., Duncan, L., Chen, R., et al. (2023). Lifelong restructuring of
3D genome architecture in cerebellar granule cells. Science 387, 1112-
1119. https://doi.org/10.1126/science.adh32583.

Neuron 713, January 8, 2025

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Neuron

. Lodato, M.A., Rodin, R.E., Bohrson, C.L., Coulter, M.E., Barton, A.R.,
Kwon, M., Sherman, M.A., Vitzthum, C.M., Luquette, L.J., Yandava,
C.N., et al. (2018). Aging and neurodegeneration are associated with
increased mutations in single human neurons. Science 359, 555-559.
https://doi.org/10.1126/science.aao4426.

Pollina, E.A., Gilliam, D.T., Landau, A.T., Lin, C., Pajarillo, N., Davis, C.P.,
Harmin, D.A., Yap, E.L., Vogel, I.R., Griffith, E.C., et al. (2023). A NPAS4-
NuA4 complex couples synaptic activity to DNA repair. Nature 674,
732-741. https://doi.org/10.1038/s41586-023-05711-7.

Allen, N.J., and Lyons, D.A. (2018). Glia as architects of central nervous
system formation and function. Science 362, 181-185. https://doi.org/
10.1126/science.aat0473.

Rowitch, D.H., and Kriegstein, A.R. (2010). Developmental genetics of
vertebrate glial-cell specification. Nature 468, 214-222. https://doi.org/
10.1038/nature09611.

Poskanzer, K.E., and Molofsky, A.V. (2018). Dynamism of an Astrocyte
In Vivo: Perspectives on Identity and Function. Annu. Rev. Physiol. 80,
143-157. https://doi.org/10.1146/annurev-physiol-021317-121125.

Tomassy, G.S., Dershowitz, L.B., and Arlotta, P. (2016). Diversity Mat-
ters: A Revised Guide to Myelination. Trends Cell Biol. 26, 135-147.
https://doi.org/10.1016/j.tcb.2015.09.002.

Prinz, M., Jung, S., and Priller, J. (2019). Microglia Biology: One Century
of Evolving Concepts. Cell 179, 292-311. https://doi.org/10.1016/j.cell.
2019.08.058.

Nguyen, P.T., Dorman, L.C., Pan, S., Vainchtein, I.D., Han, R.T., Nakao-
Inoue, H., Taloma, S.E., Barron, J.J., Molofsky, A.B., Kheirbek, M.A.,
et al. (2020). Microglial Remodeling of the Extracellular Matrix Promotes
Synapse Plasticity. Cell 182, 388-403.e15. https://doi.org/10.1016/j.cell.
2020.05.050.

Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly,
A.R., Yamasaki, R., Ransohoff, R.M., Greenberg, M.E., Barres, B.A,,
and Stevens, B. (2012). Microglia sculpt postnatal neural circuits in an ac-
tivity and complement-dependent manner. Neuron 74, 691-705. https://
doi.org/10.1016/j.neuron.2012.03.026.

Tabula Muris Consortium (2020). A single-cell transcriptomic atlas char-
acterizes ageing tissues in the mouse. Nature 583, 590-595. https://doi.
org/10.1038/s41586-020-2496-1.

Kilfeather, P., Khoo, J.H., Wagner, K., Liang, H., Caiazza, M.C., An, Y.,
Zhang, X., Chen, X., Connor-Robson, N., Shang, Z., et al. (2024). Sin-
gle-cell spatial transcriptomic and translatomic profiling of dopaminergic
neurons in health, aging, and disease. Cell Rep. 43, 113784. https://doi.
org/10.1016/j.celrep.2024.113784.

Chapman, T.W., and Hill, R.A. (2020). Myelin plasticity in adulthood and
aging. Neurosci. Lett. 715, 134645.

Talma, N., Gerrits, E., Wang, B., Eggen, B.J.L., and Demaria, M. (2021).
Identification of distinct and age-dependent p169" microglia subtypes.
Aging Cell 20, e13450. https://doi.org/10.1111/acel.13450.

Patel, T., Carnwath, T.P., Wang, X., Allen, M., Lincoln, S.J., Lewis-Tuffin,
L.J., Quicksall, Z.S., Lin, S., Tutor-New, F.Q., Ho, C.C.G., et al. (2022).
Transcriptional landscape of human microglia implicates age, sex, and
APOE-related immunometabolic pathway perturbations. Aging Cell 217,
e€13606. https://doi.org/10.1111/acel.13606.

Marschallinger, J., Iram, T., Zardeneta, M., Lee, S.E., Lehallier, B., Haney,
M.S., Pluvinage, J.V., Mathur, V., Hahn, O., Morgens, D.W., et al. (2020).
Lipid-droplet-accumulating microglia represent a dysfunctional and
proinflammatory state in the aging brain. Nat. Neurosci. 23, 194-208.
https://doi.org/10.1038/s41593-019-0566-1.

Thrupp, N., Sala Frigerio, C., Wolfs, L., Skene, N.G., Fattorelli, N., Poova-
thingal, S., Fourne, Y., Matthews, P.M., Theys, T., Mancuso, R., et al.
(2020). Single-Nucleus RNA-Seq Is Not Suitable for Detection of Micro-
glial Activation Genes in Humans. Cell Rep. 32, 108189. https://doi.org/
10.1016/j.celrep.2020.108189.

Ogrodnik, M., Evans, S.A., Fielder, E., Victorelli, S., Kruger, P., Salmono-
wicz, H., Weigand, B.M., Patel, A.D., Pirtskhalava, T., Inman, C.L., et al.
(2021). Whole-body senescent cell clearance alleviates age-related brain


https://doi.org/10.1111/acel.14251
https://doi.org/10.1016/j.celrep.2020.03.012
https://doi.org/10.1016/j.immuni.2018.01.011
https://doi.org/10.1016/j.immuni.2018.01.011
https://doi.org/10.1016/j.cell.2021.04.003
https://doi.org/10.1038/s43587-021-00049-z
https://doi.org/10.1038/s43587-021-00049-z
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1038/s41593-020-00745-w
https://doi.org/10.1038/nrn2151
https://doi.org/10.1016/j.neuron.2013.02.018
https://doi.org/10.1016/j.neuron.2013.02.018
https://doi.org/10.1016/j.celrep.2017.03.004
https://doi.org/10.1016/j.celrep.2017.03.004
https://doi.org/10.1111/acel.13723
https://doi.org/10.1111/acel.13723
https://doi.org/10.1038/nature14590
https://doi.org/10.1038/s41593-018-0079-3
https://doi.org/10.1038/s41467-024-49608-z
https://doi.org/10.1038/s41467-024-49608-z
https://doi.org/10.1126/science.adh3253
https://doi.org/10.1126/science.aao4426
https://doi.org/10.1038/s41586-023-05711-7
https://doi.org/10.1126/science.aat0473
https://doi.org/10.1126/science.aat0473
https://doi.org/10.1038/nature09611
https://doi.org/10.1038/nature09611
https://doi.org/10.1146/annurev-physiol-021317-121125
https://doi.org/10.1016/j.tcb.2015.09.002
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1016/j.cell.2020.05.050
https://doi.org/10.1016/j.cell.2020.05.050
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1038/s41586-020-2496-1
https://doi.org/10.1038/s41586-020-2496-1
https://doi.org/10.1016/j.celrep.2024.113784
https://doi.org/10.1016/j.celrep.2024.113784
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref74
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref74
https://doi.org/10.1111/acel.13450
https://doi.org/10.1111/acel.13606
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.1016/j.celrep.2020.108189
https://doi.org/10.1016/j.celrep.2020.108189

Neuron

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

1.

92.

93.

94.

95.

inflammation and cognitive impairment in mice. Aging Cell 20, e13296.
https://doi.org/10.1111/acel.13296.

Alexandrov, L.B., Jones, P.H., Wedge, D.C., Sale, J.E., Campbell, P.J.,
Nik-Zainal, S., and Stratton, M.R. (2015). Clock-like mutational pro-
cesses in human somatic cells. Nat. Genet. 47, 1402-1407. https://doi.
org/10.1038/ng.3441.

Soto, J.S., Jami-Alahmadi, Y., Chacon, J., Moye, S.L., Diaz-Castro, B.,
Wohlschlegel, J.A., and Khakh, B.S. (2023). Astrocyte-neuron subpro-
teomes and obsessive-compulsive disorder mechanisms. Nature 6176,
764-773. https://doi.org/10.1038/s41586-023-05927-7.

Kijell, J., Fischer-Sternjak, J., Thompson, A.J., Friess, C., Sticco, M.J.,
Salinas, F., Cox, J., Martinelli, D.C., Ninkovic, J., Franze, K., et al.
(2020). Defining the Adult Neural Stem Cell Niche Proteome Identifies
Key Regulators of Adult Neurogenesis. Cell Stem Cell 26, 277-293.e8.
https://doi.org/10.1016/j.stem.2020.01.002.

Gage, F.H., and Temple, S. (2013). Neural stem cells: generating and re-
generating the brain. Neuron 80, 588-601. https://doi.org/10.1016/j.
neuron.2013.10.037.

Bond, A.M., Ming, G.L., and Song, H. (2015). Adult Mammalian Neural
Stem Cells and Neurogenesis: Five Decades Later. Cell Stem Cell 17,
385-395. https://doi.org/10.1016/j.stem.2015.09.003.

Silva-Vargas, V., Crouch, E.E., and Doetsch, F. (2013). Adult neural stem
cells and their niche: a dynamic duo during homeostasis, regeneration,
and aging. Curr. Opin. Neurobiol. 23, 935-942. https://doi.org/10.1016/
j.conb.2013.09.004.

Obernier, K., and Alvarez-Buylla, A. (2019). Neural stem cells: origin, het-
erogeneity and regulation in the adult mammalian brain. Development
146, dev156059. https://doi.org/10.1242/dev.156059.

Lois, C., and Alvarez-Buylla, A. (1994). Long-distance neuronal migration
in the adult mammalian brain. Science 264, 1145-1148. https://doi.org/
10.1126/science.8178174.

Tropepe, V., Craig, C.G., Morshead, C.M., and van der Kooy, D. (1997).
Transforming growth factor-alpha null and senescent mice show
decreased neural progenitor cell proliferation in the forebrain subepen-
dyma. J. Neurosci. 17, 7850-7859.

Enwere, E., Shingo, T., Gregg, C., Fujikawa, H., Ohta, S., and Weiss, S.
(2004). Aging results in reduced epidermal growth factor receptor
signaling, diminished olfactory neurogenesis, and deficits in fine olfactory
discrimination. J. Neurosci. 24, 8354-8365. https://doi.org/10.1523/
JNEUROSCI.2751-04.2004.

Gheusi, G., and Lledo, P.M. (2014). Adult neurogenesis in the olfactory
system shapes odor memory and perception. Prog. Brain Res. 208,
157-175. https://doi.org/10.1016/B978-0-444-63350-7.00006-1.

Cameron, H.A., Woolley, C.S., McEwen, B.S., and Gould, E. (1993). Dif-
ferentiation of newly born neurons and glia in the dentate gyrus of the
adult rat. Neuroscience 56, 337-344. https://doi.org/10.1016/0306-
4522(93)90335-d.

Kuhn, H.G., Dickinson-Anson, H., and Gage, F.H. (1996). Neurogenesis
in the dentate gyrus of the adult rat: age-related decrease of neuronal
progenitor proliferation. J. Neurosci. 16, 2027-20383. https://doi.org/10.
1523/JNEUROSCI.16-06-02027.1996.

Kempermann, G., Kuhn, H.G., and Gage, F.H. (1997). More hippocampal
neurons in adult mice living in an enriched environment. Nature 386,
493-495. https://doi.org/10.1038/386493a0.

Corsini, N.S., Sancho-Martinez, I., Laudenklos, S., Glagow, D., Kumar,
S., Letellier, E., Koch, P., Teodorczyk, M., Kleber, S., Klussmann, S.,
et al. (2009). The death receptor CD95 activates adult neural stem cells
for working memory formation and brain repair. Cell Stem Cell 5,
178-190. https://doi.org/10.1016/j.stem.2009.05.004.

Dupret, D., Revest, J.M., Koehl, M., Ichas, F., De Giorgi, F., Costet, P.,
Abrous, D.N., and Piazza, P.V. (2008). Spatial relational memory requires
hippocampal adult neurogenesis. PLOS One 3, e1959. https://doi.org/
10.1371/journal.pone.0001959.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

¢? CellPress

OPEN ACCESS

Deng, W., Aimone, J.B., and Gage, F.H. (2010). New neurons and new
memories: how does adult hippocampal neurogenesis affect learning
and memory? Nat. Rev. Neurosci. 77, 339-350. https://doi.org/10.
1038/nrn2822.

Navarro Negredo, P., Yeo, R.W., and Brunet, A. (2020). Aging and Reju-
venation of Neural Stem Cells and Their Niches. Cell Stem Cell 27,
202-223. https://doi.org/10.1016/j.stem.2020.07.002.

Seki, T., and Arai, Y. (1995). Age-related production of new granule cells
in the adult dentate gyrus. NeuroReport 6, 2479-2482. https://doi.org/10.
1097/00001756-199512150-00010.

Ben Abdallah, N.M.B., Slomianka, L., Vyssotski, A.L., and Lipp, H.P.
(2010). Early age-related changes in adult hippocampal neurogenesis
in C57 mice. Neurobiol. Aging 37, 151-161. https://doi.org/10.1016/j.
neurobiolaging.2008.03.002.

Sorrells, S.F., Paredes, M.F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kel-
ley, KW., James, D., Mayer, S., Chang, J., Auguste, K.I., et al. (2018). Hu-
man hippocampal neurogenesis drops sharply in children to undetect-
able levels in adults. Nature 555, 377-381. https://doi.org/10.1038/
nature25975.

Eriksson, P.S., Perfilieva, E., Bjérk-Eriksson, T., Alborn, A.M., Nordborg,
C., Peterson, D.A., and Gage, F.H. (1998). Neurogenesis in the adult hu-
man hippocampus. Nat. Med. 4, 1313-1317.

Moreno-Jiménez, E.P., Flor-Garcia, M., Terreros-Roncal, J., Rabano, A.,
Cafini, F., Pallas-Bazarra, N., Avila, J., and Llorens-Martin, M. (2019).
Adult hippocampal neurogenesis is abundant in neurologically healthy
subjects and drops sharply in patients with Alzheimer’s disease. Nat.
Med. 25, 554-560. https://doi.org/10.1038/s41591-019-0375-9.

Artegiani, B., Lyubimova, A., Muraro, M., van Es, J.H., van Oudenaarden,
A., and Clevers, H. (2017). A Single-Cell RNA Sequencing Study Reveals
Cellular and Molecular Dynamics of the Hippocampal Neurogenic Niche.
Cell Rep. 21, 3271-3284. https://doi.org/10.1016/j.celrep.2017.11.050.

Ibrayeva, A., Bay, M., Pu, E., Jérg, D.J., Peng, L., Jun, H., Zhang, N.,
Aaron, D., Lin, C., Resler, G., et al. (2021). Early stem cell aging in the
mature brain. Cell Stem Cell 28, 955-966.e7. https://doi.org/10.1016/.
stem.2021.03.018.

Vonk, W.I.M., Rainbolt, T.K., Dolan, P.T., Webb, A.E., Brunet, A., and
Frydman, J. (2020). Differentiation Drives Widespread Rewiring of the
Neural Stem Cell Chaperone Network. Mol. Cell 78, 329-345.e9.
https://doi.org/10.1016/j.molcel.2020.03.009.

Morrow, C.S., Porter, T.J., Xu, N., Arndt, Z.P., Ako-Asare, K., Heo, H.J.,
Thompson, E.A.N., and Moore, D.L. (2020). Vimentin Coordinates Protein
Turnover at the Aggresome during Neural Stem Cell Quiescence Exit.
Cell Stem Cell 26, 558-568.€9. https://doi.org/10.1016/j.stem.2020.
01.018.

Moore, D.L., Pilz, G.A., Aratizo-Bravo, M.J., Barral, Y., and Jessberger, S.
(2015). A mechanism for the segregation of age in mammalian neural
stem cells. Science 349, 1334-1338. https://doi.org/10.1126/science.
aac9868.

Leeman, D.S., Hebestreit, K., Ruetz, T., Webb, A.E., McKay, A., Pollina,
E.A., Dulken, B.W., Zhao, X., Yeo, R.W., Ho, T.T., et al. (2018). Lysosome
activation clears aggregates and enhances quiescent neural stem cell
activation during aging. Science 359, 1277-1283. https://doi.org/10.
1126/science.aag3048.

Gontier, G., lyer, M., Shea, J.M., Bieri, G., Wheatley, E.G., Ramalho-San-
tos, M., and Villeda, S.A. (2018). Tet2 Rescues Age-Related Regenerative
Decline and Enhances Cognitive Function in the Adult Mouse Brain. Cell
Rep. 22, 1974-1981. https://doi.org/10.1016/j.celrep.2018.02.001.

Lupo, G., Nisi, P.S., Esteve, P., Paul, Y.L., Novo, C.L., Sidders, B., Khan,
M.A., Biagioni, S., Liu, H.K., Bovolenta, P., et al. (2018). Molecular
profiling of aged neural progenitors identifies Dbx2 as a candidate regu-
lator of age-associated neurogenic decline. Aging Cell 77, e12745.
https://doi.org/10.1111/acel.12745.

Yeo, R.W., Zhou, O.Y., Zhong, B.L., Sun, E.D., Navarro Negredo, P., Nair,
S., Sharmin, M., Ruetz, T.J., Wilson, M., Kundaje, A., et al. (2023). Chro-
matin accessibility dynamics of neurogenic niche cells reveal defects in

Neuron 713, January 8, 2025 103



https://doi.org/10.1111/acel.13296
https://doi.org/10.1038/ng.3441
https://doi.org/10.1038/ng.3441
https://doi.org/10.1038/s41586-023-05927-7
https://doi.org/10.1016/j.stem.2020.01.002
https://doi.org/10.1016/j.neuron.2013.10.037
https://doi.org/10.1016/j.neuron.2013.10.037
https://doi.org/10.1016/j.stem.2015.09.003
https://doi.org/10.1016/j.conb.2013.09.004
https://doi.org/10.1016/j.conb.2013.09.004
https://doi.org/10.1242/dev.156059
https://doi.org/10.1126/science.8178174
https://doi.org/10.1126/science.8178174
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref88
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref88
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref88
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref88
https://doi.org/10.1523/JNEUROSCI.2751-04.2004
https://doi.org/10.1523/JNEUROSCI.2751-04.2004
https://doi.org/10.1016/B978-0-444-63350-7.00006-1
https://doi.org/10.1016/0306-4522(93)90335-d
https://doi.org/10.1016/0306-4522(93)90335-d
https://doi.org/10.1523/JNEUROSCI.16-06-02027.1996
https://doi.org/10.1523/JNEUROSCI.16-06-02027.1996
https://doi.org/10.1038/386493a0
https://doi.org/10.1016/j.stem.2009.05.004
https://doi.org/10.1371/journal.pone.0001959
https://doi.org/10.1371/journal.pone.0001959
https://doi.org/10.1038/nrn2822
https://doi.org/10.1038/nrn2822
https://doi.org/10.1016/j.stem.2020.07.002
https://doi.org/10.1097/00001756-199512150-00010
https://doi.org/10.1097/00001756-199512150-00010
https://doi.org/10.1016/j.neurobiolaging.2008.03.002
https://doi.org/10.1016/j.neurobiolaging.2008.03.002
https://doi.org/10.1038/nature25975
https://doi.org/10.1038/nature25975
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref101
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref101
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref101
https://doi.org/10.1038/s41591-019-0375-9
https://doi.org/10.1016/j.celrep.2017.11.050
https://doi.org/10.1016/j.stem.2021.03.018
https://doi.org/10.1016/j.stem.2021.03.018
https://doi.org/10.1016/j.molcel.2020.03.009
https://doi.org/10.1016/j.stem.2020.01.018
https://doi.org/10.1016/j.stem.2020.01.018
https://doi.org/10.1126/science.aac9868
https://doi.org/10.1126/science.aac9868
https://doi.org/10.1126/science.aag3048
https://doi.org/10.1126/science.aag3048
https://doi.org/10.1016/j.celrep.2018.02.001
https://doi.org/10.1111/acel.12745

¢? CellPress

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

OPEN ACCESS

neural stem cell adhesion and migration during aging. Nat Aging 3,
866-893. https://doi.org/10.1038/s43587-023-00449-3.

Zhao, X., Fisher, E.S., Wang, Y., Zuloaga, K., Manley, L., and Temple, S.
(2022). 4D imaging analysis of the aging mouse neural stem cell niche re-
veals a dramatic loss of progenitor cell dynamism regulated by the RHO-
ROCK pathway. Stem Cell Rep. 17, 245-258. https://doi.org/10.1016/.
stemcr.2021.12.007.

Wu, Y., Bottes, S., Fisch, R., Zehnder, C., Cole, J.D., Pilz, G.A., Helm-
chen, F., Simons, B.D., and Jessberger, S. (2023). Chronic in vivo imag-
ing defines age-dependent alterations of neurogenesis in the mouse
hippocampus. Nat Aging 3, 380-390. https://doi.org/10.1038/s43587-
023-00370-9.

Kremer, L.P.M., Cerrizuela, S., EI-Sammak, H., Al Shukairi, M.E., Ellinger,
T., Straub, J., Korkmaz, A., Volk, K., Brunken, J., Kleber, S., et al. (2024).
DNA methylation controls stemness of astrocytes in health and
ischaemia. Nature 634, 415-423. https://doi.org/10.1038/s41586-024-
07898-9.

Chaker, Z., Codega, P., and Doetsch, F. (2016). A mosaic world: puzzles
revealed by adult neural stem cell heterogeneity. Wiley Interdiscip. Rev.
Dev. Biol. 5, 640-658. https://doi.org/10.1002/wdev.248.

Zywitza, V., Misios, A., Bunatyan, L., Willnow, T.E., and Rajewsky, N.
(2018). Single-Cell Transcriptomics Characterizes Cell Types in the Sub-
ventricular Zone and Uncovers Molecular Defects Impairing Adult Neuro-
genesis. Cell Rep. 25, 2457-2469.e8. https://doi.org/10.1016/j.celrep.
2018.11.003.

Cebrian-Silla, A., Nascimento, M.A., Redmond, S.A., Mansky, B., Wu,
D., Obernier, K., Romero Rodriguez, R., Gonzalez-Granero, S., Gar-
cia-Verdugo, J.M., Lim, D.A., et al. (2021). Single-cell analysis of the
ventricular-subventricular zone reveals signatures of dorsal and
ventral adult neurogenesis. elLife 70, e67436. https://doi.org/10.
7554/eLife.67436.

Mizrak, D., Levitin, H.M., Delgado, A.C., Crotet, V., Yuan, J., Chaker, Z.,
Silva-Vargas, V., Sims, P.A., and Doetsch, F. (2019). Single-Cell Analysis
of Regional Differences in Adult V-SVZ Neural Stem Cell Lineages. Cell
Rep. 26, 394-406.e5. https://doi.org/10.1016/j.celrep.2018.12.044.

Chaker, Z., Segalada, C., Kretz, J.A., Acar, |.E., Delgado, A.C., Crotet, V.,
Moor, A.E., and Doetsch, F. (2023). Pregnancy-responsive pools of adult
neural stem cells for transient neurogenesis in mothers. Science 382,
958-963. https://doi.org/10.1126/science.abo5199.

Zhou, Y., Su, Y., Li, S., Kennedy, B.C., Zhang, D.Y., Bond, A.M., Sun, Y.,
Jacob, F., Lu, L., Hu, P., et al. (2022). Molecular landscapes of human
hippocampal immature neurons across lifespan. Nature 607, 527-533.
https://doi.org/10.1038/s41586-022-04912-w.

Wang, W., Wang, M., Yang, M., Zeng, B., Qiu, W., Ma, Q., Jing, X., Zhang,
Q., Wang, B., Yin, C., etal. (2022). Transcriptome dynamics of hippocam-
pal neurogenesis in macaques across the lifespan and aged humans.
Cell Res. 32, 729-743. https://doi.org/10.1038/s41422-022-00678-y.

Franjic, D., Skarica, M., Ma, S., Arellano, J.I., Tebbenkamp, A.T.N., Choi,
J., Xu, C., Li, Q., Morozov, Y.M., Andrijevic, D., et al. (2022). Transcrip-
tomic taxonomy and neurogenic trajectories of adult human, macaque,
and pig hippocampal and entorhinal cells. Neuron 770, 452-469.e14.
https://doi.org/10.1016/j.neuron.2021.10.036.

Tosoni, G., Ayyildiz, D., Bryois, J., Macnair, W., Fitzsimons, C.P., Lucas-
sen, P.J., and Salta, E. (2023). Mapping human adult hippocampal neuro-
genesis with single-cell transcriptomics: Reconciling controversy or
fueling the debate? Neuron 7717, 1714-1731.e3. https://doi.org/10.
1016/j.neuron.2023.03.010.

Donega, V., van der Geest, A.T., Sluijs, J.A., van Dijk, R.E., Wang, C.C.,
Basak, O., Pasterkamp, R.J., and Hol, E.M. (2022). Single-cell profiling
of human subventricular zone progenitors identifies SFRP1 as a target
to re-activate progenitors. Nat. Commun. 73, 1036. https://doi.org/10.
1038/s41467-022-28626-9.

Baig, S., Nadaf, J., Allache, R., Le, P.U., Luo, M., Djedid, A., Nkili-
Meyong, A., Safisamghabadi, M., Prat, A., Antel, J., et al. (2024). Identity
and nature of neural stem cells in the adult human subventricular zone.
iScience 27, 109342, https://doi.org/10.1016/}.isci.2024.109342.

104 Neuron 713, January 8, 2025

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Neuron

Villeda, S.A., Plambeck, K.E., Middeldorp, J., Castellano, J.M., Mosher,
K.l., Luo, J., Smith, L.K., Bieri, G., Lin, K., Berdnik, D., et al. (2014). Young
blood reverses age-related impairments in cognitive function and synap-
tic plasticity in mice. Nat. Med. 20, 659-663. https://doi.org/10.1038/
nm.3569.

Iram, T., Kern, F., Kaur, A., Myneni, S., Morningstar, A.R., Shin, H., Gar-
cia, M.A., Yerra, L., Palovics, R., Yang, A.C., et al. (2022). Young CSF re-
stores oligodendrogenesis and memory in aged mice via Fgf17. Nature
605, 509-515. https://doi.org/10.1038/s41586-022-04722-0.

Lin, A., Peiris, N.J., Dhaliwal, H., Hakim, M., Li, W., Ganesh, S., Ramasw-
amy, Y., Patel, S., and Misra, A. (2021). Mural Cells: Potential Therapeutic
Targets to Bridge Cardiovascular Disease and Neurodegeneration. Cells
10, 593. https://doi.org/10.3390/cells10030593.

Lun, M.P., Monuki, E.S., and Lehtinen, M.K. (2015). Development and
functions of the choroid plexus-cerebrospinal fluid system. Nat. Rev.
Neurosci. 16, 445-457. https://doi.org/10.1038/nrn3921.

Rustenhoven, J., and Kipnis, J. (2022). Brain borders at the central stage
of neuroimmunology. Nature 672, 417-429. https://doi.org/10.1038/
s41586-022-05474-7.

Kiss, T., Nyul-Téth, A., Balasubramanian, P., Tarantini, S., Ahire, C., Del-
Favero, J., Yabluchanskiy, A., Csipo, T., Farkas, E., Wiley, G., et al.
(2020). Single-cell RNA sequencing identifies senescent cerebromicro-
vascular endothelial cells in the aged mouse brain. GeroScience 42,
429-444. https://doi.org/10.1007/s11357-020-00177-1.

Drieu, A., Du, S., Storck, S.E., Rustenhoven, J., Papadopoulos, Z., Dyk-
stra, T., Zhong, F., Kim, K., Blackburn, S., Mamuladze, T., et al. (2022).
Parenchymal border macrophages regulate the flow dynamics of the ce-
rebrospinal fluid. Nature 677, 585-593. https://doi.org/10.1038/s41586-
022-05397-3.

Wang, C.H., Zhang, C., and Xing, X.H. (2016). Xanthine dehydrogenase:
An old enzyme with new knowledge and prospects. Bioengineered 7,
395-405. https://doi.org/10.1080/21655979.2016.1206168.

Yang, A.C., Stevens, M.Y., Chen, M.B., Lee, D.P., Stahli, D., Gate,
D., Contrepois, K., Chen, W., Iram, T., Zhang, L., et al. (2020). Phys-
iological blood-brain transport is impaired with age by a shift in
transcytosis. Nature 583, 425-430. https://doi.org/10.1038/s41586-
020-2453-z.

Carrasco, E., Gémez de Las Heras, M.M., Gabandé-Rodriguez, E., Des-
din-Mico, G., Aranda, J.F., and Mittelbrunn, M. (2022). The role of T cells
in age-related diseases. Nat. Rev. Immunol. 22, 97-111. https://doi.org/
10.1038/s41577-021-00557-4.

Kaya, T., Mattugini, N., Liu, L., Ji, H., Cantuti-Castelvetri, L., Wu, J., Schif-
ferer, M., Groh, J., Martini, R., Besson-Girard, S., et al. (2022). CD8*
T cells induce interferon-responsive oligodendrocytes and microglia in
white matter aging. Nat. Neurosci. 25, 1446-1457. https://doi.org/10.
1038/s41593-022-01183-6.

Piehl, N., van Olst, L., Ramakrishnan, A., Teregulova, V., Simonton, B.,
Zhang, Z., Tapp, E., Channappa, D., Oh, H., Losada, P.M., et al.
(2022). Cerebrospinal fluid immune dysregulation during healthy brain
aging and cognitive impairment. Cell 185, 5028-5039.e13. https://doi.
org/10.1016/j.cell.2022.11.019.

Liston, A., and Gray, D.H.D. (2014). Homeostatic control of regulatory
T cell diversity. Nat. Rev. Immunol. 74, 154-165. https://doi.org/10.
1038/nri3605.

Yshii, L., Pasciuto, E., Bielefeld, P., Mascali, L., Lemaitre, P., Marino, M.,
Dooley, J., Kouser, L., Verschoren, S., Lagou, V., et al. (2022). Astrocyte-
targeted gene delivery of interleukin 2 specifically increases brain-resi-
dent regulatory T cell numbers and protects against pathological neuro-
inflammation. Nat. Immunol. 23, 878-891. https://doi.org/10.1038/
s41590-022-01208-z.

Lemaitre, P., Tareen, S.H., Pasciuto, E., Mascali, L., Martirosyan, A., Call-
aerts-Vegh, Z., Poovathingal, S., Dooley, J., Holt, M.G., Yshii, L., et al.
(2023). Molecular and cognitive signatures of ageing partially restored
through synthetic delivery of IL2 to the brain. EMBO Mol. Med. 15,
e€16805. https://doi.org/10.15252/emmm.202216805.


https://doi.org/10.1038/s43587-023-00449-3
https://doi.org/10.1016/j.stemcr.2021.12.007
https://doi.org/10.1016/j.stemcr.2021.12.007
https://doi.org/10.1038/s43587-023-00370-9
https://doi.org/10.1038/s43587-023-00370-9
https://doi.org/10.1038/s41586-024-07898-9
https://doi.org/10.1038/s41586-024-07898-9
https://doi.org/10.1002/wdev.248
https://doi.org/10.1016/j.celrep.2018.11.003
https://doi.org/10.1016/j.celrep.2018.11.003
https://doi.org/10.7554/eLife.67436
https://doi.org/10.7554/eLife.67436
https://doi.org/10.1016/j.celrep.2018.12.044
https://doi.org/10.1126/science.abo5199
https://doi.org/10.1038/s41586-022-04912-w
https://doi.org/10.1038/s41422-022-00678-y
https://doi.org/10.1016/j.neuron.2021.10.036
https://doi.org/10.1016/j.neuron.2023.03.010
https://doi.org/10.1016/j.neuron.2023.03.010
https://doi.org/10.1038/s41467-022-28626-9
https://doi.org/10.1038/s41467-022-28626-9
https://doi.org/10.1016/j.isci.2024.109342
https://doi.org/10.1038/nm.3569
https://doi.org/10.1038/nm.3569
https://doi.org/10.1038/s41586-022-04722-0
https://doi.org/10.3390/cells10030593
https://doi.org/10.1038/nrn3921
https://doi.org/10.1038/s41586-022-05474-7
https://doi.org/10.1038/s41586-022-05474-7
https://doi.org/10.1007/s11357-020-00177-1
https://doi.org/10.1038/s41586-022-05397-3
https://doi.org/10.1038/s41586-022-05397-3
https://doi.org/10.1080/21655979.2016.1206168
https://doi.org/10.1038/s41586-020-2453-z
https://doi.org/10.1038/s41586-020-2453-z
https://doi.org/10.1038/s41577-021-00557-4
https://doi.org/10.1038/s41577-021-00557-4
https://doi.org/10.1038/s41593-022-01183-6
https://doi.org/10.1038/s41593-022-01183-6
https://doi.org/10.1016/j.cell.2022.11.019
https://doi.org/10.1016/j.cell.2022.11.019
https://doi.org/10.1038/nri3605
https://doi.org/10.1038/nri3605
https://doi.org/10.1038/s41590-022-01208-z
https://doi.org/10.1038/s41590-022-01208-z
https://doi.org/10.15252/emmm.202216805

Neuron

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Gullotta, G.S., De Feo, D., Friebel, E., Semerano, A., Scotti, G.M., Berga-
maschi, A., Butti, E., Brambilla, E., Genchi, A., Capotondo, A., et al.
(2023). Age-induced alterations of granulopoiesis generate atypical neu-
trophils that aggravate stroke pathology. Nat. Immunol. 24, 925-940.
https://doi.org/10.1038/s41590-023-01505-1.

Zhang, X., Pearsall, V.M., Carver, C.M., Atkinson, E.J., Clarkson, B.D.S.,
Grund, E.M., Baez-Faria, M., Pavelko, K.D., Kachergus, J.M., White, T.A.,
et al. (2022). Rejuvenation of the aged brain immune cell landscape in
mice through p16-positive senescent cell clearance. Nat. Commun.
13, 5671.

Chen, X., Firulyova, M., Manis, M., Herz, J., Smirnov, I., Aladyeva, E.,
Wang, C., Bao, X., Finn, M.B., Hu, H., et al. (2023). Microglia-mediated
T cell infiltration drives neurodegeneration in tauopathy. Nature 615,
668-677. https://doi.org/10.1038/s41586-023-05788-0.

Kaneko, R., Matsui, A., Watanabe, M., Harada, Y., Kanamori, M., Awata,
N., Kawazoe, M., Takao, T., Kobayashi, Y., Kikutake, C., et al. (2023).
Increased neutrophils in inflammatory bowel disease accelerate the
accumulation of amyloid plaques in the mouse model of Alzheimer’s dis-
ease. Inflamm. Regen. 43, 20. https://doi.org/10.1186/s41232-023-
00257-7.

Sun, W., Liu, Z., Jiang, X., Chen, M.B., Dong, H., Liu, J., Stidhof, T.C., and
Quake, S.R. (2024). Spatial transcriptomics reveal neuron-astrocyte syn-
ergy in long-term memory. Nature 627, 374-381. https://doi.org/10.
1038/s41586-023-07011-6.

Ling, E., Nemesh, J., Goldman, M., Kamitaki, N., Reed, N., Handsaker,
R.E., Genovese, G., Vogelgsang, J.S., Gerges, S., Kashin, S., et al.
(2024). A concerted neuron-astrocyte program declines in ageing and
schizophrenia. Nature 627, 604-611. hitps://doi.org/10.1038/s41586-
024-07109-5.

Pfrieger, F.W., and Ungerer, N. (2011). Cholesterol metabolism in neu-
rons and astrocytes. Prog. Lipid Res. 50, 357-371. https://doi.org/10.
1016/j.plipres.2011.06.002.

Sun, E.D., Ma, R., Navarro Negredo, P., Brunet, A., and Zou, J. (2024).
TISSUE: uncertainty-calibrated prediction of single-cell spatial transcrip-
tomics improves downstream analyses. Nat. Methods 27, 444-454.
https://doi.org/10.1038/s41592-024-02184-y.

De Andrea, M., Ravera, R., Gioia, D., Gariglio, M., and Landolfo, S. (2002).
The interferon system: an overview. discussion A55-8. Eur. J. Paediatr.
Neurol. 6, A41-A46. https://doi.org/10.1053/ejpn.2002.0573.

Kasahara, T., Hooks, J.J., Dougherty, S.F., and Oppenheim, J.J. (1983).
Interleukin 2-mediated immune interferon (IFN-gamma) production by
human T cells and T cell subsets. J. Immunol. 730, 1784-1789.

Paliard, X., de Waal Malefijt, R., Yssel, H., Blanchard, D., Chrétien, I.,
Abrams, J., de Vries, J., and Spits, H. (1988). Simultaneous production
of IL-2, IL-4, and IFN-gamma by activated human CD4+ and CD8+
T cell clones. J. Immunol. 747, 849-855.

Wang, X., Aimet, A.A., and Nie, Q. (2023). The promising application of
cell-cell interaction analysis in cancer from single-cell and spatial tran-
scriptomics. Semin. Cancer Biol. 95, 42-51. https://doi.org/10.1016/j.
semcancer.2023.07.001.

Liu, Z., Sun, D., and Wang, C. (2022). Evaluation of cell-cell interaction
methods by integrating single-cell RNA sequencing data with spatial in-
formation. Genome Biol. 23, 218. https://doi.org/10.1186/s13059-022-
02783-y.

dJin, S., Guerrero-Juarez, C.F., Zhang, L., Chang, I., Ramos, R., Kuan,
C.H., Myung, P., Plikus, M.V., and Nie, Q. (2021). Inference and analysis
of cell-cell communication using CellChat. Nat. Commun. 72, 1088.
https://doi.org/10.1038/s41467-021-21246-9.

Liu, L., Kim, S., Buckley, M.T., Reyes, J.M., Kang, J., Tian, L., Wang, M.,
Lieu, A., Mao, M., Rodriguez-Mateo, C., et al. (2023). Exercise repro-
grams the inflammatory landscape of multiple stem cell compartments
during mammalian aging. Cell Stem Cell 30, 689-705.e4. https://doi.
org/10.1016/j.stem.2023.03.016.

Efremova, M., Vento-Tormo, M., Teichmann, S.A., and Vento-Tormo, R.
(2020). CellPhoneDB: inferring cell-cell communication from combined

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

¢? CellPress

OPEN ACCESS

expression of multi-subunit ligand-receptor complexes. Nat. Protoc.
15, 1484-1506. https://doi.org/10.1038/s41596-020-0292-x.

Browaeys, R., Saelens, W., and Saeys, Y. (2020). NicheNet: modeling
intercellular communication by linking ligands to target genes. Nat.
Methods 77, 159-162. https://doi.org/10.1038/s41592-019-0667-5.

Dong, Y., Jain, R.W., Lozinski, B.M., D’Mello, C., Visser, F., Ghorbani, S.,
Zandee, S., Brown, D.l., Prat, A., Xue, M., et al. (2022). Single-cell and
spatial RNA sequencing identify perturbators of microglial functions
with aging. Nat Aging 2, 508-525. https://doi.org/10.1038/s43587-022-
00205-z.

Wang, Y., Wang, R., Zhang, S., Song, S., Jiang, C., Han, G., Wang, M.,
Ajani, J., Futreal, A., and Wang, L. (2019). iTALK: an R Package to Char-
acterize and lllustrate Intercellular Communication. Preprint at bioRxiv.
https://doi.org/10.1101/507871.

Song, H., Stevens, C.F., and Gage, F.H. (2002). Astroglia induce neuro-
genesis from adult neural stem cells. Nature 477, 39-44. https://doi.
org/10.1038/417039a.

Shetty, A.K., Hattiangady, B., and Shetty, G.A. (2005). Stem/progenitor
cell proliferation factors FGF-2, IGF-1, and VEGF exhibit early decline
during the course of aging in the hippocampus: role of astrocytes. Glia
51, 173-186. https://doi.org/10.1002/glia.20187.

Kirby, E.D., Kuwahara, A.A., Messer, R.L., and Wyss-Coray, T. (2015).
Adult hippocampal neural stem and progenitor cells regulate the neuro-
genic niche by secreting VEGF. Proc. Natl. Acad. Sci. USA 112, 4128-
4133. https://doi.org/10.1073/pnas. 1422448112,

Dause, T.J., Denninger, J.K., Osap, R., Walters, A.E., Rieskamp, J.D.,
and Kirby, E.D. (2024). Autocrine VEGF drives neural stem cell proximity
to the adult hippocampus vascular niche. Life Sci. Alliance 7,
€202402659. https://doi.org/10.26508/Isa.202402659.

Ashton, R.S., Conway, A., Pangarkar, C., Bergen, J., Lim, K.I., Shah, P.,
Bissell, M., and Schaffer, D.V. (2012). Astrocytes regulate adult hippo-
campal neurogenesis through ephrin-B signaling. Nat. Neurosci. 15,
1399-1406. https://doi.org/10.1038/nn.3212.

Morgner, J., Ghatak, S., Jakobi, T., Dieterich, C., Aumailley, M., and
Wickstrom, S.A. (2015). Integrin-linked kinase regulates the niche of
quiescent epidermal stem cells. Nat. Commun. 6, 8198. https://doi.org/
10.1038/ncomms9198.

Zhou, Y., Bond, A.M., Shade, J.E., Zhu, Y., Davis, C.O., Wang, X., Su, Y.,
Yoon, K.J., Phan, A.T., Chen, W.J., et al. (2018). Autocrine Mfge8
Signaling Prevents Developmental Exhaustion of the Adult Neural Stem
Cell Pool. Cell Stem Cell 23, 444-452.e4. https://doi.org/10.1016/].
stem.2018.08.005.

Mira, H., Andreu, Z., Suh, H., Lie, D.C., Jessberger, S., Consiglio, A., San
Emeterio, J., Hortigliela, R., Marqués-Torrejon, M.A., Nakashima, K.,
et al. (2010). Signaling through BMPR-IA regulates quiescence and
long-term activity of neural stem cells in the adult hippocampus. Cell
Stem Cell 7, 78-89. https://doi.org/10.1016/j.stem.2010.04.016.

Zhang, M., Eichhorn, S.W., Zingg, B., Yao, Z., Cotter, K., Zeng, H., Dong,
H., and Zhuang, X. (2021). Spatially resolved cell atlas of the mouse pri-
mary motor cortex by MERFISH. Nature 598, 137-143. https://doi.org/
10.1038/s41586-021-03705-x.

Zhang, D., Deng, Y., Kukanja, P., Agirre, E., Bartosovic, M., Dong, M.,
Ma, C.,Ma, S., Su, G., Bao, S., et al. (2023). Spatial epigenome-transcrip-
tome co-profiling of mammalian tissues. Nature 616, 113-122. https://
doi.org/10.1038/s41586-023-05795-1.

Androvic, P., Schifferer, M., Perez Anderson, K., Cantuti-Castelvetri, L.,
Jiang, H., Ji, H., Liu, L., Gouna, G., Berghoff, S.A., Besson-Girard, S.,
et al. (2023). Spatial Transcriptomics-correlated Electron Microscopy
maps transcriptional and ultrastructural responses to brain injury. Nat.
Commun. 14, 4115.

Zeng, B., Liu, Z., Lu, Y., Zhong, S., Qin, S., Huang, L., Zeng, Y., Li, Z,,
Dong, H., Shi, Y., et al. (2023). The single-cell and spatial transcriptional
landscape of human gastrulation and early brain development. Cell Stem
Cell 30, 851-866.e7. https://doi.org/10.1016/j.stem.2023.04.016.

Neuron 713, January 8, 2025 105



https://doi.org/10.1038/s41590-023-01505-1
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref142
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref142
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref142
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref142
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref142
https://doi.org/10.1038/s41586-023-05788-0
https://doi.org/10.1186/s41232-023-00257-7
https://doi.org/10.1186/s41232-023-00257-7
https://doi.org/10.1038/s41586-023-07011-6
https://doi.org/10.1038/s41586-023-07011-6
https://doi.org/10.1038/s41586-024-07109-5
https://doi.org/10.1038/s41586-024-07109-5
https://doi.org/10.1016/j.plipres.2011.06.002
https://doi.org/10.1016/j.plipres.2011.06.002
https://doi.org/10.1038/s41592-024-02184-y
https://doi.org/10.1053/ejpn.2002.0573
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref150
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref150
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref150
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref151
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref151
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref151
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref151
https://doi.org/10.1016/j.semcancer.2023.07.001
https://doi.org/10.1016/j.semcancer.2023.07.001
https://doi.org/10.1186/s13059-022-02783-y
https://doi.org/10.1186/s13059-022-02783-y
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.1016/j.stem.2023.03.016
https://doi.org/10.1016/j.stem.2023.03.016
https://doi.org/10.1038/s41596-020-0292-x
https://doi.org/10.1038/s41592-019-0667-5
https://doi.org/10.1038/s43587-022-00205-z
https://doi.org/10.1038/s43587-022-00205-z
https://doi.org/10.1101/507871
https://doi.org/10.1038/417039a
https://doi.org/10.1038/417039a
https://doi.org/10.1002/glia.20187
https://doi.org/10.1073/pnas.1422448112
https://doi.org/10.26508/lsa.202402659
https://doi.org/10.1038/nn.3212
https://doi.org/10.1038/ncomms9198
https://doi.org/10.1038/ncomms9198
https://doi.org/10.1016/j.stem.2018.08.005
https://doi.org/10.1016/j.stem.2018.08.005
https://doi.org/10.1016/j.stem.2010.04.016
https://doi.org/10.1038/s41586-021-03705-x
https://doi.org/10.1038/s41586-021-03705-x
https://doi.org/10.1038/s41586-023-05795-1
https://doi.org/10.1038/s41586-023-05795-1
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref170
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref170
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref170
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref170
http://refhub.elsevier.com/S0896-6273(24)00885-7/sref170
https://doi.org/10.1016/j.stem.2023.04.016

¢? CellPress

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

106

OPEN ACCESS

Ma, S., Sun, S., Geng, L., Song, M., Wang, W., Ye, Y., Ji, Q., Zou, Z.,
Wang, S., He, X., et al. (2020). Caloric Restriction Reprograms the
Single-Cell Transcriptional Landscape of Rattus Norvegicus Aging. Cell
180, 984-1001.e22. https://doi.org/10.1016/j.cell.2020.02.008.

Sun, S., Ma, S., Cai, Y., Wang, S., Ren, J., Yang, Y., Ping, J., Wang, X.,
Zhang, Y., Yan, H., et al. (2023). A single-cell transcriptomic atlas of ex-
ercise-induced anti-inflammatory and geroprotective effects across the
body. Innovation (Camb.) 4, 100380. https://doi.org/10.1016/j.xinn.
2023.100380.

Chauquet, S., Willis, E.F., Grice, L., Harley, S.B.R., Powell, J.E., Wray,
N.R., Nguyen, Q., Ruitenberg, M.J., Shah, S., and Vukovic, J. (2024). Ex-
ercise rejuvenates microglia and reverses T cell accumulation in the aged
female mouse brain. Aging Cell 23, e14172. https://doi.org/10.1111/
acel.14172.

Ximerakis, M., Holton, K.M., Giadone, R.M., Ozek, C., Saxena, M., San-
tiago, S., Adiconis, X., Dionne, D., Nguyen, L., Shah, K.M., et al. (2023).
Heterochronic parabiosis reprograms the mouse brain transcriptome
by shifting aging signatures in multiple cell types. Nat Aging 3,
327-345. https://doi.org/10.1038/s43587-023-00373-6.

Pélovics, R., Keller, A., Schaum, N., Tan, W., Fehimann, T., Borja, M.,
Kern, F., Bonanno, L., Calcuttawala, K., Webber, J., et al. (2022). Molec-
ular hallmarks of heterochronic parabiosis at single-cell resolution. Na-
ture 603, 309-314. https://doi.org/10.1038/s41586-022-04461-2.

Ma, S., Wang, S., Ye, Y., Ren, J., Chen, R., Li, W., Li, J., Zhao, L., Zhao,
Q., Sun, G, et al. (2022). Heterochronic parabiosis induces stem cell revi-
talization and systemic rejuvenation across aged tissues. Cell Stem Cell
29, 990-1005.e10. https://doi.org/10.1016/j.stem.2022.04.017.

Xu, L., Ramirez-Matias, J., Hauptschein, M., Sun, E.D., Lunger, J.C.,
Buckley, M.T., and Brunet, A. (2024). Restoration of neuronal progenitors
by partial reprogramming in the aged neurogenic niche. Nat Aging 4,
546-567. https://doi.org/10.1038/s43587-024-00594-3.

Li, Z., Chen, X., Vong, J.S.L., Zhao, L., Huang, J., Yan, L.Y.C., Ip, B.,
Wing, Y.K., Lai, H.M., Mok, V.C.T., et al. (2021). Systemic GLP-1R
agonist treatment reverses mouse glial and neurovascular cell transcrip-
tomic aging signatures in a genome-wide manner. Commun. Biol. 4, 656.
https://doi.org/10.1038/s42003-021-02208-9.

Fontana, L., and Partridge, L. (2015). Promoting health and longevity
through diet: from model organisms to humans. Cell 161, 106-118.
https://doi.org/10.1016/j.cell.2015.02.020.

Mattson, M.P., Longo, V.D., and Harvie, M. (2017). Impact of intermittent
fasting on health and disease processes. Ageing Res. Rev. 39, 46-58.
https://doi.org/10.1016/j.arr.2016.10.005.

Brunet, A., Goodell, M.A., and Rando, T.A. (2023). Ageing and rejuvena-
tion of tissue stem cells and their niches. Nat. Rev. Mol. Cell Biol. 24,
45-62. https://doi.org/10.1038/s41580-022-00510-w.

Rebelo-Marques, A., De Sousa Lages, A., Andrade, R., Ribeiro, C.F.,
Mota-Pinto, A., Carrilho, F., and Espregueira-Mendes, J. (2018). Aging
Hallmarks: The Benefits of Physical Exercise. Front. Endocrinol. (Lau-
sanne) 9, 258. https://doi.org/10.3389/fendo.2018.00258.

Barnes, J.N. (2015). Exercise, cognitive function, and aging. Adv. Physiol.
Educ. 39, 55-62. https://doi.org/10.1152/advan.00101.2014.

Garcia-Valles, R., Gomez-Cabrera, M.C., Rodriguez-Manas, L., Garcia-
Garcia, F.J., Diaz, A., Noguera, |., Olaso-Gonzalez, G., and Vifa, J.
(2013). Life-long spontaneous exercise does not prolong lifespan but im-
proves health span in mice. Longev. Healthspan. 2, 14. https://doi.org/
10.1186/2046-2395-2-14.

van Praag, H., Shubert, T., Zhao, C., and Gage, F.H. (2005). Exercise
enhances learning and hippocampal neurogenesis in aged mice.
J. Neurosci. 25, 8680-8685. https://doi.org/10.1523/JNEUROSCI.
1731-05.2005.

van Praag, H. (2008). Neurogenesis and exercise: past and future direc-
tions. NeuroMolecular Med. 70, 128-140. https://doi.org/10.1007/
$12017-008-8028-z.

Yu, D., Li, M., Linghu, G., Hu, Y., Hajdarovic, K.H., Wang, A., Singh, R.,
and Webb, A.E. (2023). CellBiAge: Improved single-cell age classification

Neuron 713, January 8, 2025

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Neuron

using data binarization. Cell Rep. 42, 113500. https://doi.org/10.1016/.
celrep.2023.113500.

Conboy, M.J., Conboy, I.M., and Rando, T.A. (2013). Heterochronic para-
biosis: historical perspective and methodological considerations for
studies of aging and longevity. Aging Cell 12, 525-530. https://doi.org/
10.1111/acel.12065.

Pluvinage, J.V., and Wyss-Coray, T. (2020). Systemic factors as media-
tors of brain homeostasis, ageing and neurodegeneration. Nat. Rev. Neu-
rosci. 21, 93-102. https://doi.org/10.1038/s41583-019-0255-9.

Conboy, I.M., Conboy, M.J., Wagers, A.J., Girma, E.R., Weissman, I.L.,
and Rando, T.A. (2005). Rejuvenation of aged progenitor cells by expo-
sure to a young systemic environment. Nature 433, 760-764. https://
doi.org/10.1038/nature03260.

Horowitz, A.M., Fan, X., Bieri, G., Smith, L.K., Sanchez-Diaz, C..,
Schroer, A.B., Gontier, G., Casaletto, K.B., Kramer, J.H., Williams,
K.E., et al. (2020). Blood factors transfer beneficial effects of exercise
on neurogenesis and cognition to the aged brain. Science 369,
167-173. https://doi.org/10.1126/science.aaw2622.

De Miguel, Z., Khoury, N., Betley, M.J., Lehallier, B., Willoughby, D., Ols-
son, N., Yang, A.C., Hahn, O., Lu, N., Vest, R.T., et al. (2021). Exercise
plasma boosts memory and dampens brain inflammation via clusterin.
Nature 600, 494-499. https://doi.org/10.1038/s41586-021-04183-x.

Rando, T.A., and Chang, H.Y. (2012). Aging, rejuvenation, and epigenetic
reprogramming: resetting the aging clock. Cell 7148, 46-57. https://doi.
org/10.1016/j.cell.2012.01.003.

Ocampo, A., Reddy, P., Martinez-Redondo, P., Platero-Luengo, A., Ha-
tanaka, F., Hishida, T., Li, M., Lam, D., Kurita, M., Beyret, E., et al. (2016).
In Vivo Amelioration of Age-Associated Hallmarks by Partial Reprogram-
ming. Cell 167, 1719-1733.e12. https://doi.org/10.1016/j.cell.2016.
11.052.

Paine, P.T., Nguyen, A., and Ocampo, A. (2024). Partial cellular reprog-
ramming: A deep dive into an emerging rejuvenation technology. Aging
Cell 23, e14039. https://doi.org/10.1111/acel.14039.

Rodriguez-Matellan, A., Alcazar, N., Hernandez, F., Serrano, M., and
Avila, J. (2020). In Vivo Reprogramming Ameliorates Aging Features in
Dentate Gyrus Cells and Improves Memory in Mice. Stem Cell Rep. 15,
1056-1066. https://doi.org/10.1016/j.stemcr.2020.09.010.

Seo, J.H,, Lee, M.Y,, Yu, J.H., Kim, M.S., Song, M., Seo, C.H., Kim, H.H.,
and Cho, S.R. (2016). In Situ Pluripotency Factor Expression Promotes
Functional Recovery From Cerebral Ischemia. Mol. Ther. 24, 1538-
1549. https://doi.org/10.1038/mt.2016.124.

Neumann, B., Segel, M., Ghosh, T., Zhao, C., Tourlomousis, P., Young,
A., Forster, S., Sharma, A., Chen, C.Z.Y., Cubillos, J.F., et al. (2021).
Myc determines the functional age state of oligodendrocyte progenitor
cells. Nat Aging 7, 826-837. https://doi.org/10.1038/s43587-021-
00109-4.

Lu, Y., Brommer, B., Tian, X., Krishnan, A., Meer, M., Wang, C., Vera,
D.L., Zeng, Q., Yu, D., Bonkowski, M.S., et al. (2020). Reprogramming
to recover youthful epigenetic information and restore vision. Nature
588, 124-129. https://doi.org/10.1038/s41586-020-2975-4.

Tamanini, S., Comi, G.P., and Corti, S. (2018). In Vivo Transient and Par-
tial Cell Reprogramming to Pluripotency as a Therapeutic Tool for Neuro-
degenerative Diseases. Mol. Neurobiol. 55, 6850-6862. https://doi.org/
10.1007/s12035-018-0888-0.

Li, H., and Chen, G. (2016). In Vivo Reprogramming for CNS Repair: Re-
generating Neurons from Endogenous Glial Cells. Neuron 97, 728-738.
https://doi.org/10.1016/j.neuron.2016.08.004.

Parras, A., Vilchez-Acosta, A., Desdin-Mico, G., Pico, S., Mrabti, C.,
Montenegro-Borbolla, E., Maroun, C.Y., Haghani, A., Brooke, R., Del
Carmen Maza, M., et al. (2023). In vivo reprogramming leads to prema-
ture death linked to hepatic and intestinal failure. Nat Aging 3, 1509-
1520. https://doi.org/10.1038/s43587-023-00528-5.

Selvarani, R., Mohammed, S., and Richardson, A. (2021). Effect of rapa-
mycin on aging and age-related diseases-past and future. GeroScience
43, 1135-1158. https://doi.org/10.1007/s11357-020-00274-1.


https://doi.org/10.1016/j.cell.2020.02.008
https://doi.org/10.1016/j.xinn.2023.100380
https://doi.org/10.1016/j.xinn.2023.100380
https://doi.org/10.1111/acel.14172
https://doi.org/10.1111/acel.14172
https://doi.org/10.1038/s43587-023-00373-6
https://doi.org/10.1038/s41586-022-04461-2
https://doi.org/10.1016/j.stem.2022.04.017
https://doi.org/10.1038/s43587-024-00594-3
https://doi.org/10.1038/s42003-021-02208-9
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.1016/j.arr.2016.10.005
https://doi.org/10.1038/s41580-022-00510-w
https://doi.org/10.3389/fendo.2018.00258
https://doi.org/10.1152/advan.00101.2014
https://doi.org/10.1186/2046-2395-2-14
https://doi.org/10.1186/2046-2395-2-14
https://doi.org/10.1523/JNEUROSCI.1731-05.2005
https://doi.org/10.1523/JNEUROSCI.1731-05.2005
https://doi.org/10.1007/s12017-008-8028-z
https://doi.org/10.1007/s12017-008-8028-z
https://doi.org/10.1016/j.celrep.2023.113500
https://doi.org/10.1016/j.celrep.2023.113500
https://doi.org/10.1111/acel.12065
https://doi.org/10.1111/acel.12065
https://doi.org/10.1038/s41583-019-0255-9
https://doi.org/10.1038/nature03260
https://doi.org/10.1038/nature03260
https://doi.org/10.1126/science.aaw2622
https://doi.org/10.1038/s41586-021-04183-x
https://doi.org/10.1016/j.cell.2012.01.003
https://doi.org/10.1016/j.cell.2012.01.003
https://doi.org/10.1016/j.cell.2016.11.052
https://doi.org/10.1016/j.cell.2016.11.052
https://doi.org/10.1111/acel.14039
https://doi.org/10.1016/j.stemcr.2020.09.010
https://doi.org/10.1038/mt.2016.124
https://doi.org/10.1038/s43587-021-00109-4
https://doi.org/10.1038/s43587-021-00109-4
https://doi.org/10.1038/s41586-020-2975-4
https://doi.org/10.1007/s12035-018-0888-0
https://doi.org/10.1007/s12035-018-0888-0
https://doi.org/10.1016/j.neuron.2016.08.004
https://doi.org/10.1038/s43587-023-00528-5
https://doi.org/10.1007/s11357-020-00274-1

Neuron

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Castner, S.A., Gupta, S., Wang, D., Moreno, A.J., Park, C., Chen, C.,
Poon, Y., Groen, A., Greenberg, K., David, N., et al. (2023). Longevity fac-
tor klotho enhances cognition in aged nonhuman primates. Nat Aging 3,
931-937. https://doi.org/10.1038/s43587-023-00441-x.

Widjaja, A.A., Lim, W.W., Viswanathan, S., Chothani, S., Corden, B., Da-
san, C.M., Goh, J.W.T., Lim, R., Singh, B.K., Tan, J., et al. (2024). Inhibi-
tion of IL-11 signalling extends mammalian healthspan and lifespan. Na-
ture 632, 157-165. https://doi.org/10.1038/s41586-024-07701-9.

Kreiner, F.F., von Scholten, B.J., Kurtzhals, P., and Gough, S.C.L. (2023).
Glucagon-like peptide-1 receptor agonists to expand the healthy life-
span: Current and future potentials. Aging Cell 22, €13818. https://doi.
org/10.1111/acel.13818.

Reich, N., and Hoélscher, C. (2022). The neuroprotective effects of
glucagon-like peptide 1 in Alzheimer’s and Parkinson’s disease: An in-
depth review. Front. Neurosci. 16, 970925. https://doi.org/10.3389/
fnins.2022.970925.

Yousef, H., Morgenthaler, A., Schlesinger, C., Bugaj, L., Conboy, .M.,
and Schaffer, D.V. (2015). Age-Associated Increase in BMP Signaling In-
hibits Hippocampal Neurogenesis. Stem Cells 33, 1577-1588. https://
doi.org/10.1002/stem.1943.

Chaker, Z., Aid, S., Berry, H., and Holzenberger, M. (2015). Suppression
of IGF-I signals in neural stem cells enhances neurogenesis and olfactory
function during aging. Aging Cell 74, 847-856. https://doi.org/10.1111/
acel.12365.

Molofsky, A.V., Slutsky, S.G., Joseph, N.M., He, S., Pardal, R., Krish-
namurthy, J., Sharpless, N.E., and Morrison, S.J. (2006). Increasing
p16INK4a expression decreases forebrain progenitors and neurogen-
esis during ageing. Nature 443, 448-452. https://doi.org/10.1038/
nature05091.

Zhang, R., Boareto, M., Engler, A., Louvi, A., Giachino, C., Iber, D., and
Taylor, V. (2019). Id4 Downstream of Notch2 Maintains Neural Stem
Cell Quiescence in the Adult Hippocampus. Cell Rep. 28, 1485-
1498.e6. https://doi.org/10.1016/j.celrep.2019.07.014.

Bedrosian, T.A., Houtman, J., Eguiguren, J.S., Ghassemzadeh, S., Rund,
N., Novaresi, N.M., Hu, L., Parylak, S.L., Denli, A.M., Randolph-Moore,
L., etal. (2021). Lamin B1 decline underlies age-related loss of adult hip-
pocampal neurogenesis. EMBO J. 40, e105819. https://doi.org/10.
15252/embj.2020105819.

McAvoy, K.M., Scobie, K.N., Berger, S., Russo, C., Guo, N., Decharata-
nachart, P., Vega-Ramirez, H., Miake-Lye, S., Whalen, M., Nelson, M.,
et al. (2016). Modulating Neuronal Competition Dynamics in the Dentate
Gyrus to Rejuvenate Aging Memory Circuits. Neuron 97, 1356-1373.
https://doi.org/10.1016/j.neuron.2016.08.009.

Wang, C.L., Ohkubo, R., Mu, W.C., Chen, W., Fan, J.L., Song, Z., Marui-
chi, A., Sudmant, P.H., Pisco, A.O., Dubal, D.B., et al. (2023). The mito-
chondrial unfolded protein response regulates hippocampal neural
stem cell aging. Cell Metab. 35, 996-1008.e7. https://doi.org/10.1016/].
cmet.2023.04.012.

Petrelli, F., Scandella, V., Montessuit, S., Zamboni, N., Martinou, J.C.,
and Knobloch, M. (2023). Mitochondrial pyruvate metabolism regulates
the activation of quiescent adult neural stem cells. Sci. Adv. 9,
eadd5220. https://doi.org/10.1126/sciadv.add5220.

Ruetz, T.J., Pogson, A.N., Kashiwagi, C.M., Gagnon, S.D., Morton, B.,
Sun, E.D., Na, J., Yeo, R.W., Leeman, D.S., Morgens, D.W., et al.
(2024). CRISPR-Cas9 screens reveal regulators of ageing in neural
stem cells. Nature 634, 1150-1159. hitps://doi.org/10.1038/s41586-
024-07972-2.

Shin, J., Berg, D.A., Zhu, Y., Shin, J.Y., Song, J., Bonaguidi, M.A., Eniko-
lopov, G., Nauen, D.W., Christian, K.M., Ming, G.L., et al. (2015). Single-
Cell RNA-Seq with Waterfall Reveals Molecular Cascades underlying
Adult Neurogenesis. Cell Stem Cell 17, 360-372. https://doi.org/10.
1016/j.stem.2015.07.013.

Baruch, K., Deczkowska, A., David, E., Castellano, J.M., Miller, O., Ker-
tser, A., Berkutzki, T., Barnett-ltzhaki, Z., Bezalel, D., Wyss-Coray, T.,
et al. (2014). Aging. Aging-induced type | interferon response at the
choroid plexus negatively affects brain function. Science 346, 89-93.
https://doi.org/10.1126/science.1252945.

220.

221.

222,

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

¢? CellPress

OPEN ACCESS

Hutton, C.P., Déry, N., Rosa, E., Lemon, J.A., Rollo, C.D., Boreham, D.R.,
Fahnestock, M., deCatanzaro, D., Wojtowicz, J.M., and Becker, S.
(2015). Synergistic effects of diet and exercise on hippocampal function
in chronically stressed mice. Neuroscience 308, 180-193. https://doi.
org/10.1016/j.neuroscience.2015.09.005.

Fabel, K., Wolf, S.A., Ehninger, D., Babu, H., Leal-Galicia, P., and Kem-
permann, G. (2009). Additive effects of physical exercise and environ-
mental enrichment on adult hippocampal neurogenesis in mice. Front.
Neurosci. 3, 50. https://doi.org/10.3389/neuro.22.002.2009.

Yook, J.S., Rakwal, R., Shibato, J., Takahashi, K., Koizumi, H., Shima, T.,
Ikemoto, M.J., Oharomari, L.K., McEwen, B.S., and Soya, H. (2019). Lep-
tin in hippocampus mediates benefits of mild exercise by an antioxidant
on neurogenesis and memory. Proc. Natl. Acad. Sci. USA 116, 10988-
10993. https://doi.org/10.1073/pnas.1815197116.

Mehdipour, M., Etienne, J., Chen, C.C., Gathwala, R., Rehman, M., Kato,
C., Liu, C., Liu, Y., Zuo, Y., Conboy, M.J., et al. (2019). Rejuvenation of
brain, liver and muscle by simultaneous pharmacological modulation of
two signaling determinants, that change in opposite directions with
age. Aging (Albany, NY) 11, 5628-5645. https://doi.org/10.18632/ag-
ing.102148.

Escher, C.E., Asken, B.M., VandeBunte, A., Fonseca, C., You, M.,
Kramer, J.H., and Casaletto, K.B. (2023). Roles of physical activity and
diet in cognitive aging: is more better? Clin. Neuropsychol. 37,
286-303. https://doi.org/10.1080/13854046.2022.2060867.

Peters, M.E., and Gardner, R.C. (2018). Traumatic brain injury in older
adults: do we need a different approach? Concussion 3, CNC56.
https://doi.org/10.2217/cnc-2018-0001.

Yoo, J.W., Hong, B.Y., Jo, L., Kim, J.S., Park, J.G., Shin, B.K., and Lim,
S.H. (2020). Effects of Age on Long-Term Functional Recovery in Patients
with Stroke. Medicina (Kaunas) 56, 451. https://doi.org/10.3390/me-
dicina56090451.

Kugler, C., Altenhoner, T., Lochner, P., and Ferbert, A.; Hessian Stroke
Data Bank Study Group ASH (2003). Does age influence early recovery
from ischemic stroke? A study from the Hessian Stroke Data Bank.
J. Neurol. 250, 676-681. https://doi.org/10.1007/s00415-003-1054-8.

Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-
Szternfeld, R., Ulland, T.K., David, E., Baruch, K., Lara-Astaiso, D.,
Toth, B., et al. (2017). A Unique Microglia Type Associated with Restrict-
ing Development of Alzheimer’s Disease. Cell 169, 1276-1290.e17.
https://doi.org/10.1016/j.cell.2017.05.018.

Mathys, H., Davila-Velderrain, J., Peng, Z., Gao, F., Mohammadi, S.,
Young, J.Z., Menon, M., He, L., Abdurrob, F., Jiang, X., et al. (2019). Sin-
gle-cell transcriptomic analysis of Alzheimer’'s disease. Nature 570,
332-337. https://doi.org/10.1038/s41586-019-1195-2.

Cain, A, Taga, M., McCabe, C., Green, G.S., Hekselman, |., White, C.C.,
Lee, D.l., Gaur, P., Rozenblatt-Rosen, O., Zhang, F., et al. (2023). Multi-
cellular communities are perturbed in the aging human brain and Alz-
heimer’s disease. Nat. Neurosci. 26, 1267-1280. https://doi.org/10.
1038/s41593-023-01356-x.

Green, G.S., Fujita, M., Yang, H.S., Taga, M., Cain, A., McCabe, C., Co-
mandante-Lou, N., White, C.C., Schmidtner, A.K., Zeng, L., et al. (2024).
Cellular communities reveal trajectories of brain ageing and Alzheimer’s
disease. Nature 633, 634-645. https://doi.org/10.1038/s41586-024-
07871-6.

Kearns, N.A., latrou, A., Flood, D.J., De Tissera, S., Mullaney, Z.M., Xu, J.,
Gaiteri, C., Bennett, D.A., and Wang, Y. (2023). Dissecting the human lep-
tomeninges at single-cell resolution. Nat. Commun. 74, 7036. https://doi.
org/10.1038/s41467-023-42825-y.

Yang, A.C., Vest, R.T., Kern, F., Lee, D.P., Agam, M., Maat, C.A., Losada,
P.M., Chen, M.B., Schaum, N., Khoury, N., et al. (2022). A human brain
vascular atlas reveals diverse mediators of Alzheimer’s risk. Nature
603, 885-892. https://doi.org/10.1038/s41586-021-04369-3.

Bryant, A., Li, Z., Jayakumar, R., Serrano-Pozo, A., Woost, B., Hu, M.,
Woodbury, M.E., Wachter, A, Lin, G., Kwon, T., et al. (2023). Endothelial
Cells Are Heterogeneous in Different Brain Regions and Are Dramatically
Altered in Alzheimer’s Disease. J. Neurosci. 43, 4541-4557. https://doi.
org/10.1523/JNEUROSCI.0237-23.2023.

Neuron 713, January 8, 2025 107



https://doi.org/10.1038/s43587-023-00441-x
https://doi.org/10.1038/s41586-024-07701-9
https://doi.org/10.1111/acel.13818
https://doi.org/10.1111/acel.13818
https://doi.org/10.3389/fnins.2022.970925
https://doi.org/10.3389/fnins.2022.970925
https://doi.org/10.1002/stem.1943
https://doi.org/10.1002/stem.1943
https://doi.org/10.1111/acel.12365
https://doi.org/10.1111/acel.12365
https://doi.org/10.1038/nature05091
https://doi.org/10.1038/nature05091
https://doi.org/10.1016/j.celrep.2019.07.014
https://doi.org/10.15252/embj.2020105819
https://doi.org/10.15252/embj.2020105819
https://doi.org/10.1016/j.neuron.2016.08.009
https://doi.org/10.1016/j.cmet.2023.04.012
https://doi.org/10.1016/j.cmet.2023.04.012
https://doi.org/10.1126/sciadv.add5220
https://doi.org/10.1038/s41586-024-07972-2
https://doi.org/10.1038/s41586-024-07972-2
https://doi.org/10.1016/j.stem.2015.07.013
https://doi.org/10.1016/j.stem.2015.07.013
https://doi.org/10.1126/science.1252945
https://doi.org/10.1016/j.neuroscience.2015.09.005
https://doi.org/10.1016/j.neuroscience.2015.09.005
https://doi.org/10.3389/neuro.22.002.2009
https://doi.org/10.1073/pnas.1815197116
https://doi.org/10.18632/aging.102148
https://doi.org/10.18632/aging.102148
https://doi.org/10.1080/13854046.2022.2060867
https://doi.org/10.2217/cnc-2018-0001
https://doi.org/10.3390/medicina56090451
https://doi.org/10.3390/medicina56090451
https://doi.org/10.1007/s00415-003-1054-8
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1038/s41586-019-1195-2
https://doi.org/10.1038/s41593-023-01356-x
https://doi.org/10.1038/s41593-023-01356-x
https://doi.org/10.1038/s41586-024-07871-6
https://doi.org/10.1038/s41586-024-07871-6
https://doi.org/10.1038/s41467-023-42825-y
https://doi.org/10.1038/s41467-023-42825-y
https://doi.org/10.1038/s41586-021-04369-3
https://doi.org/10.1523/JNEUROSCI.0237-23.2023
https://doi.org/10.1523/JNEUROSCI.0237-23.2023

¢? CellPress

235.

236.

237.

238.

239.

240.

241.

242.

243.

OPEN ACCESS

Walchli, T., Ghobrial, M., Schwab, M., Takada, S., Zhong, H., Sunthara-
lingham, S., Vetiska, S., Gonzalez, D.R., Wu, R., Rehrauer, H., et al.
(2024). Single-cell atlas of the human brain vasculature across develop-
ment, adulthood and disease. Nature 632, 603-613. https://doi.org/10.
1038/s41586-024-074983-y.

Kenigsbuch, M., Bost, P., Halevi, S., Chang, Y., Chen, S., Ma, Q., Hajbi,
R., Schwikowski, B., Bodenmiller, B., Fu, H., et al. (2022). A shared dis-
ease-associated oligodendrocyte signature among multiple CNS pathol-
ogies. Nat. Neurosci. 25, 876-886. https://doi.org/10.1038/s41593-022-
01104-7.

Jin, C., Shi, Y., Shi, L., Leak, R.K., Zhang, W., Chen, K., Ye, Q., Hassan,
S., Lyu, J., Hu, X., et al. (2023). Leveraging single-cell RNA sequencing to
unravel the impact of aging on stroke recovery mechanisms in mice.
Proc. Natl. Acad. Sci. USA 120, e2300012120. https://doi.org/10.1073/
pnas.2300012120.

Li, B., Zhang, W., Guo, C., Xu, H., Li, L., Fang, M., Hu, Y., Zhang, X., Yao,
X., Tang, M., et al. (2022). Benchmarking spatial and single-cell transcrip-
tomics integration methods for transcript distribution prediction and cell
type deconvolution. Nat. Methods 79, 662-670. https://doi.org/10.1038/
s41592-022-01480-9.

de Bakker, D.E.M., and Valenzano, D.R. (2023). Turquoise killifish: A nat-
ural model of age-dependent brain degeneration. Ageing Res. Rev. 90,
102019. https://doi.org/10.1016/j.arr.2023.102019.

Hu, C.K., and Brunet, A. (2018). The African turquoise killifish: A research
organism to study vertebrate aging and diapause. Aging Cell 17, e12757.
https://doi.org/10.1111/acel.12757.

Van Houcke, J., Marién, V., Zandecki, C., Ayana, R., Pepermans, E., Boo-
nen, K., Seuntjens, E., Baggerman, G., and Arckens, L. (2023). A short
dasatinib and quercetin treatment is sufficient to reinstate potent adult
neuroregenesis in the aged killifish. NPJ Regen. Med. 8, 31. https://doi.
org/10.1038/s41536-023-00304-4.

McKay, A., Costa, E.K., Chen, J., Hu, C.K., Chen, X., Bedbrook, C.N.,
Khondker, R.C., Thielvoldt, M., Priya Singh, P., Wyss-Coray, T., et al.
(2022). An automated feeding system for the African killifish reveals the
impact of diet on lifespan and allows scalable assessment of associative
learning. eLife 771, e69008. https://doi.org/10.7554/eLife.69008.

Terzibasi, E., Lefrangois, C., Domenici, P., Hartmann, N., Graf, M., and
Cellerino, A. (2009). Effects of dietary restriction on mortality and age-

108 Neuron 7173, January 8, 2025

244,

245,

246.

247.

248.

249.

250.

251.

Neuron

related phenotypes in the short-lived fish Nothobranchius furzeri. Aging
Cell 8, 88-99. https://doi.org/10.1111/j.1474-9726.2009.00455.x.

Harel, I., Benayoun, B.A., Machado, B., Singh, P.P., Hu, C.K., Pech, M.F.,
Valenzano, D.R., Zhang, E., Sharp, S.C., Artandi, S.E., et al. (2015). A
platform for rapid exploration of aging and diseases in a naturally
short-lived vertebrate. Cell 760, 1013-1026. https://doi.org/10.1016/].
cell.2015.01.038.

Bedbrook, C.N., Nath, R.D., Nagvekar, R., Deisseroth, K., and Brunet, A.
(2023). Rapid and precise genome engineering in a naturally short-lived
vertebrate. eLife 72, e80639. https://doi.org/10.7554/eLife.80639.

Krug, J., Perner, B., Albertz, C., Morl, H., Hopfenmiiller, V.L., and Englert,
C. (2023). Generation of a transparent killifish line through multiplex
CRISPR/Cas9mediated gene inactivation. eLife 12, e81549. https://doi.
org/10.7554/eLife.81549.

Pitrez, P.R., Monteiro, L.M., Borgogno, O., Nissan, X., Mertens, J., and
Ferreira, L. (2024). Cellular reprogramming as a tool to model human ag-
ing in a dish. Nat. Commun. 75, 1816. https://doi.org/10.1038/s41467-
024-46004-5.

Li, E., and Kampmann, M. (2023). Toward a CRISPR understanding of
gene function in human brain development. Cell Stem Cell 30, 1561-
1562. https://doi.org/10.1016/j.stem.2023.11.005.

Saurat, N., Minotti, A.P., Rahman, M.T., Sikder, T., Zhang, C., Cornac-
chia, D., Jungverdorben, J., Ciceri, G., Betel, D., and Studer, L. (2024).
Genome-wide CRISPR screen identifies neddylation as a regulator of
neuronal aging and AD neurodegeneration. Cell Stem Cell 37, 1162-
1174.e8. https://doi.org/10.1016/j.stem.2024.06.001.

Mertens, J., Paquola, A.C.M., Ku, M., Hatch, E., Béhnke, L., Ladje-
vardi, S., McGrath, S., Campbell, B., Lee, H., Herdy, J.R., et al.
(2015). Directly Reprogrammed Human Neurons Retain Aging-
Associated Transcriptomic Signatures and Reveal Age-Related Nu-
cleocytoplasmic Defects. Cell Stem Cell 77, 705-718. https://doi.
org/10.1016/j.stem.2015.09.001.

Quist, E., Trovato, F., Avaliani, N., Zetterdahl, O.G., Gonzalez-Ramos, A.,
Hansen, M.G., Kokaia, M., Canals, I., and Ahlenius, H. (2022). Transcrip-
tion factor-based direct conversion of human fibroblasts to functional as-
trocytes. Stem Cell Rep. 17, 1620-1635. https://doi.org/10.1016/j.
stemcr.2022.05.015.


https://doi.org/10.1038/s41586-024-07493-y
https://doi.org/10.1038/s41586-024-07493-y
https://doi.org/10.1038/s41593-022-01104-7
https://doi.org/10.1038/s41593-022-01104-7
https://doi.org/10.1073/pnas.2300012120
https://doi.org/10.1073/pnas.2300012120
https://doi.org/10.1038/s41592-022-01480-9
https://doi.org/10.1038/s41592-022-01480-9
https://doi.org/10.1016/j.arr.2023.102019
https://doi.org/10.1111/acel.12757
https://doi.org/10.1038/s41536-023-00304-4
https://doi.org/10.1038/s41536-023-00304-4
https://doi.org/10.7554/eLife.69008
https://doi.org/10.1111/j.1474-9726.2009.00455.x
https://doi.org/10.1016/j.cell.2015.01.038
https://doi.org/10.1016/j.cell.2015.01.038
https://doi.org/10.7554/eLife.80639
https://doi.org/10.7554/eLife.81549
https://doi.org/10.7554/eLife.81549
https://doi.org/10.1038/s41467-024-46004-5
https://doi.org/10.1038/s41467-024-46004-5
https://doi.org/10.1016/j.stem.2023.11.005
https://doi.org/10.1016/j.stem.2024.06.001
https://doi.org/10.1016/j.stem.2015.09.001
https://doi.org/10.1016/j.stem.2015.09.001
https://doi.org/10.1016/j.stemcr.2022.05.015
https://doi.org/10.1016/j.stemcr.2022.05.015

	Brain aging and rejuvenation at single-cell resolution
	Introduction
	Single-cell omics technologies used to study brain aging
	Aging of specific brain cell types
	Neuronal cell types
	Transcriptomic changes in neurons and heterogeneity across subtypes and regions
	Epigenomic changes in neurons: chromatin accessibility and genome architecture
	Accumulation of somatic mutations in neurons

	Glial cell types
	Neural stem and progenitor cells
	Cell types of the brain’s borders
	Infiltrating and peripheral immune cell types
	T cells infiltrate the brain with age
	Other infiltrating immune cells in the brain


	Interactions between cell types during aging
	Decrease in synaptic neuron-astrocyte program with aging
	Potential influence of NSCs on other cells
	Impact of T cells on microglia and oligodendrocytes
	Infiltrating immune cells affect NSCs and neuroblasts
	Putative cell-cell interactions predicted from single-cell omics
	Spatial dependencies between aging of brain cell types

	Interventions for rejuvenating cell types of the brain
	Dietary interventions
	Exercise
	Circulating blood factors
	Partial reprogramming
	Other rejuvenating strategies

	The specific case of regenerative cell types for rejuvenation
	Toward combinatorial rejuvenation interventions for the brain
	Link between brain aging and injury and disease
	How to model brain aging
	Conclusions and outlook
	Acknowledgments
	Author contributions
	Declaration of interests
	References


