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Molecular Neurodegeneration

Mechanisms of astrocyte aging in reactivity 
and disease
Holly K. Gildea1* and Shane A. Liddelow1,2,3,4,5*   

Abstract 

Normal aging alters brain functions and phenotypes. However, it is not well understood how astrocytes are impacted 
by aging, nor how they contribute to neuronal dysfunction and disease risk as organisms age. Here, we examine 
the transcriptional, cell biology, and functional differences in astrocytes across normal aging. Astrocytes at baseline 
are heterogenous, responsive to their environments, and critical regulators of brain microenvironments and neu-
ronal function. With increasing age, astrocytes adopt different immune-related and senescence-associated states, 
which relate to organelle dysfunction and loss of homeostasis maintenance, both cell autonomously and non-cell 
autonomously. These perturbed states are increasingly associated with age-related dysfunction and the onset of neu-
rodegeneration, suggesting that astrocyte aging is a compelling target for future manipulation in the prevention 
of disease.

Keywords Aging, Astrocyte, Glia, Astrocyte reactivity, Neurodegenerative disease, Lipid droplets, Mitochondria, 
Proteostasis, Senescence, Inflammaging

Background
Aging in humans is associated with increased risk of neu-
rological disease, cognitive impairment, and worsened 
outcomes following infection or trauma. The age-related 
onset of neuropathological conditions and/or abnor-
mal responses to pathology suggest an important role 
for central nervous system (CNS) aging in the context of 
the whole organism. Understanding how normal aging 

changes the brain will provide insights into the pathogen-
esis of degenerative diseases. Despite decades of neuron-
centric study surrounding aging and neurodegeneration, 
recent work suggests that non-neuronal glial cells are 
the most transcriptionally altered in the aging brain [1]. 
Among these glia, astrocytes are best known for their 
metabolic, structural, and activity-regulating functions 
on behalf of neurons, though recent work has expanded 
understanding of astrocyte roles into disease, cognition, 
and beyond [2].

Normal aging leads to a decline in homeostasis main-
tenance across tissues, particularly in regulation of orga-
nelle functions and response to damage (for review see 
[3]). Across organ systems, key mitochondrial, proteo-
static, and damage handling pathways decline during 
aging [for review see 4]. In the CNS, many of these regu-
latory functions are allocated to astrocytes under homeo-
static conditions to enable efficient neuronal functioning. 
Astrocytes are key regulators of metabolism and energy 
generation that also sense and handle damage down-
stream of these and other cellular processes. Astrocytes 
are required for maintenance and regulation of synapse 
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stability and neuronal activity, which become perturbed 
in advanced aging [5] (for review see [6, 7]). Neurons also 
offload damaged species like dysfunctional organelles 
and reactive oxygen species-affected lipids to astrocytes 
for degradation [8, 9]. Understanding how astrocytes reg-
ulate these processes under homeostatic conditions and 
how normal functions decline during aging is crucial to 
our analysis of brain aging phenotypes and degeneration.

Astrocytes are perhaps best described for their roles in 
responding to insults, such as disease, infection/inflam-
mation, neuronal trauma, and perturbations of organ-
ismal metabolism [10–14]. In addition to the many 
functions performed by these cells under homeostasis, 
astrocytes under stress react to unique circumstances 
by enacting unique responses [13, 15, 16]. These stress-
responsive astrocytes, termed “reactive astrocytes,” can 
lose homeostatic capabilities and/or gain additional 
functions such as proliferation and scar formation, neu-
rotoxicity, or immune cell regulation, among others (for 
review see [2, 17]). The context dependent and multi-
faceted nature of astrocyte reactivity suggests that states 
of astrocytes during normal aging are likely reliant on 
extrinsic cues that accumulate across the lifespan. For 
example, aging is associated with increased inflammation 
and infection, as well as senescence and metabolic dis-
ease [for review see 4]. How astrocytes synthesize these 
cues during aging and alter their baseline states is largely 
unknown.

Specific changes in aged astrocytes, both intrinsic and 
related to their long-term cell–cell interactions as organ-
isms age, are poorly understood and have been difficult 
to interrogate with high fidelity. New and developing 
analytical tools such as single cell sequencing and multi-
omic characterization strategies have begun to describe 
aged astrocytes, but more work is needed to fully under-
stand the functional consequences of these alterations 
and how changes occur in different contexts and disease 
conditions. Improved functional characterization of aged 
astrocytes will likely provide insight into aging-related 
disease mechanisms and propose avenues to address 
aging brain phenotypes moving forward.

Tools and strategies for evaluating aged astrocyte 
transcriptomes
Modern transcriptome technologies have expanded our 
characterization of aged astrocytes; however, several 
tool limitations and facets of aging biology still limit our 
knowledge. Lowly abundant transcripts change in pheno-
typically relevant ways across the lifespan; for example, 
lowly-expressed stress response factors and chaperones 
have major roles in aging biology [18] (for review see 
also [4, 19]). Small changes on the individual transcript 
level can also represent a hard-to-detect aging-related 

whole-genome transcription length bias [20]. Interroga-
tion of such transcripts requires excellent sequencing 
depth for accurate detection of age-associated changes. 
In old animals, debris contamination is exacerbated by 
increased myelination and decreased tissue quality, espe-
cially in post-mortem human tissue, requiring additional 
physical and computational clean-up. Risk of promoter 
leakage also increases with cellular age, requiring rigor-
ous purification and analysis strategies to limit contami-
nation and focus on real signal particularly for long-lived 
cells of the CNS [21]. Important subtypes (regional or 
permanent identity) and substates (reactive to stimuli, 
often acute) of astrocytes may be under-represented in 
bulk or whole-brain samples, as astrocytes are difficult 
to capture relative to neurons and other cells [22], and 
investigators may prioritize maintaining key sequenc-
ing depth over understanding spatial context and cellular 
resolution in aging studies.

To overcome problems in collection and interpreta-
tion of aged astrocyte sequencing, integrative methods 
that evaluate astrocyte aging across regions, contexts, 
and analysis methods are likely to be most useful (Fig. 1). 
In young astrocytes, for example, combining transcrip-
tomic and proteomic data streams allowed alignment of 
region-specific subtypes across the CNS [23]. Improved 
spatial transcriptomics methods now allow evaluation 
of region-specific changes at single cell resolution, and 
several groups have identified astrocyte signatures in 
single cell/nucleus RNA sequencing (sc/snRNAseq) that 
reliably cross-reference with regional subtypes in spa-
tial transcriptomics [24, 25]. Newer strategies allow the 
incorporation of non-transcriptional methods such as 
spatial proteomics [for review see  26], metabolomics 
[27], lipidomics [28], and ATACseq [29], which in con-
cert with transcriptomes will provide a more complete 
understanding of astrocyte aging in the future.

Current datasets focusing on or including aged astro-
cytes deal with the above problems with variable strat-
egies, including bulk sequencing of isolated/purified 
astrocytes, sc/snRNAseq of whole brain, dissected 
regions, or purified cells, spatial transcriptomics, and inte-
grative/ multiomic strategies (Table  1). Most character-
ize mice as a model for mammalian aging; however, high 
quality data across the model organism spectrum provide 
common cellular aging insights across species. Existing 
knowledge of aging genetics in the worm (Caenorhabditis 
elegans) and the fruit fly (Drosophila melanogaster) make 
these systems compelling models for study of astrocytes 
and astrocyte-like cells during aging, though size and dis-
sociation constraints have thus far limited sequencing 
strategies mostly to bulk or whole-animal sc/snRNAseq. 
As astrocytes/astrocyte-like cells become increas-
ingly well defined in these organisms, transcriptional 
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identification especially in established lifespan-altering 
mutants and manipulations will prove valuable. From the 
non-model organism perspective, human postmortem 
brain aging sequencing efforts are certainly the most rel-
evant to human aging but suffer from limited availability 
of high-quality tissue. Existing aged human brain samples 
are often used as age-matched controls for disease stud-
ies, omitting a key comparison to young, healthy samples. 
The inclusion of young controls even in disease-targeted 
studies could help identify astrocyte phenotypes of nor-
mal aging, versus those unique to pathologies.

Despite challenges in sequencing astrocytes and other 
cells from the aged brain [45, 46], the existing body of 
literature highlights several areas of interest that may be 
altered in normal aging, which we discuss below.

Regional heterogeneity of astrocyte aging
Though astrocyte regional heterogeneity is increasingly 
well-defined in young animals (e.g. [23]), it is not well 
understood how it contributes to brain aging. Subregion-
specific bulk astrocyte RNA sequencing demonstrates 
that astrocytes across brain regions display different 
aging timelines, with regions such as hippocampus, 
hypothalamus, and cerebellum beginning to display an 
aging signature earlier in adulthood than in cortex [18, 
25, 37]. We thus recommend avoiding generalization 
of age-related gene expression changes from one CNS 
region to another, as changes in each region can diverge 

– particularly across the decades-long lifespans of species 
like human. Notably, the speed of transcriptional aging 
by region does not exactly recapitulate regional vulner-
ability observed in aging-related degenerative disease. 
These data suggest an open question in interpretation 
of aged transcriptomes: do observed changes represent 
protective adaptations, pathogenic changes, or are they 
unrelated to the generation of aging-related disease?

Though regionally variable, aged astrocytes seem to 
generally upregulate genes associated with white mat-
ter astrocyte identity at younger ages [25]. Single cell 
resolution spatial transcriptomics suggests that these 
age-related changes are correlated with proximity to oli-
godendrocytes [42]. In young adult tissues, white matter 
astrocytes are strong responders to insults like peripheral 
lipopolysaccharide (LPS) injection, suggesting that aging-
related white matter-like gene expression may represent 
astrocyte integration of insults to oligodendrocytes and 
myelin-dense tissue occurring across normal aging [24]. 
Similar signatures are also observed at the brain bor-
ders, suggesting astrocytes in contact with other tissues 
such as the meninges and the blood–brain barrier may 
encounter and respond to more damage cues [42].

Regional heterogeneity among aging astrocytes sug-
gests that astrocyte cell–cell interactions and exposure to 
unique insults may be among the most important factors 
in determining aging-dependent transcriptional changes 
[43]. To understand how astrocytes change in aging, 

Fig. 1 Strategies for characterizing astrocyte transcriptomics (columns) described across efficacy in several modalities (rows). Green shaded 
backgrounds indicate stronger performance in each area
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we must disentangle how proximity to blood vessels or 
high-density myelin in the case of the white matter, for 
example, may impact eventual phenotypes. Differences 
observed in regional transcriptomes suggest that aging-
associated astrocyte states may represent a summation 
of variable insults occurring across the lifetime. If such 
insults fail to resolve, they may leave astrocytes reacting 
to states usually present only in inflammation or damage 
in young animals.

What is the role of astrocyte reactivity in normal aging?
Astrocyte reactivity is multifaceted, region and context 
specific, and variable across organisms. Transcriptional 
and protein-level studies have demonstrated an increase 
specifically in inflammation-induced neurotoxic reac-
tivity in aging [37], suggesting that astrocyte toxicity 
has the potential to underly age-related neuronal loss. 
Astrocyte reactivity in neuroinflammation in  vivo is 
heterogenous, however, and phenotypes of newly iden-
tified inflammatory reactive substates under stress and 
aging are unknown [24]. It is unclear which substates 
of astrocyte reactivity may drive aging-related dysfunc-
tion and disease and which may be required for recov-
ery from damage, as study of even the best functionally 
defined substates has most frequently been performed 
under severe or terminal injury/infection models, such as 
amyotrophic lateral sclerosis models, optic nerve crush, 
or sepsis [10–12].

A particular reactive astrocyte substate may be det-
rimental in one context but have protective roles in 
another, a possibility that is under-investigated in aging. 
For example, it is unknown whether neurotoxic reactive 
astrocytes may have adaptive roles in resolving dam-
age, by culling damaged or infected neurons before an 
area of injury expands or infection propagates through-
out the CNS. Such is the case following prion infection 
in mice, where global knockout of neurotoxic astrocyte 
inducing cytokines accelerates disease [47]. Neurotoxic 
reactivity may also play a role in development or re-
growth, as C3 + putatively neurotoxic astrocytes are asso-
ciated with stem cell niches in the human embryonic 
brain [48]. Similarly, scar-forming astrocytes in physical 
or ischemic CNS injuries participate in fibrosis but can 
help to promote regrowth of neurons across lesions and 
limit expansion of inflammation and immune infiltra-
tion that could further harm unaffected tissue [49–52]. 
Thus, astrocyte reactivity may enact divergent outcomes 
depending on context. In microglia, for example, identi-
cal substates have both beneficial and deleterious roles 
in the contexts of development and disease [53, 54]. As 
sequencing expands our understanding of reactive astro-
cyte substates, more hypothesis-driven work is necessary 
to understand the interplay in protection and pathology.

Examination of reactivity in normal aging has primarily 
focused on functionally defined substates, most notably 
neurotoxic reactive astrocytes [37]. However, more reac-
tive astrocyte states are increasingly defined that can now 
be explored in normal aging [24]. Notably, risk of stroke 
and other blood–brain barrier disruptions increases with 
age [55, 56], raising the possibility that astrocytes react-
ing to these conditions may increase across the lifespan. 
More work is needed to understand how insults known 
to produce unique astrocyte phenotypes in young ani-
mals impact astrocytic responses in old animals, par-
ticularly from the lens of functional outcomes. Insults to 
proteostasis, energy generation, and damage degradation 
have known aging-related effects in many tissues but are 
understudied in astrocytes. Reactivity to these aging-
related insults remains an interesting unexplored area.

Immune responses and immune‑astrocyte interactions 
in age
As organisms accumulate insults and damage across 
the lifespan, they also upregulate immune responses 
in a phenotype known as “inflammaging” [for review 
see 57]. Astrocytes are strongly environmentally respon-
sive, sensing inflammatory cytokines and altering their 
transcriptional profiles and functions accordingly [15]. 
Indeed, immune related genes, predominantly those in 
the complement pathway, are among the most upregu-
lated and well-validated astrocytic age-related changes 
in gene expression. The complement factor C4b is among 
the most reproducibly increased in aged astrocytes [18, 
25, 37, 38]. Though the role of the complement cascade 
in synaptic pruning is best described in microglia, recent 
work suggests a potential role for C4b in astrocyte-
mediated debris engulfment [58]. However, C3, another 
complement factor broadly associated with inflamma-
tory neurotoxic astrocyte reactivity, is also increased in 
normally aged astrocytes but associated with decreased 
phagocytic function in vitro [37]. These data suggest that 
astrocytes may alter their phagocytic capacity bidirec-
tionally in aging, which could lead to altered specificity 
or compensatory activity in pruning and cell engulfment.

Astrocytes from aged brains of rodents and humans 
consistently exhibit upregulation of several cytokines and 
chemokines, perhaps unsurprisingly as the immune envi-
ronment is known to become more pro-inflammatory 
with age [18, 25, 37, 57]. Astrocytes in the adult brain 
can adopt an interferon (IFN)-responsive phenotype fol-
lowing peripheral infection signals such as those derived 
from LPS injection and disease states like Alzheimer’s 
disease (AD), in which IFN-stimulated genes (ISGs) such 
as Cxcl10 are upregulated [22, 24, 25, 37, 59]. This IFN-
responsive reactive astrocyte (IRRA) state has also been 
described in human postmortem brain samples from 
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patients with multiple sclerosis [60] and AD [61, 62] and 
in mouse demyelinating and AD models [62, 63]. A sub-
set of these ISGs is also upregulated in normally aged 
astrocytes, suggesting that IRRAS may represent a long-
term infection-responsive phenotype that perhaps fails to 
successfully recover as would occur in young animals [24, 
25]. Induction of ISGs may alter the brain microenviron-
ment by changing peripheral immune cell recruitment 
into the parenchyma by secretion of chemokines like 
CXCL10 and CCL2 [64–67], raising the possibility that 
aged astrocytes could differ from their younger coun-
terparts in their ability to recruit central or peripheral 
immune cells to sites of pathology. Astrocytes are pow-
erfully responsive to extrinsic input from immune cells, 
suggesting that these and other immune-related changes 
could occur due to increasing organismal inflammatory 
cytokines and damage signals. Microglia, for example, 
increase their responses to inflammatory challenge with 
age, expressing and secreting more cytokines that influ-
ence astrocytic function, such as TNF and IFNs [68].

Existing characterizations of transcriptional changes 
associated with astrocyte reactivity include upregula-
tion of several Serpin family member genes, so named 
for their roles as serine protease inhibitors [15]. Astro-
cyte datasets demonstrate Serpin-family transcriptional 
upregulation with age, though the specific identities of 
these factors differ across studies [18, 37]. The roles of 
Serpins extend beyond protease regulation alone, and 
have consequences for inflammation and protein home-
ostasis, key features of normal and damage-responsive 
astrocyte functions (for review see [69]). Few studies 
have directly interrogated the roles of these proteins in 
astrocytes, though they may impact cytokine levels in the 
hippocampus and cortex and neuronal health [70].

Astrocytes in senescence
Although the CNS is composed primarily of post-mitotic 
cells [71, 72], DNA damage and cellular senescence none-
theless impact cellular health in the brain. Senescence in 
the periphery implicates aberrant irreversible cell cycle 
exit, as in the case of replicative senescence; however, 
senescence in the CNS benefits from a more expansive 
definition, incorporating markers of DNA damage and 
downstream metabolic dysfunction (for review see [73, 
74]). Astrocyte/astrocyte-like glial senescence has tra-
ditionally been best described in the Drosophila model 
system, in which they upregulate senescence-associ-
ated markers, such as the transcription factor AP1 and 
increased β-galactosidase activity, during normal aging 
[75, 76]. Recent work suggests that lipid accumulating 
“senescent” astrocyte-like cells in Drosophila can induce 
this senescence-associated phenotype in other astrocyte-
like cells, and that inhibiting these signals can improve 

organismal health across the lifespan [75]. Astrocytes are 
also key regulators of brain permeability and respond to 
blood and CSF-derived peripheral cues in vertebrates; 
thus, response to DNA or mitochondrial damage and cel-
lular senescence signaling could also be accomplished via 
responsiveness to DNA damage and irreversible cell cycle 
exit in peripheral cells. Further investigation is required 
to comprehensively understand how senescence impacts 
astrocyte aging in mammals.

Loss of astrocyte synaptic support in aging
Astrocytes enable synaptic function and neuronal activity 
by physically enmeshing neurons in extracellular matrix 
components, by supplying neurotrophic and synapto-
genic materials, and by transporting membrane compo-
nents like cholesterol [77–80]. As animals age, synaptic 
stability and dendritic spine number decrease, suggesting 
an overall failure of neuronal support functions [5] (for 
review see [6, 7]). Aging astrocytes likely contribute, as 
they upregulate negative synaptic regulator Sparc, while 
generally downregulating the synaptogenic thrombos-
pondin-family genes, though other positive regulators 
like Sparcl1 are upregulated, complicating the interpre-
tation of these data [18, 37]. Neurotoxic reactive astro-
cytes, which are increasingly abundant with normal age 
[37], also have impaired synaptic support functions [15]. 
Other types of reactive astrocytes, like those responsive 
to ischemia and injury, have notable roles in synapse reg-
ulation in young adult animals, but these whether these 
functional changes also occur in aging remains largely 
unknown [16, 50, 81]. As risks of brain ischemia and 
other insults increase with age in humans, more work is 
necessary to fully interrogate how uniquely reactive sub-
states impact neuronal function across aging. Together, 
these data suggest both a failure of aged astrocytes to sta-
bilize synapses and a dysregulation in downstream elimi-
nation of the immature or damaged processes by both 
microglia and astrocytes.

Decline of protein homeostasis in aged astrocytes
To manage age-related insults and damage, organisms 
must appropriately address damaged organelles, mis-
folded proteins, and other cellular damage. Maintaining 
proteostasis is a key feature of healthy aging, and exist-
ing data surrounding unfolding protein responses suggest 
that astrocytes manage the majority of this signaling in 
the brain across phyla [82–84]. Astrocytes highly express 
several chaperones and protein homeostasis regulators, 
including the HSP20 gene Hspb1 and the extracellular 
chaperone/ lipid transport APOJ apolipoprotein gene 
Clu, suggesting important roles for astrocytes in medi-
ating proteostasis, especially under stressors like sepsis-
related inflammation [24]. In one study, proteostasis 
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genes were three (Hsph1, Dnajb1, and Ahsa1) out of only 
seven shared down-regulated genes across regions of the 
aged brain, both emphasizing the subtlety and hetero-
geneity in astrocyte aging across regions and proposing 
a general dysfunction of proteostasis may occur across 
aged astrocytes [25]. Existence of a subset of aging-asso-
ciated astrocytes in the 2-year-old mouse hippocampus 
that display impairments in protein degradation and 
homeostasis also corroborates this hypothesis [85]. One 
study also identified several HSP70 cytosolic chaperones 
as among the most downregulated with age [18]. Astro-
cytes have been previously shown to direct protein mis-
folding responses across tissues in C. elegans and mice 
[82–84, 86]. As protein misfolding stress responses are 
enacted by transcriptional responses, the proximity of 
astrocyte somata to neuronal distal processes enables 
astrocytes to better protect neurons and other cells from 
damage under stress by these responses. Failure of these 
pathways during normal aging may sensitize the brain to 
diseases of protein misfolding with age, a notable pheno-
type of age-related neurodegenerative diseases.

Aged astrocyte lipid dysbiosis
Changes in lipid-associated gene expression, particu-
larly of factors involved in cholesterol metabolism and 
transport, are also common transcriptional changes in 
astrocyte aging [18]. Among these factors are genes that 

regulate cholesterol synthesis, which are primarily down-
regulated, and several lipid transporters, largely upregu-
lated [18]. Homeostatic astrocytes supply neurons and 
microglia with cholesterol to mediate membrane health 
and neuronal activity. Thus, this shift, which couples the 
downregulation of metabolic enzymes with increased 
transport capacity, may be the cell’s attempt to compen-
sate for the loss of valuable products [77, 87]. Previous 
work in microglia suggests lipid metabolic imbalances 
causing accumulation with age are correlated with altered 
phagocytic capacity, which is not well understood in 
astrocytes but could lead to similar phenotypes [88, 89]. 
If indeed aged astrocytes are plagued by general meta-
bolic dysfunction, this may have disastrous consequences 
for neural activity and nutrient transport between the cell 
types (Fig. 2).

Metabolism of lipids is highly segregated in the CNS, 
as astrocytes serve a central role in accumulation and 
detoxification of lipid species under stress. Stroke, 
hyperactivity/glutamate excitotoxicity, neuronal reac-
tive oxygen species, and peripheral metabolic disfunction 
cause astrocytes to accumulate lipid droplets, neutral 
lipid storage organelles made up primarily of triacylg-
lycerols (TAGs) and sterol esters [9, 90, 91]. Neurons 
offload potentially damaging lipid species, including 
peroxidated lipids, to astrocytes, which neutralize and 
store them until they can be degraded [9]. In addition 

Fig. 2 Aging-related changes in astrocyte cellular functions. A decline in proteostasis and chaperone function may lead to organelle stress. 
Lipid droplets, which derive from the endoplasmic reticulum, accumulate in age, associated with downregulation of lipid metabolism transcripts 
and upregulation of lipid transport transcripts. Accompanied with aging-related decline in mitochondrial function and failure of autophagy, this 
may lead to accumulation of potentially toxic lipid species. Figure made using Biorender.com
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to lipid-mediated neuroprotection, however, astrocytes 
enact neurotoxicity via secretion of saturated long chain 
fatty acid lipids that kill sensitive and/or damaged neu-
rons [92]. Thus, the astrocytic balance opposing lipid 
accumulation with elongation and secretion is a determi-
nant of neuronal survival under stress.

Aging is a key modulator of astrocytic lipid homeosta-
sis across phyla, and astrocytes accumulate lipid droplets 
in normal aging [18, 75, 93, 94]. In the 5xFAD mouse 
model of AD, astrocytes exhibit failure of lipid metabo-
lism and increased lipid accumulation, suggesting these 
imbalances may be disease-associated in  vivo [95]. The 
balance between lipid storage versus release from lipid 
droplet breakdown is mediated by signals known to 
change across the lifespan, such as insulin and inflamma-
tory cytokines, and can be influenced by senescence [75]. 
The consequences of lipid dysbiosis in astrocytes are not 
fully understood in the context of normal aging; however, 
these data suggest a context in which aged astrocytes 
may lose key homeostatic functions and gain potential 
for toxicity.

Mitochondrial dysfunction in aged astrocytes
Mitochondrial damage increases as organisms age and 
the ability to resolve such damage via appropriate stress 
responses decreases. This imbalance is correlated with 
failure of mitophagy (the autophagy-mediated clearance 
of damaged mitochondria), decreased energy production 
to support cell functions, and altered organellar pheno-
types such as mitochondrial membrane potential and 
fusion/fission [for review see 4].

Damaged mitochondria derived from other cells can be 
taken up by astrocytes, and conversely healthy astrocyte-
derived mitochondria can be found in neurons under 
stress [96, 97], suggesting that astrocytes maintain neu-
ronal mitochondrial quality under stressful conditions. In 
general, mitochondrial quality control declines with age, 
including the degradation of damaged mitochondria by 
mitophagy [for review see 4]. Astrocytic mitophagy, par-
ticularly on behalf of neurons, is thus central to healthy 
aging in the nervous system.

Although energy production in astrocytes is biased 
towards glycolysis, astrocyte mitochondrial functions 
remain key to CNS health across the lifespan. In human 
tissue, Ramen spectra of aged astrocytes suggest that 
electron transport chain function declines, associated 
with age-related accumulation of lipids that may perturb 
general brain energy production [98]. Astrocyte-specific 
perturbation of mitochondrial health via conditional 
deletion of the transcription factor Tfam results in neuro-
degeneration and cognitive dysfunction, suggesting that 
health of astrocytic mitochondria is integral for brain-
wide functions, and perturbing astrocyte mitochondria 

leads to lipid dysbiosis and immune signaling as in phe-
notypes described above [95]. If mitochondrial health 
in astrocytes is lost or perturbed in normal aging as in 
other cells, this loss of function could explain sensitivity 
to aging-related neurodegeneration.

Changes in neurodegenerative disease genetic risk factors 
across age in astrocytes
Though neurons are principally targeted by cell death/
loss in aging-related neurodegenerative diseases and 
dementias such as AD and Parkinson’s Disease (PD), loci 
associated with genetic risk for these diseases are fre-
quently associated with gene expression in non-neuronal 
cells, and some are highly expressed in astrocytes (for 
review see [99]). Though the functional consequences 
of aging-related changes in these transcripts are poorly 
described, further study of these changes may provide 
insight to neurodegenerative disease pathogenesis.

Loci associated with AD risk in genome-wide asso-
ciation studies include genes encoding two astrocytic 
apolipoproteins – APOE (gene name Apoe) and APOJ 
(also known as Clusterin; gene name Clu) [100]. Inter-
estingly Apoe is highly enriched, and Clu nearly exclu-
sively expressed in astrocytes within the brain [101, 
102]. Apolipoproteins canonically transport lipid species 
between cells, though APOJ also aids in protein home-
ostasis as described above, and both APOE and APOJ 
are associated with astrocyte lipotoxicity [92]. How-
ever, neither Apoe nor Clu are significantly differentially 
expressed in mouse astrocytes in aging in AD-sensitive 
regions like the hippocampus or cortex [18, 37]; nor are 
differences in APOE/APOJ detectable at the protein level 
[103]. It remains unknown how differences in splicing 
or post-translational modifications might change across 
the lifetime, especially in astrocytes. As both proteins 
are implicated in astrocyte-mediated lipotoxicity, these 
data may suggest a role for this pathway in AD pathogen-
esis that may occur as inflammation increases across the 
lifespan.

Though PD-associated risk genes overall are not exclu-
sively expressed in astrocytes, there are likely astrocyte 
roles for some risk genes that have yet to be explored in 
normal aging (for review see [104]). Rare mutations in 
the PINK1-parkin pathway led to an association between 
mitochondrial dysfunction, failure of mitophagy, and PD 
pathogenesis [104]. As described above, organelle quality 
control and specifically mitophagy decline with age [4], 
suggesting decline in mitochondrial function might be 
responsible for age-related risk for PD. Multiple PINK1-
parkin pathway genes are expressed in human astrocytes 
at comparable or higher levels than in neurons [102] and 
PINK1 itself may be more ubiquitinated in mouse astro-
cytes than other cells [105]. There is some evidence Pink1 
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transcripts increase in aged striatal astrocytes [37]; how-
ever, as PINK1 is constitutively targeted for degradation 
at baseline and only stabilized under stress, the impact of 
age-related transcriptional upregulation is ambiguous.

In sum, though genetic risk factors for aging-related 
neurological diseases more often associated with gene 
expression in non-neuronal cells, including astrocytes, 
little is known about how these factors change func-
tionally in these cells across the course of normal aging. 
Examining relevant pathways in aged astrocytes will con-
tinue to highlight important components of neurodegen-
erative disease pathogenesis.

Conclusions
Despite major efforts to characterize whole brain changes 
in aging in non-neuronal cells, research has observed 
fewer consistent transcriptional changes in aged astro-
cytes than we would perhaps expect based on differences 
in phenotype and stress tolerance in the old brain. Even 

within well-controlled datasets individual variability is 
high, and the specific ages and brain regions collected of 
samples within the categories of “old” and “young” have 
major effects on dataset outputs. This variability likely 
masks important heterogeneous yet subtle biological 
changes that affect astrocytic aging. In the next phase of 
astrocyte aging research, we will need to revisit, integrate, 
and reanalyze these data in the context of heterogene-
ity that is now common in our understanding of astro-
cyte biology [24]. New tools that combine transcriptional 
phenotypes with metabolic, protein level, and functional 
readouts throughout the brain at single-cell resolution 
will more faithfully represent aging-related changes in 
these cells. However, existing data suggest that astrocytes, 
especially aged astrocytes, remain strongly transcription-
ally responsive to local cell–cell signaling, peripheral 
insults, and whole-organism state changes. Just as “astro-
cyte reactivity” is too general to describe each uniquely 
responsive phenotype of astrocytes experiencing stress 

Fig. 3 Changes in cellular environments, including changing damage/inflammation signals and metabolic dysfunction, contribute to altered 
intracellular functions and maintenance of homeostasis in astrocytes. In turn, these dysfunctions are associated with worsened outcomes 
for neurons and other CNS cells, astrocytes lose their ability to provide supportive factors and potentially gain toxic functions. Figure made using 
Biorender.com
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and damage, astrocyte aging is a multifaceted system of 
changes best detectable with single cell resolution data-
sets across regions and modalities.

Astrocyte research has arrived at a key question in 
aging: do aging phenotypes represent the natural exten-
sion of homeostatic conditions, or is aging itself an insult 
to the system? Should we think of chronological age in 
the brain as disease or simply continuation? The subtle 
changes currently observed in study of aged astrocytes 
suggest that the cells are largely predisposed by their 
environments and basal states together to become poor 
assistants of neurons under stress, and at worst, con-
tribute to neuronal death. Astrocytes lose key functions 
required for neuronal support with age, failing to process 
damage, support synapse growth, and maintain energy 
homeostasis. Meanwhile, they increasingly experience 
immune and senescent challenges that bias towards 
harmful gain-of-function states such as inhibition of neu-
ronal growth or neurotoxicity (Fig. 3).

Aging is one of the most significant risk factors for 
the development of neurodegenerative disease [106]. 
The similarities of astrocyte aging-related changes and 
disease mechanisms (synapse loss, neurodegeneration, 
increased inflammation, and failure of damage process-
ing) suggest a major role for astrocytes in aging-related 
predisposition to disease. Further, if indeed astrocyte 
neurotoxicity via increased inflammation is responsi-
ble for cell loss in neurodegeneration, then potential 
interventions against astrocyte aging may prove useful 
throughout normal aging for disease prevention.

Abbreviations
AD  Alzheimer’s Disease
CNS  Central nervous system
CSF  Cerebrospinal fluid
DNA  Deoxyribonucleic acid
RNA  Ribonucleic acid
sc/snRNAseq  Single cell/nucleus RNA sequencing
IFN  Interferon
IRRA   Interferon responsive reactive astrocyte
ISG  Interferon response genes
LPS  Lipopolysaccharide
PD  Parkinson’s Disease
TAGs  Triacylglycerols

Acknowledgements
We thank other members of the Liddelow lab for their comments on this 
manuscript. Data sharing is not applicable to this article as no datasets were 
generated or analyzed during the preparation of this manuscript.

Authors’ contributions
Both HKG and SAL contributed equally to the planning, writing, and editing of 
this review article.

Funding
HKG was supported by K00AG068343 and P30AG066512 (PI: Wisniewski). SAL 
was supported by R01EY033353, the Cure Alzheimer’s Fund, and the Gene and 
Carol Ludwig Family Foundation.

Declarations

Competing interests
SAL maintains a financial interest in AstronauTx Ltd and Synapticure. SAL is on 
the SAB of the Global BioAccess Fund and the MD Anderson Neurooncology 
program.

Received: 22 October 2024   Accepted: 6 February 2025

References
 1. Jin K, Yao Z, van Velthoven CTJ, Kaplan ES, Glattfelder K, Barlow ST, Boyer 

G, Carey D, Casper T, Chakka AB, et al: Brain-wide cell-type-specific tran-
scriptomic signatures of healthy ageing in mice. Nature. 2025 (https:// 
doi. org/ 10. 1038/ s41586- 024- 08350-8. Online ahead of print).

 2. Liddelow SA, Olsen ML, Sofroniew MV. Reactive Astrocytes and Emerg-
ing Roles in Central Nervous System (CNS) Disorders. Cold Spring Harb 
Perspect Biol. 2024;16(7):a041356. https:// doi. org/ 10. 1101/ cshpe rspect. 
a0413 56.

 3. Bouska M, Huang K, Kang P, Bai H. Organelle aging: Lessons from model 
organisms. J Genet Genomics. 2019;46:171–85.

 4. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks 
of aging: An expanding universe. Cell. 2023;186:243–78.

 5. Dickstein DL, Kabaso D, Rocher AB, Luebke JI, Wearne SL, Hof PR. 
Changes in the structural complexity of the aged brain. Aging Cell. 
2007;6:275–84.

 6. Peters A, Sethares C, Luebke JI. Synapses are lost during aging in the 
primate prefrontal cortex. Neuroscience. 2008;152:970–81.

 7. Morrison JH, Baxter MG. The ageing cortical synapse: hallmarks and 
implications for cognitive decline. Nat Rev Neurosci. 2012;13:240–50.

 8. Lampinen R, Belaya I, Saveleva L, Liddell JR, Rait D, Huuskonen MT, 
Giniatullina R, Sorvari A, Soppela L, Mikhailov N, et al. Neuron-astro-
cyte transmitophagy is altered in Alzheimer’s disease. Neurobiol Dis. 
2022;170:105753.

 9. Ioannou MS, Jackson J, Sheu SH, Chang CL, Weigel AV, Liu H, Pasolli 
HA, Xu CS, Pang S, Matthies D, et al. Neuron-Astrocyte Metabolic 
Coupling Protects against Activity-Induced Fatty Acid Toxicity. Cell. 
2019;177:1522-1535 e1514.

 10. Guttenplan KA, Stafford BK, El-Danaf RN, Adler DI, Munch AE, Weigel 
MK, Huberman AD, Liddelow SA. Neurotoxic Reactive Astrocytes 
Drive Neuronal Death after Retinal Injury. Cell Rep. 2020;31:107776.

 11. Guttenplan KA, Weigel MK, Adler DI, Couthouis J, Liddelow SA, Gitler 
AD, Barres BA. Knockout of reactive astrocyte activating factors 
slows disease progression in an ALS mouse model. Nat Commun. 
2020;11:3753.

 12. Diaz-Castro B, Bernstein AM, Coppola G, Sofroniew MV, Khakh BS. 
Molecular and functional properties of cortical astrocytes during 
peripherally induced neuroinflammation. Cell Rep. 2021;36:109508.

 13. Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres 
BA. Genomic analysis of reactive astrogliosis. J Neurosci. 
2012;32:6391–410.

 14. Park JW, Park SE, Koh W, Jang WH, Choi JH, Roh E, Kang GM, Kim SJ, Lim 
HS, Park CB, et al. Hypothalamic astrocyte NAD(+) salvage pathway 
mediates the coupling of dietary fat overconsumption in a mouse 
model of obesity. Nat Commun. 2024;15:2102.

 15. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer 
L, Bennett ML, Munch AE, Chung WS, Peterson TC, et al. Neurotoxic 
reactive astrocytes are induced by activated microglia. Nature. 
2017;541:481–7.

 16. Kim RD, Marchildon AE, Frazel PW, Hasel P, Guo AX, Liddelow SA: Tem-
poral and spatial analysis of astrocytes following stroke identifies novel 
drivers of reactivity. bioRxiv 2023:2023.2011.2012.566710.

 17. Patani R, Hardingham GE, Liddelow SA. Functional roles of reactive 
astrocytes in neuroinflammation and neurodegeneration. Nat Rev 
Neurol. 2023;19:395–409.

https://doi.org/10.1038/s41586-024-08350-8
https://doi.org/10.1038/s41586-024-08350-8
https://doi.org/10.1101/cshperspect.a041356
https://doi.org/10.1101/cshperspect.a041356


Page 12 of 14Gildea and Liddelow  Molecular Neurodegeneration           (2025) 20:21 

 18. Boisvert MM, Erikson GA, Shokhirev MN, Allen NJ. The Aging Astrocyte 
Transcriptome from Multiple Regions of the Mouse Brain. Cell Rep. 
2018;22:269–85.

 19. Frakes AE, Dillin A. The UPR(ER): Sensor and Coordinator of Organismal 
Homeostasis. Mol Cell. 2017;66:761–71.

 20. Stoeger T, Grant RA, McQuattie-Pimentel AC, Anekalla KR, Liu SS, 
Tejedor-Navarro H, Singer BD, Abdala-Valencia H, Schwake M, Tetreault 
MP, et al. Aging is associated with a systemic length-associated tran-
scriptome imbalance. Nat Aging. 2022;2:1191–206.

 21. Stifter SA, Greter M. STOP floxing around: Specificity and leakiness of 
inducible Cre/loxP systems. Eur J Immunol. 2020;50:338–41.

 22. Sadick JS, O’Dea MR, Hasel P, Dykstra T, Faustin A, Liddelow SA. Astro-
cytes and oligodendrocytes undergo subtype-specific transcriptional 
changes in Alzheimer’s disease. Neuron. 2022;110:1788–805.

 23. Chai H, Diaz-Castro B, Shigetomi E, Monte E, Octeau JC, Yu X, Cohn 
W, Rajendran PS, Vondriska TM, Whitelegge JP, et al. Neural Circuit-
Specialized Astrocytes: Transcriptomic, Proteomic, Morphological, and 
Functional Evidence. Neuron. 2017;95:531-549 e539.

 24. Hasel P, Rose IVL, Sadick JS, Kim RD, Liddelow SA. Neuroinflammatory 
astrocyte subtypes in the mouse brain. Nat Neurosci. 2021;24:1475–87.

 25. Hahn O, Foltz AG, Atkins M, Kedir B, Moran-Losada P, Guldner IH, 
Munson C, Kern F, Palovics R, Lu N, et al. Atlas of the aging mouse brain 
reveals white matter as vulnerable foci. Cell. 2023;186:4117-4133 e4122.

 26. Gurkar AU, Gerencser AA, Mora AL, Nelson AC, Zhang AR, Lagnado AB, 
Enninful A, Benz C, Furman D, Beaulieu D, et al. Spatial mapping of cel-
lular senescence: emerging challenges and opportunities. Nat Aging. 
2023;3:776–90.

 27. Hu T, Allam M, Cai S, Henderson W, Yueh B, Garipcan A, Ievlev AV, Afkar-
ian M, Beyaz S, Coskun AF. Single-cell spatial metabolomics with cell-
type specific protein profiling for tissue systems biology. Nat Commun. 
2023;14:8260.

 28. Kaya I, Nilsson A, Luptakova D, He Y, Vallianatou T, Bjarterot P, Svennings-
son P, Bezard E, Andren PE. Spatial lipidomics reveals brain region-spe-
cific changes of sulfatides in an experimental MPTP Parkinson’s disease 
primate model. NPJ Parkinsons Dis. 2023;9:118.

 29. Deng Y, Bartosovic M, Ma S, Zhang D, Kukanja P, Xiao Y, Su G, Liu Y, Qin X, 
Rosoklija GB, et al. Spatial profiling of chromatin accessibility in mouse 
and human tissues. Nature. 2022;609:375–83.

 30. Roux AE, Yuan H, Podshivalova K, Hendrickson D, Kerr R, Kenyon C, 
Kelley D: Individual cell types in C. elegans age differently and activate 
distinct cell-protective responses. Cell Rep. 2023;42:112902.

 31. Gao SM, Qi Y, Zhang Q, Guan Y, Lee YT, Ding L, Wang L, Mohammed AS, 
Li H, Fu Y, Wang MC. Aging atlas reveals cell-type-specific effects of pro-
longevity strategies. Nat Aging. 2024;4:998–1013.

 32. Lu TC, Brbic M, Park YJ, Jackson T, Chen J, Kolluru SS, Qi Y, Katheder 
NS, Cai XT, Lee S, et al. Aging Fly Cell Atlas identifies exhaustive aging 
features at cellular resolution. Science. 2023;380:eadg0934.

 33. Fröhlich AS, Gerstner N, Gagliardi M, et al. Single-nucleus transcriptomic 
profiling of human orbitofrontal cortex reveals convergent effects of 
aging and psychiatric disease. Nat Neurosci. 2024;27:2021–32. https:// 
doi. org/ 10. 1038/ s41593- 024- 01742-z.

 34. Jeffries AM, Yu T, Ziegenfuss JS, Tolles AK, Kim Y, Weng Z, Lodato MA. 
Single-cell transcriptomic and genomic changes in the aging human 
brain. bioRxiv. 2023;2023.11.07.566050.

 35. Su Y, Zhou Y, Bennett ML, Li S, Carceles-Cordon M, Lu L, Huh S, Jimenez-
Cyrus D, Kennedy BC, Kessler SK, et al. A single-cell transcriptome atlas 
of glial diversity in the human hippocampus across the postnatal 
lifespan. Cell Stem Cell. 2022;29(11):1594–610. https:// doi. org/ 10. 1016/j. 
stem. 2022. 09. 010.

 36. Ling E, Nemesh J, Goldman M, Kamitaki N, Reed N, Handsaker RE, 
Genovese G, Vogelgsang JS, Gerges S, Kashin S, et al. A concerted 
neuron-astrocyte program declines in ageing and schizophrenia. 
Nature. 2024;627:604–11.

 37. Clarke LE, Liddelow SA, Chakraborty C, Munch AE, Heiman M, Barres BA. 
Normal aging induces A1-like astrocyte reactivity. Proc Natl Acad Sci U 
S A. 2018;115:E1896–905.

 38. Ximerakis M, Lipnick SL, Innes BT, Simmons SK, Adiconis X, Dionne 
D, Mayweather BA, Nguyen L, Niziolek Z, Ozek C, et al. Single-cell 
transcriptomic profiling of the aging mouse brain. Nat Neurosci. 
2019;22:1696–708.

 39. Tabula Muris C. A single-cell transcriptomic atlas characterizes ageing 
tissues in the mouse. Nature. 2020;583:590–5.

 40. Sziraki A, Lu Z, Lee J, Banyai G, Anderson S, Abdulraouf A, Metzner E, 
Liao A, Banfelder J, Epstein A, et al. A global view of aging and Alzhei-
mer’s pathogenesis-associated cell population dynamics and molecular 
signatures in human and mouse brains. Nat Genet. 2023;55:2104–16.

 41. Sheehan PW, Fass S, Sapkota D, Kang S, Hollis HC, Lawrence JH, Anafi 
RC, Dougherty JD, Fryer JD, Musiek ES: A glial circadian gene expression 
atlas reveals cell type and disease-specific reprogramming in response 
to amyloid pathology or aging. bioRxiv. 2024.

 42. Allen WE, Blosser TR, Sullivan ZA, Dulac C, Zhuang X. Molecular and 
spatial signatures of mouse brain aging at single-cell resolution. Cell. 
2023;186:194-208 e118.

 43. Sun ED, Zhou OY, Hauptschein M, Rappoport N, Xu L, Navarro Negredo 
P, Liu L, Rando TA, Zou J, Brunet A: Spatial transcriptomic clocks reveal 
cell proximity effects in brain ageing. Nature. 2024.

 44. Schroeder ME, McCormack DM, Metzner L, Kang J, Li KX, Yu E, 
Levandowski KM, Zaniewski H, Zhang Q, Boyden ES, et al: Astrocyte 
regional specialization is shaped by postnatal development. bioRxiv. 
2024:2024.2010.2011.617802.

 45. Njie EG, Boelen E, Stassen FR, Steinbusch HW, Borchelt DR, Streit 
WJ. Ex vivo cultures of microglia from young and aged rodent brain 
reveal age-related changes in microglial function. Neurobiol Aging. 
2012;33:195 e191-e112.

 46. Calvo B, Rubio F, Fernandez M, Tranque P. Dissociation of neonatal and 
adult mice brain for simultaneous analysis of microglia, astrocytes and 
infiltrating lymphocytes by flow cytometry. IBRO Rep. 2020;8:36–47.

 47. Hartmann K, Sepulveda-Falla D, Rose IVL, Madore C, Muth C, Matschke 
J, Butovsky O, Liddelow S, Glatzel M, Krasemann S. Complement 
3(+)-astrocytes are highly abundant in prion diseases, but their abolish-
ment led to an accelerated disease course and early dysregulation of 
microglia. Acta Neuropathol Commun. 2019;7:83.

 48. Holst CB, Brochner CB, Vitting-Seerup K, Mollgard K. Astrogliogenesis in 
human fetal brain: complex spatiotemporal immunoreactivity patterns 
of GFAP, S100, AQP4 and YKL-40. J Anat. 2019;235:590–615.

 49. Voskuhl RR, Peterson RS, Song B, Ao Y, Morales LB, Tiwari-Woodruff S, 
Sofroniew MV. Reactive astrocytes form scar-like perivascular barriers 
to leukocytes during adaptive immune inflammation of the CNS. J 
Neurosci. 2009;29:11511–22.

 50. Wanner IB, Anderson MA, Song B, Levine J, Fernandez A, Gray-Thomp-
son Z, Ao Y, Sofroniew MV. Glial scar borders are formed by newly 
proliferated, elongated astrocytes that interact to corral inflammatory 
and fibrotic cells via STAT3-dependent mechanisms after spinal cord 
injury. J Neurosci. 2013;33:12870–86.

 51. Hara M, Kobayakawa K, Ohkawa Y, Kumamaru H, Yokota K, Saito T, Kijima 
K, Yoshizaki S, Harimaya K, Nakashima Y, Okada S. Interaction of reac-
tive astrocytes with type I collagen induces astrocytic scar formation 
through the integrin-N-cadherin pathway after spinal cord injury. Nat 
Med. 2017;23:818–28.

 52. Lang BT, Cregg JM, DePaul MA, Tran AP, Xu K, Dyck SM, Madalena 
KM, Brown BP, Weng YL, Li S, et al. Modulation of the proteoglycan 
receptor PTPsigma promotes recovery after spinal cord injury. Nature. 
2015;518:404–8.

 53. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A, 
Walker AJ, Gergits F, Segel M, Nemesh J, et al. Single-Cell RNA Sequenc-
ing of Microglia throughout the Mouse Lifespan and in the Injured 
Brain Reveals Complex Cell-State Changes. Immunity. 2019;50:253-271 
e256.

 54. Spiller KJ, Restrepo CR, Khan T, Dominique MA, Fang TC, Canter RG, 
Roberts CJ, Miller KR, Ransohoff RM, Trojanowski JQ, Lee VM. Microglia-
mediated recovery from ALS-relevant motor neuron degeneration in a 
mouse model of TDP-43 proteinopathy. Nat Neurosci. 2018;21:329–40.

 55. Seshadri S, Beiser A, Kelly-Hayes M, Kase CS, Au R, Kannel WB, Wolf 
PA. The lifetime risk of stroke: estimates from the Framingham Study. 
Stroke. 2006;37:345–50.

 56. Roy-O’Reilly M, McCullough LD. Age and Sex Are Critical Factors in 
Ischemic Stroke Pathology. Endocrinology. 2018;159:3120–31.

 57. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: 
a new immune-metabolic viewpoint for age-related diseases. Nat Rev 
Endocrinol. 2018;14:576–90.

https://doi.org/10.1038/s41593-024-01742-z
https://doi.org/10.1038/s41593-024-01742-z
https://doi.org/10.1016/j.stem.2022.09.010
https://doi.org/10.1016/j.stem.2022.09.010


Page 13 of 14Gildea and Liddelow  Molecular Neurodegeneration           (2025) 20:21  

 58. Zhou T, Li Y, Li X, Zeng F, Rao Y, He Y, Wang Y, Liu M, Li D, Xu Z, et al. 
Microglial debris is cleared by astrocytes via C4b-facilitated phagocyto-
sis and degraded via RUBICON-dependent noncanonical autophagy in 
mice. Nat Commun. 2022;13:6233.

 59. Pan J, Ma N, Yu B, Zhang W, Wan J. Transcriptomic profiling of microglia 
and astrocytes throughout aging. J Neuroinflammation. 2020;17:97.

 60. Sorensen TL, Tani M, Jensen J, Pierce V, Lucchinetti C, Folcik VA, Qin 
S, Rottman J, Sellebjerg F, Strieter RM, et al. Expression of specific 
chemokines and chemokine receptors in the central nervous system of 
multiple sclerosis patients. J Clin Invest. 1999;103:807–15.

 61. Xia MQ, Bacskai BJ, Knowles RB, Qin SX, Hyman BT. Expression of the 
chemokine receptor CXCR3 on neurons and the elevated expression of 
its ligand IP-10 in reactive astrocytes: in vitro ERK1/2 activation and role 
in Alzheimer’s disease. J Neuroimmunol. 2000;108:227–35.

 62. Zhou Y, Song WM, Andhey PS, Swain A, Levy T, Miller KR, Poliani PL, 
Cominelli M, Grover S, Gilfillan S, et al. Human and mouse single-
nucleus transcriptomics reveal TREM2-dependent and TREM2-
independent cellular responses in Alzheimer’s disease. Nat Med. 
2020;26:131–42.

 63. Tani M, Glabinski AR, Tuohy VK, Stoler MH, Estes ML, Ransohoff RM. 
In situ hybridization analysis of glial fibrillary acidic protein mRNA 
reveals evidence of biphasic astrocyte activation during acute experi-
mental autoimmune encephalomyelitis. Am J Pathol. 1996;148:889–96.

 64. Kim RY, Hoffman AS, Itoh N, Ao Y, Spence R, Sofroniew MV, Voskuhl RR. 
Astrocyte CCL2 sustains immune cell infiltration in chronic experimen-
tal autoimmune encephalomyelitis. J Neuroimmunol. 2014;274:53–61.

 65. Mills Ko E, Ma JH, Guo F, Miers L, Lee E, Bannerman P, Burns T, Ko 
D, Sohn J, Soulika AM, Pleasure D. Deletion of astroglial CXCL10 
delays clinical onset but does not affect progressive axon loss in a 
murine autoimmune multiple sclerosis model. J Neuroinflammation. 
2014;11:105.

 66. Paul D, Ge S, Lemire Y, Jellison ER, Serwanski DR, Ruddle NH, Pachter JS. 
Cell-selective knockout and 3D confocal image analysis reveals sepa-
rate roles for astrocyte-and endothelial-derived CCL2 in neuroinflam-
mation. J Neuroinflammation. 2014;11:10.

 67. Ma W, Oliveira-Nunes MC, Xu K, Kossenkov A, Reiner BC, Crist RC, 
Hayden J, Chen Q. Type I interferon response in astrocytes promotes 
brain metastasis by enhancing monocytic myeloid cell recruitment. Nat 
Commun. 2023;14:2632.

 68. Li X, Li Y, Jin Y, Zhang Y, Wu J, Xu Z, Huang Y, Cai L, Gao S, Liu T, et al. Tran-
scriptional and epigenetic decoding of the microglial aging process. 
Nat Aging. 2023;3:1288–311.

 69. Law RH, Zhang Q, McGowan S, Buckle AM, Silverman GA, Wong W, 
Rosado CJ, Langendorf CG, Pike RN, Bird PI, Whisstock JC. An overview 
of the serpin superfamily. Genome Biol. 2006;7:216.

 70. Liu C, Zhao XM, Wang Q, Du TT, Zhang MX, Wang HZ, Li RP, Liang K, Gao 
Y, Zhou SY, et al. Astrocyte-derived SerpinA3N promotes neuroinflam-
mation and epileptic seizures by activating the NF-kappaB signaling 
pathway in mice with temporal lobe epilepsy. J Neuroinflammation. 
2023;20:161.

 71. Aranda-Anzaldo A. The post-mitotic state in neurons correlates 
with a stable nuclear higher-order structure. Commun Integr Biol. 
2012;5:134–9.

 72. Sohn J, Orosco L, Guo F, Chung SH, Bannerman P, Mills Ko E, Zarbalis 
K, Deng W, Pleasure D. The subventricular zone continues to generate 
corpus callosum and rostral migratory stream astroglia in normal adult 
mice. J Neurosci. 2015;35:3756–63.

 73. Ogrodnik M, Carlos Acosta J, Adams PD, d’Adda di Fagagna F, Baker DJ, 
Bishop CL, Chandra T, Collado M, Gil J, Gorgoulis V, et al: Guidelines for 
minimal information on cellular senescence experimentation in vivo. 
Cell. 2024;187:4150–4175.

 74. Sikora E, Bielak-Zmijewska A, Dudkowska M, Krzystyniak A, Mosieniak 
G, Wesierska M, Wlodarczyk J. Cellular Senescence in Brain Aging. Front 
Aging Neurosci. 2021;13:646924.

 75. Byrns CN, Perlegos AE, Miller KN, Jin Z, Carranza FR, Manchandra P, 
Beveridge CH, Randolph CE, Chaluvadi VS, Zhang SL, et al. Senescent 
glia link mitochondrial dysfunction and lipid accumulation. Nature. 
2024;630:475–83.

 76. Byrns CN, Saikumar J, Bonini NM. Glial AP1 is activated with aging and 
accelerated by traumatic brain injury. Nat Aging. 2021;1:585–97.

 77. Ferris HA, Perry RJ, Moreira GV, Shulman GI, Horton JD, Kahn CR. Loss 
of astrocyte cholesterol synthesis disrupts neuronal function and alters 
whole-body metabolism. Proc Natl Acad Sci U S A. 2017;114:1189–94.

 78. Yu W, Li Y, Zhong F, Deng Z, Wu J, Yu W, Lu Y. Disease-Associated 
Neurotoxic Astrocyte Markers in Alzheimer Disease Based on Integra-
tive Single-Nucleus RNA Sequencing. Cell Mol Neurobiol. 2024;44:20. 
https:// doi. org/ 10. 1007/ s10571- 024- 01453-w.

 79. Baldwin KT, Eroglu C. Molecular mechanisms of astrocyte-induced 
synaptogenesis. Curr Opin Neurobiol. 2017;45:113–20.

 80. Tewari BP, Chaunsali L, Prim CE, Sontheimer H. A glial perspective on 
the extracellular matrix and perineuronal net remodeling in the central 
nervous system. Front Cell Neurosci. 2022;16:1022754.

 81. Morizawa YM, Hirayama Y, Ohno N, Shibata S, Shigetomi E, Sui Y, 
Nabekura J, Sato K, Okajima F, Takebayashi H, et al. Reactive astrocytes 
function as phagocytes after brain ischemia via ABCA1-mediated 
pathway. Nat Commun. 2017;8:28.

 82. Smith HL, Freeman OJ, Butcher AJ, Holmqvist S, Humoud I, Schatzl T, 
Hughes DT, Verity NC, Swinden DP, Hayes J, et al. Astrocyte Unfolded 
Protein Response Induces a Specific Reactivity State that Causes Non-
Cell-Autonomous Neuronal Degeneration. Neuron. 2020;105(5):855–66. 
https:// doi. org/ 10. 1016/j. neuron. 2019. 12. 014.

 83. Frakes AE, Metcalf MG, Tronnes SU, Bar-Ziv R, Durieux J, Gildea HK, 
Kandahari N, Monshietehadi S, Dillin A. Four glial cells regulate ER stress 
resistance and longevity via neuropeptide signaling in C. elegans. Sci-
ence. 2020;367:436–40.

 84. Sprenkle NT, Lahiri A, Simpkins JW, Meares GP. Endoplasmic reticulum 
stress is transmissible in vitro between cells of the central nervous 
system. J Neurochem. 2019;148:516–30.

 85. Lee E, Jung YJ, Park YR, Lim S, Choi YJ, Lee SY, Kim CH, Mun JY, Chung 
WS. A distinct astrocyte subtype in the aging mouse brain character-
ized by impaired protein homeostasis. Nat Aging. 2022;2:726–41.

 86. Gildea HK, Frankino PA, Tronnes SU, Pender CL, Durieux J, Dishart JG, 
Choi HO, Hunter TD, Cheung SS, Frakes AE, et al. Glia of C. elegans 
coordinate a protective organismal heat shock response independent 
of the neuronal thermosensory circuit. Sci Adv. 2022;8:eabq3970.

 87. Bohlen CJ, Bennett FC, Tucker AF, Collins HY, Mulinyawe SB, Barres BA. 
Diverse Requirements for Microglial Survival, Specification, and Func-
tion Revealed by Defined-Medium Cultures. Neuron. 2017;94:759-773 
e758.

 88. Prakash P, Manchanda P, Paouri E, Bisht K, Sharma K, Wijewardhane PR, 
Randolph CE, Clark MG, Fine J, Thayer EA, et al: Amyloid beta Induces 
Lipid Droplet-Mediated Microglial Dysfunction in Alzheimer’s Disease. 
bioRxiv. 2023.

 89. Marschallinger J, Iram T, Zardeneta M, Lee SE, Lehallier B, Haney MS, 
Pluvinage JV, Mathur V, Hahn O, Morgens DW, et al. Lipid-droplet-
accumulating microglia represent a dysfunctional and proinflammatory 
state in the aging brain. Nat Neurosci. 2020;23:194–208.

 90. Goodman LD, Ralhan I, Li X, Lu S, Moulton MJ, Park YJ, Zhao P, Kanca O, 
Ghaderpour Taleghani ZS, Jacquemyn J, et al. Tau is required for glial 
lipid droplet formation and resistance to neuronal oxidative stress. Nat 
Neurosci. 2024;27:1918–33.

 91. Olzmann JA, Carvalho P. Dynamics and functions of lipid droplets. Nat 
Rev Mol Cell Biol. 2019;20:137–55.

 92. Guttenplan KA, Weigel MK, Prakash P, Wijewardhane PR, Hasel P, Rufen-
Blanchette U, Munch AE, Blum JA, Fine J, Neal MC, et al: Neurotoxic 
reactive astrocytes induce cell death via saturated lipids. Nature. 2021.

 93. Shimabukuro MK, Langhi LG, Cordeiro I, Brito JM, Batista CM, Mattson 
MP, Mello Coelho V. Lipid-laden cells differentially distributed in the 
aging brain are functionally active and correspond to distinct pheno-
types. Sci Rep. 2016;6:23795.

 94. Metcalf MG, Monshietehadi S, Sahay A, Durieux J, Frakes AE, Velichko-
vska M, Mena C, Farinas A, Sanchez M, Dillin A: Cell non-autonomous 
control of autophagy and metabolism by glial cells. iScience. 
2024;27:109354.

 95. Mi Y, Qi G, Vitali F, Shang Y, Raikes AC, Wang T, Jin Y, Brinton RD, Gu H, 
Yin F. Loss of fatty acid degradation by astrocytic mitochondria triggers 
neuroinflammation and neurodegeneration. Nat Metab. 2023;5:445–65.

 96. Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, Ji X, Lo EH. 
Transfer of mitochondria from astrocytes to neurons after stroke. 
Nature. 2016;535:551–5.

https://doi.org/10.1007/s10571-024-01453-w
https://doi.org/10.1016/j.neuron.2019.12.014


Page 14 of 14Gildea and Liddelow  Molecular Neurodegeneration           (2025) 20:21 

 97. Davis CH, Kim KY, Bushong EA, Mills EA, Boassa D, Shih T, Kinebuchi M, 
Phan S, Zhou Y, Bihlmeyer NA, et al. Transcellular degradation of axonal 
mitochondria. Proc Natl Acad Sci U S A. 2014;111:9633–8.

 98. Popov A, Brazhe N, Morozova K, Yashin K, Bychkov M, Nosova O, Sutya-
gina O, Brazhe A, Parshina E, Li L, et al. Mitochondrial malfunction and 
atrophy of astrocytes in the aged human cerebral cortex. Nat Commun. 
2023;14:8380.

 99. Liddelow SA. Modern approaches to investigating non-neuronal 
aspects of Alzheimer’s disease. FASEB J. 2019;33:1528–35.

 100. Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A, Hamshere 
ML, Pahwa JS, Moskvina V, Dowzell K, Williams A, et al. Genome-wide 
association study identifies variants at CLU and PICALM associated with 
Alzheimer’s disease. Nat Genet. 2009;41(10):1088–93. https:// doi. org/ 10. 
1038/ ng. 440.

 101. Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani 
HP, Guarnieri P, Caneda C, Ruderisch N, et al. An RNA-sequencing 
transcriptome and splicing database of glia, neurons, and vascular cells 
of the cerebral cortex. J Neurosci. 2014;34:11929–47.

 102. Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal PD, Vogel 
H, Steinberg GK, Edwards MS, Li G, et al. Purification and Characteriza-
tion of Progenitor and Mature Human Astrocytes Reveals Transcrip-
tional and Functional Differences with Mouse. Neuron. 2016;89:37–53.

 103. Tsumagari K, Sato Y, Aoyagi H, Okano H, Kuromitsu J. Proteomic charac-
terization of aging-driven changes in the mouse brain by co-expression 
network analysis. Sci Rep. 2023;13:18191.

 104. Booth HDE, Hirst WD, Wade-Martins R. The Role of Astrocyte 
Dysfunction in Parkinson’s Disease Pathogenesis. Trends Neurosci. 
2017;40:358–70.

 105. Barodia SK, McMeekin LJ, Creed RB, Quinones EK, Cowell RM, Goldberg 
MS. PINK1 phosphorylates ubiquitin predominantly in astrocytes. NPJ 
Parkinsons Dis. 2019;5:29. https:// doi. org/ 10. 1038/ s41531- 019- 0101-9.

 106. Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, Bohr VA. 
Ageing as a risk factor for neurodegenerative disease. Nat Rev Neurol. 
2019;15:565–81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/ng.440
https://doi.org/10.1038/ng.440
https://doi.org/10.1038/s41531-019-0101-9

	Mechanisms of astrocyte aging in reactivity and disease
	Abstract 
	Background
	Tools and strategies for evaluating aged astrocyte transcriptomes
	Regional heterogeneity of astrocyte aging
	What is the role of astrocyte reactivity in normal aging?
	Immune responses and immune-astrocyte interactions in age
	Astrocytes in senescence
	Loss of astrocyte synaptic support in aging
	Decline of protein homeostasis in aged astrocytes
	Aged astrocyte lipid dysbiosis
	Mitochondrial dysfunction in aged astrocytes
	Changes in neurodegenerative disease genetic risk factors across age in astrocytes

	Conclusions
	Acknowledgements
	References


