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ABSTRACT

Astrocytes are the most abundant glial cell type in the central nervous system (CNS). Astrocytes are born during the early post-
natal period in the rodent brain and mature alongside neurons, demonstrating remarkable morphological structural complexity,
which is attained in the second postnatal month. Throughout this period of development and across the remainder of the lifespan,
astrocytes participate in CNS homeostasis, support neuronal partners, and contribute to nearly all aspects of CNS function. In
the present study, we analyzed astrocyte gene expression in the cortex of wild-type male rodents throughout their lifespan (post-
natal 7days to 18 months). A pairwise timepoint comparison of differential gene expression during early development and CNS
maturation (7-60days) revealed four unique astrocyte gene clusters, each with hundreds of genes, which demonstrate unique
temporal profiles. These clusters are distinctively related to cell division, cell morphology, cellular communication, and vascular
structure and regulation. A similar analysis across adulthood and in the aging brain (3 to 18 months) identified similar patterns of
grouped gene expression related to cell metabolism and cell structure. Additionally, our analysis identified that during the aging
process astrocytes demonstrate a bias toward shorter transcripts, with loss of longer genes related to synapse development and a
significant increase in shorter transcripts related to immune regulation and the response to DNA damage. Our study highlights
the critical role that astrocytes play in maintaining CNS function throughout life and reveals molecular shifts that occur during
development and aging in the cortex of male mice.

| Introduction and influence on brain metabolism and homeostasis (Vasile

In mammals, astrocytes are the most abundant glial cell type in
the central nervous system (CNS) (Agulhon et al. 2008; Filous
and Silver 2016; Zhou et al. 2019). Previously considered largely
supportive, astrocytes are now recognized for their multifaceted
functions, including maintaining neuronal health, active par-
ticipation in neural activity, regulation of synaptic functioning,

et al. 2017). Importantly, these functions are developmentally
regulated across the lifespan of the organism.

During development, astrocytes undergo a complex and
highly regulated maturation process. Astrocyte development
has been extensively studied in rodent model systems. In
these models, astrocyte generation starts at embryonic day 18
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(E18) or at birth, originating from radial glial cells, the same
progenitor cells that give rise to neurons (Farhy-Tselnicker
and Allen 2018; Miller and Gauthier 2007; Zarei-Kheirabadi
et al. 2020). Soon after birth, primary astrocyte processes ra-
diate from the cell soma, branch out, and gradually divide into
finer processes, generating a dense network of delicate termi-
nal ‘leaflet’ processes (Freeman 2010). Extensive process out-
growth and elaboration continue through the third postnatal
week, when extra astrocyte filopodia are pruned and astro-
cytes establish nonoverlapping domains (Bushong et al. 2004;
Bushong et al. 2002; Farhy-Tselnicker and Allen 2018; Zarei-
Kheirabadi et al. 2020). Mature astrocytes across the CNS are
morphologically complex cells spanning a massive spatial do-
main, with each astrocyte managing five to ten neuronal cell
bodies, hundreds of dendrites (Halassa et al. 2007; Ogata and
Kosaka 2002), and up to 100,000 individual synapses within
its individual territory (Bushong et al. 2002; Freeman 2010;
Oberheim et al. 2006). Astrocytes also have specialized pro-
cesses called endfeet, which completely enwrap (99%) the
CNS vasculature, where they participate in local blood flow
regulation (Daneman and Prat 2015) and represent a critical
component of the blood-brain barrier (BBB). Notably, this
complex morphology is functionally related to the most well-
characterized astrocyte functions, including the uptake of the
neurotransmitters glutamate and GABA, K* ion homeostasis,
synapse organization and stabilization, and blood-brain bar-
rier integrity (Hill et al. 2019; Iadecola and Nedergaard 2007;
Khakh and Sofroniew 2015). Despite the well-characterized
temporal trajectory of astrocyte morphological maturation,
which coincides with neuronal maturation and synaptogene-
sis, little is known regarding the underlying molecular mech-
anisms that drive this process.

Emerging evidence has demonstrated that aging astrocytes ex-
hibit alterations in morphology, gene expression, and function.
In both aging humans and rodents, astrocyte morphological
changes have been observed whereby long and thin processes
become short and stubby (Jyothi et al. 2015; Kanaan et al. 2010),
possibly disrupting the functional and homeostatic state of astro-
cytes and communication with neighboring cells. Glial fibrillary
acidic protein (GFAP), a classical marker of reactive astrocytes,
increases during the aging process (Boisvert et al. 2018; Clarke
et al. 2018; Yang and Wang 2015). Furthermore, aging astrocytes
can activate the complement system, potentially contributing to
cognitive decline (Palmer and Ousman 2018), increasing the
production of cytokines, accumulating oxidative stress damage
(Ishii et al. 2017), and impacting cholesterol synthesis and BBB
integrity. These changes in morphology are unsurprisingly as-
sociated with alterations in gene expression, which demonstrate
regional specificity (Boisvert et al. 2018; Matias et al. 2019) and
potentially contribute to age-related neurodegenerative diseases
and cognitive decline (Brandebura et al. 2023).

Understanding the complexity of astrocyte development and
aging is critical for elucidating the complexity of brain function
throughout the life cycle. Although astrocyte morphological
complexity has been extensively studied over the past several
decades, few studies have addressed the molecular shifts that
drive these morphological changes during development and
aging. Previous studies have used Ribotag RNA sequencing to
examine actively translated genes in astrocytes during early

development (Farhy-Tselnicker et al. 2021) and aging (Boisvert
et al. 2018). This approach allows for the selective analysis of
actively translated mRNA, but it tends to capture highly trans-
lated genes, which may introduce bias and overlook lower
abundance transcripts that could still play significant roles in
cellular function. Here, we utilized a magnetic bead cell pull-
down method to isolate intact cortical astrocytes acutely from
wild-type (WT) male mice at five early developmental time
points (P7, P14, P21, P28, and P60) and across healthy aging (3,
6, 12, and 18 months). Using bulk RNA sequencing across the
healthy lifespan, we achieved the goals of (1) identifying addi-
tional astrocyte-specific genes and generating a comprehensive
astrocyte transcriptome; (2) characterizing the overall changes
in the astrocyte transcriptome during development and senes-
cence, including both translated and untranslated mRNAs; and
(3) analyzing in detail the key periods of astrocyte maturation
and the formation of “spongy” complex morphologies (P14-P28)
(Akdemir et al. 2020). Our goal was to reveal the transcriptomic
changes associated with the maturation of healthy astrocytes
and the impact of age-related changes in gene expression. These
findings enhance our understanding of the molecular changes
associated with astrocytes as they achieve their remarkable
morphological complexity, undergo transcriptomic maturation
and aging, establish their presence at synapses, provide general
homeostatic support to neurons, and participate in the forma-
tion and maturation of the blood-brain barrier formation.

2 | Methods and Materials
2.1 | Animals

Wild-type C57BL/6 male mice were housed and bred at Virginia
Polytechnic Institute and State University. All experiments per-
formed were approved by the Virginia Polytechnic Institute and
State University Animal Care and Use Committee. The animals
were maintained on a reverse 12h light/dark cycle (lights on at
10pm, lights off at 10am) with food and water available ad libi-
tum. All the tissue was collected between 10am and 2pm. To
minimize potential litter effects, animals from at least three
different litters were randomly assigned to each experimen-
tal group.

2.2 | Sequential Cell Isolation

The cells were isolated as previously described (Holt et al. 2019;
Holt and Olsen 2016). Briefly, the mice were anesthetized with
CO,. Whole cortices were dissected in ice-cold, 95% O, bubbled
ACSF (120mM NacCl, 3.0mM KCI, 2mM MgClZ, 0.2mM CaClz,
26.2mM NaHCO,, 11.1mM glucose, 5.0mM HEPES with 3mM
AP5, 3mM CNQX), and single-cell suspensions were acquired
from mouse cortex using a papain dissociation kit (Worthington
Biochemical, #L.K003153). The cell suspensions were incubated
with Myelin+ microbeads (Miltenyi Biotech #130-096-733) and
CD11b+ beads (Miltenyi Biotech #130-093-634) for 10 min to re-
move oligodendrocytes and microglia. For the samples collected
after 3months old, CD31+ beads (Miltenyi Biotech #130-097-
418) were also added to remove endothelial cell contamination.
We collected the flow-through and incubated the cells in the
flow-through with FcR blocking buffer for 15min, followed by
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a 15min incubation with ACSA-2 microbeads (Miltenyi Biotech
#130-097-678) to isolate astrocytes.

2.3 | RNA Isolation and qPCR

Isolated cells were stored in TRIzol (Thermo Fisher Scientific,
#15596026) (—80°C) prior to RNA isolation. RNA was isolated
using the Direct-zol RNA Microprep Kit (Zymo Research,
#R2060) according to the manufacturer's instructions. RNA
was reverse transcribed into cDNA using iScript Reverse
Transcription Supermix (Bio-Red, #1708841). Astrocyte en-
richment was determined by qPCR. Here, Tagman PCR master
mix (Thermo Fisher Scientific, #4444557) and TagMan probes
Gfap (glial fibrillary acidic protein) as a marker of astrocytes,
Itgam (integrin alpha M chain) for microglia, Mbp (Myelin basic
protein) for myelin, Rbfox3 (RNA binding fox-1 homolog 3) for
neurons, and Cd31 (cluster of differentiation 3, also known as
platelet endothelial cell adhesion molecule) for endothelial cells,
with GAPDH serving as the housekeeping gene to test the purity
of two batches with qPCR. The ddCt method was employed to
determine the relative mRNA expression levels. Both qPCR re-
sults showed a good purity of the astrocyte fraction (Figure S1).

2.4 | RNA Sequencing

Total RNA was reverse transcribed into the first-strand cDNA
samples using the SMART-Seq v4 Ultra Low Input RNA Kit
(Takara Bio, USA; Mountain View, CA, USA). PolyA enrichment
was conducted to enrich all the coding RNA. The cDNA samples
were then fragmented, end-repaired, A-tailed, and ligated with
adaptors. After size selection and PCR enrichment, sequencing
was performed on a NovaSeq instrument (Illumina). Samples
from P7 to P60 were sequenced by Novogene Co., and paired-
end reads 2Xx150bp sequence were generated. Samples from 3
to 18 months were sequenced by MedGenome Inc. to generate
paired-end 2x 100bp sequence. 60 M total reads were acquired
for each library. Three to five biological replicates were included
in each group.

2.5 | RNA Sequencing Analysis

Bases with quality scores less than 30 and adapters were
trimmed from raw sequencing reads by Trim Galore (v0.6.4).
After trimming, reads with lengths greater than 30bp were
mapped to mm10 by STAR (v2.7.1a). Raw counts and normal-
ized counts for each gene were produced by RSEM (v1.2.28).
Batch effects were removed with the ComBat_seq function from
the package sva (v3.46.0). Following batch effect removal, the
distinction between the two batches was no longer discernible in
the PCA plot (Figure S1). The raw counts were used to identify
differentially expressed genes (DEGs) using DESeq2 (v1.36.0).
Only genes with an adjusted p value less than 0.05 and at least
a 1.5-fold change were considered DEGs. GO analysis was per-
formed with clusterProfiler (v4.6.2) and org.Mm.eg.db (v3.16.0).
ClueGO (v2.5.10) (Bindea et al. 2009) was used to summarize
the GO terms. Mfuzz (v2.58.0) (Futschik and Carlisle 2005;
Kumar 2007) was used to cluster genes based on the expression
pattern.

3 | Results

Rodent astrocytes are born in the cortex postnatally and undergo
migration, proliferation, and maturation during the first month
of life (Akdemir et al. 2020; Clavreul et al. 2022; Sofroniew and
Vinters 2010). Subsequently, each astrocyte continues to de-
velop, mature, and age in its specific location until the end of its
lifespan. Here, we evaluated the astrocyte transcriptome during
early cortical development through young adulthood (P7, P14,
P21, P28, and P60) and from adulthood through the aging pro-
cess (3,9, 12, and 18 months) in the male mice (Figure S1).

3.1 | Early Developmental Profiling
of the Astrocyte Transcriptome in the Male
Mouse Cortex

We first evaluated general postnatal developmental gene expres-
sion patterns in acutely isolated astrocytes from healthy, WT
male mice. Astrocytes were collected longitudinally across early
postnatal development and through young adulthood, enabling
the evaluation of gene expression through the critical develop-
mental period between birth and maturation (P7, P14, P21, P28,
and P60). Over 20,000 protein-coding genes were detected at
each time point (Table S1). The top 10 genes with the highest ex-
pression at each time point are shown (Figure 1A). Interestingly,
four genes (Apoe, Cst3, Mt1, and Ckb) were consistently highly
expressed during early development (Figure 1B). Notably, apo-
lipoprotein E (Apoe), a lipid transporter, and cystatin C (Cst3),
which serve an important physiological role as a local regulator
of this enzyme activity, consistently showed the highest expres-
sion at each early time point examined, and the expression of
each of these genes was relatively stable at each of these time
points. These findings support previous findings on actively
transcribed mRNAs in astrocytes (Farhy-Tselnicker et al. 2021).
Additionally, the protein encoded by Ckb plays a central role in
the regeneration of ATP in the brain (Kuiper et al. 2009), and
the protein encoded by the MtI gene acts as an antioxidant and
protects against hydroxyl free radicals, which are important in
the homeostatic control of metal in the cell (Swindell 2011; West
et al. 2008).

To investigate differential gene expression during early devel-
opment, we performed pairwise comparisons between adja-
cent time points with the criteria of adjusted p value <0.05 and
log2 foldchange >1.5 (Table S2). The number of upregulated
and downregulated DEGs for each comparison is presented
in Figure 1C,D. Notably, we identified the highest number of
differentially expressed genes (DEGs) between P14 and P21
(1164 DEGs) (Figure 1C,D), while a comparison of astrocytes
between P21 and P28 demonstrated similar mRNA expression
levels (Figure 1C). These results suggest the early maturation
phase (P7-P21), when astrocytes undergo profound morpholog-
ical changes (Bushong et al. 2004; Bushong et al. 2002; Farhy-
Tselnicker and Allen 2018; Freeman 2010; Zarei-Kheirabadi
et al. 2020), is associated with the most robust changes in gene
expression, with the majority of genes being upregulated. By
overlapping all the DEGs from the four comparisons, Igfbp3
(insulin-like growth factor-binding protein 3) was found to be
the only gene changing consistently during each early devel-
opmental period (Figure 1D). We conducted qPCR to further
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FIGURE1 | Astrocyte transcriptome changes during early developmental. (A) Heatmaps of the top 10 genes expressed in astrocytes at each age,

sorted by expression level. The colors represent the logl0 TPM of the expression level. (B) Four genes commonly expressed at all ages. The colors

represent the logl0 TPM of the expression level. (C) Total upregulated and downregulated DEGs (p.adj value <0.05, log2 fold change >1.5). (D)

Overlapping differentially expressed genes (DEGs) among all comparisons.

validate the expression of Igfbp3 at various developmental time
points. Consistent with the sequencing results, we observed a
significant increase in Igfbp3 levels from P7 to P21, followed by
a decrease from P21 to P60. (Figure S2).

By plotting the gene expression change of all the DEGs during
development (Figure S3), we observed distinct patterns of
expression. To analyze these patterns in detail, we grouped
the DEGs into four clusters based on their expression profiles
(Figure 2A-H, Tables S3 and S4). Cluster 1, comprising 728
genes, displayed the highest expression at P7, followed by a con-
sistent decrease from P7 to P21, and then maintained a relatively
low but stable expression level until P60 (Figure 2A,B). Pathway
enrichment analysis of Cluster 1 genes revealed associations
with cell proliferation and developmental processes (Figure 2I).
Notably, genes involved in the mitotic cell cycle process pathways
demonstrated downregulation from P14, corroborating previous
findings that astrocyte proliferation is largely complete by the
end of the second postnatal week (Akdemir et al. 2020; Clavreul
et al. 2022; Sofroniew and Vinters 2010; Vasile et al. 2017; Zhou

et al. 2019). Clusters 2 and 3 showed similar expression change
patterns (Figure 2C-F). Cluster 2 included 685 genes, while
Cluster 3 comprised 690 genes. Both clusters exhibited a consis-
tent increase in expression levels from P7 to P21, stabilizing at
P28. However, Cluster 2 genes continued to increase from P28
to P60, whereas Cluster 3 genes decreased during this period.
Pathway enrichment analysis indicated that genes in Clusters 2
and 3 are associated with synaptic signaling, dendrite develop-
ment, cell communication, and cytoskeletal and cellular organi-
zation (Figure 2J,K). These findings align with previous studies
highlighting P7 to P21, particularly P14 to P21, as critical peri-
ods for astrocyte morphological maturation and interaction with
synaptic structures (Akdemir et al. 2020; Clavreul et al. 2022;
Sofroniew and Vinters 2010; Vasile et al. 2017; Zhou et al. 2019).
Cluster 4, the smallest cluster with 303 genes, exhibited low ex-
pression at P7, peaking at P14 and P28, and then declining to a
minimum level at P60 (Figure 2G,H). Pathway analysis reveals
that these genes are involved in biological processes like endo-
thelial cell and blood vessel development (Figure 2L), which in-
dicates that between P14 and P28, when astrocytes start to show
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| Legend on next page.
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FIGURE 2 | Astrocyte DEG expression trajectories during development. (A, C, E, G) Clusters of expression trajectories of DEGs throughout the
astrocyte developmental process (P7, P14, P21, P28, and P60): Cluster 1 (A), Cluster 2 (C), Cluster 3 (E), and Cluster 4 (G). (B, D, F, H) Heatmaps of the
expression of DEGs involved in each cluster: Cluster 1 (B), Cluster 2 (D), Cluster 3 (F), and Cluster 4 (H). The colors represent the log10 TPM of the
expression level. (I-L) Top 10 most significant GO terms enriched with DEGs involved in Cluster 1 (I), Cluster 2 (J), Cluster 3 (K), and Cluster 4 (L).
Each bubble represents a GO subterm. The colors represent the fold enrichment. The size of the bubble represents the number of genes.

mature morphology, their end-feet process begins to participate
in blood-brain barrier (BBB) maintenance. The pattern of gene
expression and pathway analysis in this cluster supports previ-
ous work which indicates that although astrocytes contribute to
BBB development and maintenance from birth onward, astro-
cyte endfoot blood vessel coverage continues to mature through
adulthood (Obermeier et al. 2013; Saili et al. 2017).

3.2 | Normal Aging Profiling of the Astrocyte
Transcriptome in the Male Mouse Cortex

Matured astrocytes are essential in maintaining the health of
the brain microenvironment. To investigate the transcriptome
changes in astrocytes during normal aging, we selected four
time points, 3, 6, 12, and 18 months, and performed RNA-seq for
cortical astrocytes (Table S1). Similar to the top 10 genes with the
highest expression in the developmental transcriptomes, Apoe,
Cst3, Ckb, and Mt1 were prominently expressed in aging astro-
cyte transcriptomes (Figure 3A,B). Notably, Apoe and Cst3 were
the top two genes expressed across all developmental and aging
groups, underscoring their critical roles in sustaining fundamen-
tal astrocyte functions. Additionally, Clu (Clusterin) and Aldoc
(Aldolase, Fructose-Bisphosphate C) were identified as common
genes during aging (Figure 3B), and both are listed among the
top 10 genes with the highest expression from P14 onward. In
the brain, Clu is a secreted glycoprotein that has been shown
to enhance neuronal differentiation (Cordero-Llana et al. 2011)
is also a associated with lipid transport (Baralla et al. 2015;
Matukumalli et al. 2017), while genetic variation of this gene is
associated with Alzheimer's disease (Chen et al. 2021; Guerreiro
et al. 2010). Aldoc has been used as a marker to identify astro-
cytes (Tsai et al. 2012) and participates in the glycolysis pathway
in the brain (Xiong et al. 2022).

By comparing the developmental and aging transcriptomes of
astrocytes, we observed that Apoe, Cst3, Ckb, and Mtl maintain
high expression levels during both early developmental stages
and aging. To explore the roles of genes consistently highly ex-
pressed in mature astrocytes, we selected four time points rep-
resenting healthy adult mature astrocytes (P28, P60, 3 months,
and 6months) and identified 417 overlapping genes from the
top 500 genes at each time point. Pathway analysis revealed
that these genes primarily support basic cellular functions.
Moreover, processes related to cellular respiration, especially the
aerobic respiration process (“aerobic respiration”, “glucose cat-
abolic process,” “regulation to oxygen-containing compound,”
and “tricarboxylic acid cycle”), were enriched with these genes
(Figure 3C), reinforcing the role of astrocytes in brain energy
metabolism (Belanger et al. 2011). Additionally, adult astrocytes
were found to regulate plasma lipoprotein levels (Figure 3C),
supporting their function in lipid and cholesterol metabolism
and transport (Pfrieger and Ungerer 2011).

DEGs were identified between adjacent time points (Table S2).
Unlike the majority of genes upregulated during development,
430 outof 77 DEGs were downregulated in astrocytes at 6 months
compared with those at 3months (Figure 3D). The gene expres-
sion levels in 6 and 12 months astrocytes were very similar, with
only 18 DEGs identified between these two time points. In con-
trast, a greater number of DEGs were identified between 12 and
18 months, with 304 DEGs upregulated and 342 DEGs downreg-
ulated. Notably, Etv4 (ETS translocation variant 4, also known
as PEA3) and Crim1 (cysteine-rich motor neuron 1 protein) were
consistently altered during astrocyte aging (Figure 3E). Etv4isa
critical component of a gene network downstream of the BDNF/
TrkB pathway (Fontanet et al. 2018). Crim1 directs thoracolum-
bar axon extension in corticospinal neurons (Sahni et al. 2021),
although its function in astrocytes remains unclear. Validation
using qPCR demonstrates a significant increase in Criml1 levels
from 3 to 6 months, followed by a decrease from 6 to 12months,
and a subsequent increase from 12 to 18 months (Figure S2).

Similarly, the DEGs associated with astrocyte aging exhibited
distinct expression patterns (Figure S3). These DEGs were cat-
egorized into four clusters based on their expression patterns
(Figure 4A-L, Tables S5 and S6). Cluster 1 comprised 291 genes
with relatively stable expression levels from 3 to 12months,
followed by a substantial increase at 18 months (Figure 4A,B).
These genes are associated with peptidase activity and regula-
tion of apoptosis, potentially contributing to the aging process
(Figure 4I). Conversely, the 195 genes in Cluster 2 showed a
decreasing trend from 3 to 18 months (Figure 4C,D), and are
involved in pathways related to the mitotic cell cycle process
(Figure 47J). Cluster 3, containing 305 genes, exhibited the low-
est expression level at 6 months with a slight increase from 6
to 18 months (Figure 4E,F). Pathway analysis suggested that
Cluster 3 genes may be linked to axonemal assembly and mi-
crotubules, indicating potential morphological changes in aging
astrocytes (Figure 4K). The 342 genes in Cluster 4 showed the
highest expression at 12months, followed by a decrease to the
lowest level at 18 months (Figure 4G,H). Pathways enriched in
Cluster 4 indicate that gene expression changes could be asso-
ciated with reduced lipid synthesis, transport, and cell activity
in aging astrocytes (Allende et al. 2024; Ferris et al. 2017; Lee
et al. 2021) (Figure 4L).

3.3 | Expression Change of Astrocyte Functional
Genes During Early Development and Aging

By analyzing transcriptome data from astrocytes at different
developmental stages, we assessed the changes in the expres-
sion of genes crucial for astrocyte function across the lifespan.
The genes evaluated included astrocyte markers (Aldhlll, Ezr,
S100b, Aldoc, Ndrg2, Sox9, Lhx2, Gfap, Vim), astrocyte aqua-
porins (Aqp9, Aqp4), subunits of astrocyte GABA receptors
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FIGURE 3 | Astrocyte transcriptome changes during aging. (A) Heatmaps of the top 10 genes expressed in astrocytes at each age, sorted by ex-
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(DEGs) among all comparisons.
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FIGURE4 | Astrocyte DEG expression trajectories during aging. (A, C, E, G) Clusters of expression trajectories of DEGs throughout the astrocyte
aging process (3, 6, 12, and 18 months): Cluster 1 (A), Cluster 2 (C), Cluster 3 (E), and Cluster 4 (G). (B, D, F, H) Heatmaps of the expression of DEGs
involved in each cluster: Cluster 1 (B), Cluster 2 (D), Cluster 3 (F), and Cluster 4 (H). The colors represent the Log10 TPM of the expression level. (I-L)
Top 10 most significant GO terms enriched with DEGs involved in Cluster 1 (I), Cluster 2 (J), Cluster 3 (K), and Cluster 4 (L). Each bubble represents
a GO subterm. The colors represent the fold enrichment. The size of the bubble represents the number of genes.

(Gabra2, Gabra4, Gabrbl, Gabrgl, Babbrl, Gabbr2), astrocyte
GABA transporters (Slc6al, Slc6all), astrocyte potassium
(K*) channels (Kcnkl, Kenk2, Kenkl10, Kenjl0, Kenjl6), astro-
cyte glutamate uptake (Slcla3, Slcla2, Grm3, GrmS5, Gria2,
Glul), and astrocyte glutamate release (Vamp2, Vamp3, StxIa,
Snap25, Snap23, P2rx7). These genes were selected based on
previous studies (Liu et al. 2022; Mahmoud et al. 2019; Olsen
and Sieghart 2008; Rusnakova et al. 2013). To investigate the
expression changes of these genes across the lifespan of as-
trocytes, we used P7 as the baseline and calculated the log2-
fold change at all other time points relative to P7. Comparative
analysis of gene expression across different age groups was
conducted with respect to the P7 baseline, and the results
were visualized using heatmaps (Figure 5A-F). Four genes
were selected for validation using qPCR: Gfap, Aqp4, Kcnkl,
and Snap25. All of these genes exhibited consistent changes in
expression patterns that aligned with the sequencing results
(Figure S2).

Our findings indicate that these marker genes exhibit distinct
expression patterns from early to late time points (Figure 5A).
Among the astrocyte markers, Aldhl1ll (aldehyde dehydroge-
nase 1 family member L1) showed the most stable expression,
highlighting its value as a marker for astrocyte identification
acrossalldevelopmental and agingstages. SI00b (S100 calcium-
binding protein B) and Ezr (Ezrin) (Lavialle et al. 2011), which
are localized to astrocyte fine processes and endfeet, con-
sistently presented relatively high expression levels at time
points other than P7. Aldoc (aldolase, fructose-bisphosphate
C), which presented the highest expression level among the
markers at P7, and Ndrg2 (N-Myc downstream-regulated gene
2) (Fliigge et al. 2014) were more recently described as astro-
cyte markers localized to the nucleoplasm. These two genes
were upregulated during early development, with expression
levels remaining similar to P7 during aging, suggesting that
these genes are related to astrocyte differentiation and matu-
ration. The transcription factors Sox9 (SRY-Related HMG Box
Gene 9) and Lhx2 (LIM Homeobox 2) (Shaltouki et al. 2013),
located in the nucleus, maintained stable expression from P7
to P14, with increased levels at later time points compared to
P7. The cytoskeleton-related astrocyte markers Gfap (glial
fibrillary acidic protein) and Vim (Vimentin) peaked at P7,
with expression levels decreasing at later time points. This
data may guide the future selection of astrocyte markers based
on developmental stages.

Astrocytes are highly specialized glial cells that sense and re-
spond to a variety of signals, primarily through receptors, chan-
nels, and transporters. Aquaporins represent a family of channels
associated with the movement of water molecules across the
lipid bilayer. In astrocytes, aquaporins localize to the astrocyte
endfeet that enwrap the vasculature. Specifically, Aquaporin-4
(Agp4) and Aquaporin-9 (Aqp9) are expressed in astrocytes,

with Agp4 exhibiting higher expression levels than Agp9 at P7.
The expression of Agp9 remains relatively stable, except for a de-
crease observed at 18 months, whereas Aqp4 expression starts to
decrease from P60 onward, whereby in both immature and ma-
ture astrocytes, the expression of Agp4 is at least 40X the level of
Aqp?9. (Figure 5B). We also investigated the expression changes
of two important K* channels, the two-pore domain K+ channels
and inwardly rectifying K* channels, by profiling the expression
of five related genes. Among the genes encoding two-pore do-
main K* channels, Kenkl showed the highest expression level at
P7 compared to Kcnk2 and Kcnkl10, with a significant increase
reaching its peak at P28. For the inwardly rectifying K* channel,
Kcnji6 displayed higher expression levels compared to Kcnjlo0,
with increased levels observed from P21 onward (Figure 5C).
In addition, Kcnj10 and Kcnjl6 are both highly expressed in im-
mature astrocytes, whereas KcnjI6 is dominant in mature astro-
cytes. Given that heteromeric Kir4.1/5.1 and homomeric Kir4.1
have different ion channel properties (Hibino et al. 2005; Pessia
et al. 2001), this differential expression of K* channels may in-
fluence the uptake and distribution of high extracellular K* by
astrocytes during development and aging.

y-Aminobutyric acid (GABA) is the major inhibitory neurotrans-
mitter in the brain. Astrocytes express both GABA transporters
and receptors to help maintain GABA homeostasis. We found
that the GABA transporters, such as GAT-1 (Slc6al) and GAT-3
(Slc6all), were highly expressed at P7, with increased expres-
sion levels in subsequent stages. Among the GABA receptor sub-
units, GABAA receptor a subunits 2 and 4 (Gabra2 and Gabra4),
B subunit 1 (GabrbI), y subunit 1 (Gabrgl), and both GABAB
receptor subunits Bl (Gabbrl) and B2 (Gabbr2) were highly ex-
pressed in astrocytes (Figure 5D). Notably, Gabra4 and Gabbrl
showed relatively stable expression, while Gabrgl and Gabrbl
exhibited higher expression levels at later time points compared
to P7. Gabra2 was upregulated during the development stage,
and Gabbr2 expression remained stable in developmental astro-
cytes but was upregulated in adult astrocytes.

Glutamate is the most abundant excitatory neurotransmitter
in the brain, and astrocytes are primary regulators of neuro-
nally released glutamate. Two important astrocytic glutamate
transporters are GLAST (SlcIa3) and GLT-1 (Slcla2). Slcla3 is
abundantly expressed at P7 and maintains a stable expression
level throughout the lifespan of astrocytes, while SlcIa2 expres-
sion is consistently higher than that at P7, increasing with age
(Figure 5E). Metabotropic glutamate receptor 3 (mGluR3) and
metabotropic glutamate receptor 5 (mGluR5), encoded by genes
Grm3 and GrmS5, are two important G protein-coupled receptors
expressed in astrocytes. Our analysis indicates that Grm3 expres-
sion is higher than GrmS5 and exceeds P7 levels at most observed
time points, whereas GrmS5 expression is lower in the later stages
compared to P7 (Figure 5E). For glutamate-gated ion channels,
AMPA (c-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
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FIGURE 5 | Astrocytic function and structural gene changes. (A-F) Bar plots (left) and heatmaps (right) of selected genes related to astrocyte
markers (A), aquaporins (B), potassium channels (C), GABA transporters and receptors (D), glutamate uptake and metabolism (E), and glutamate
release (F) expression plotted as TPM at P7 (left) and plotted as log2-fold change (FC) at each age relative to P7 (right). The colors represent upregu-

lated (red) and downregulated (blue) genes. Genes with p.adj value <0.05 and log2FC > 1.5 compared with P7 at each age were marked with star. The

numbers represent the FC of each gene at different time points compared with P7.

acid) receptors, astrocytes predominantly express subunit 2
GluA2 (Gria2). Gria2 expression remains similar from P7 to
3months and increases starting from 6months compared to
P7 (Figure 5E), consistent with previous findings by Molders
et al. (2018). This suggests that AMPA receptors in WT astro-
cytes are impermeable to Ca?*. Astrocytes play a critical role
in maintaining glutamatergic transmission homeostasis by re-
plenishing glutamate through the glutamate/glutamine cycle.
Glutamine synthetase (GS), encoded by Glul and produced by
astrocytes, is essential for this cycle. Glul expression is higher
than P7 during early development and maintains a similar level
during aging (Figure 5E).

Although controversial, astrocytes are implicated in the reg-
ulation of neuronal activity through the release of glutamate,
primarily via calcium (Ca?*)-mediated exocytosis under physio-
logical conditions (Mahmoud et al. 2019). The expression levels
of vesicle-associated membrane protein 2 (Vamp2) and vesicle-
associated membrane protein 3 (Vamp3) are notably higher
compared to other related genes (Figure 5F). Both Vamp2 and
synaptosomal-associated protein 25 (Snap25) are upregulated at
various time points compared to P7. Syntaxin-1 (StxIa) level is
elevated from P21 to 3months. Synaptosomal-associated protein
23 (Snap23) maintains a stable expression level until P60, after
which it decreases starting from 3months. Another receptor
involved in the glutamate release pathway, P2X purinoceptor 7
encoded by P2rx7, which facilitates glutamate release by trig-
gering Ca?*-dependent exocytosis and serving as a pathway for
non-exocytotic glutamate release from neurons or astrocytes,
shows a contrasting expression pattern to Snap23. P2rx7 ex-
pression remains consistent during developmental stages and
increases after P60, highlighting its crucial role in mature astro-
cytes (Figure 5F). These data demonstrate that at the gene level,
astrocytes may contain the cellular machinery for vesicular glu-
tamate release.

3.4 | Shorter Transcripts Are Preferred in Aged
Astrocytes

Previous studies have identified a systematic phenomenon
known as gene-length-dependent transcription decline (GLTD),
which is characterized by a reduction in the expression of long
genes in the aging brain, as observed in both normal aging and
neurodegenerative diseases (Soheili-Nezhad et al. 2024; Soheili-
Nezhad et al. 2021). Our gene ontology (GO) analysis of aged
animals similarly revealed the enrichment of pathways associ-
ated with DNA damage and DNA-binding transcription factor
activity (Table S7). These findings prompted us to further inves-
tigate transcript length changes in aged astrocytes, which have
not been previously explored. We compared the distribution of
transcript lengths expressed (TPM > 10) across all time points.
The distribution of transcript lengths was similar across most

time points, with the exception of the 18 months time point.
Compared to the transcript length distribution at 18 months,
younger time points, P7 and P14, did not demonstrate signifi-
cant differences (Figure 6A). However, significant differences
were observed in transcript length distribution in adoles-
cent and adult astrocytes (from P21 to 12months) relative to
18 months (Kolmogorov-Smirnoff tests, p <0.05). Astrocytes at
18 months tended to express more short transcripts and fewer
long transcripts.

To further evaluate the genes contributing to differences in tran-
script length, we compared gene expression in astrocytes at 3
and 6 months with those at 18 months. These time points repre-
sent relative stability in gene expression during early adulthood
compared to that of aged animals. We first examined shorter
transcripts (transcript length 400-2000bp, based on the inter-
section points of the curves) expressed in 18 months but absent
in 3 and 6 months astrocytes. We identified 39 and 80 such tran-
scripts when comparing 18 to 3 months and 6 months astrocytes,
respectively. GO analysis of transcripts unique to 18 months
compared to 3months revealed functions related to immune
system regulation, response to DNA damage, and biotic stim-
ulus response regulation (Figure 6B). This reflects the complex
interplay of aging processes affecting various physiological path-
ways. Shorter transcripts unique to 18 months when compared
to 6 months astrocytes were associated with DNA biosynthesis
processes and assembly of organelle and axoneme (Figure 6C).
This indicates potential repair mechanisms for damage and
morphological changes in aged astrocytes.

We then analyzed longer transcripts (transcript length 2700-
11,750bp) present in 3 and 6 months astrocytes but missing in
18 months astrocytes. These genes were mainly related to synap-
tic structure and function and neurotransmitter regulation. This
indicates that as astrocytes age, they may alter synaptic support
(Figure 6D,E).

4 | Discussion

In this study, we profiled the astrocyte transcriptome from the
male mouse cortex across the lifespan, ranging from postnatal
day (P) 7 to 18 months. Our data revealed that the majority of the
gene expression changes occurred between P7 and P21 during
the developmental stage, with most genes showing an increasing
trend. During the aging process, astrocytes at 6 and 12 months
exhibit similar mRNA levels, whereas the genes altered between
12 and 18 months are predominantly downregulated. Gene ex-
pression levels in the adult stage (P60 to 3 months) remain rela-
tively stable compared to other developmental periods. Notably,
417 genes were consistently ranked among the top 500 expressed
genes at these time points, playing essential roles in supporting
the fundamental cellular functions of astrocytes.
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During development, we observed that the majority of gene ex- limited transcriptional shift may reflect a period of relative stabil-
pression changes occurred earlier, between P7 and P21. Only 28 ity as astrocytes transition from active developmental processes,
genes showed significant changes between P21 and P28. This such as proliferation and differentiation, to the consolidation of
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their functional and structural roles. Previous studies suggest
that astrocytes show mature morphology characteristics by the
third postnatal week (Bushong et al. 2004; Bushong et al. 2002;
Farhy-Tselnicker and Allen 2018; Zarei-Kheirabadi et al. 2020),
which could account for the reduced transcriptional dynamics
during this period. Additionally, the 7-day interval between P21
and P28 at this developmental stage may be insufficient to cap-
ture substantial gene expression changes, potentially explaining
the more pronounced shifts observed between P28 and P60 (32-
day interval). While in the aging process, more genes changed
between 3 and 6 months compared to 6 and 12 months. This may
be related to the continued functional maturation and optimi-
zation of astrocytes in early adulthood. This period may involve
the fine-tuning of astrocyte roles in synaptic support, metabolic
regulation, and neurovascular coupling. By 6 months, astrocytes
appear to enter a more stable phase to maintain the mature CNS.
The changes between 12 and 18 months may indicate the onset
of aging-related processes. The validity of the sequencing data
was confirmed through qPCR. However, complementary tech-
niques such as RNAscope or immunohistochemistry, which
provide spatial context, could offer further insights into the cel-
lular localization of these gene products within the tissue.

A particularly interesting gene observed during the developmen-
tal stage is Igfbp3, which showed consistent change from P7 to
P60. Igfbp3 is a member of the insulin-like growth factor bind-
ing protein (IGFBP) family and contains both an IGFBP and a
thyroglobulin type-I domain. The IGFBP family plays a crucial
role in brain development and function. For instance, astrocyte-
secreted IGFBP2 has been shown to mediate neuronal devel-
opment (Caldwell et al. 2022). Igfbp3 has been confirmed to be
directly regulated by Mecp2, a causative gene of Rett syndrome
(Itoh et al. 2007). Moreover, insulin-like growth factor 1 (IGF1),
which predominantly binds to IGFBP3 (Endogenous et al. 2010),
has been employed in the treatment of Rett syndrome model
mice, resulting in partial improvement of behavioral and neu-
rologic symptoms in these animals (Castro et al. 2014). These
findings underscore the important role of astrocytes in early
brain development and suggest potential therapeutic targets in
astrocytes for neurological diseases.

Our results confirmed the expression of several newly identi-
fied astrocyte markers, including Ezr, Aldoc, Ndrg2, and Lhx2.
Previous studies have indicated that Aldoc is predominantly
expressed in subpopulations of cerebellar Purkinje cells (PCs)
(Fujita et al. 2014). Our transcriptomic data revealed that Aldoc
exhibited higher expression levels compared to other com-
monly used astrocyte markers at P7 in WT cortical astrocytes
and ranked among the top 10 expressed genes in astrocytes
across most time points. This finding suggests that Aldoc is
also highly expressed in cortical astrocytes and could serve as
a reliable astrocyte marker in future studies. We clustered these
astrocyte markers into different groups based on their subcel-
lular locations. Interestingly, their expression patterns varied
during development and aging. Aldhlll expression remains
stable throughout early development and aging, making it a
robust marker for both young and mature astrocytes. To iden-
tify astrocytes during early development, Aldoc and Ndrg2 are
preferable markers as their expression is upregulated from P7
to P60, returning to P7 levels after 3months. Additionally, our
data indicated that Gfap and Vim mRNA levels were highest

during the first week after birth and declined as the animal ma-
tured, consistent with previous findings (Luo et al. 2017; Sarthy
et al. 1991).

By analyzing gene expression profiles throughout the lifespan
of astrocytes, we identified distinct gene clusters based on ex-
pression levels. During development, one significant cluster ex-
hibited peak gene expression at postnatal days 14 (P14) and 28
(P28). Pathway analysis revealed that these genes are associated
with endothelial cell and blood vessel development. This finding
further supports the role of astrocytes in maintaining the blood-
brain barrier (BBB) after birth, as the coverage of astrocytic end-
feet on the BBB increases from 64% in newborn mice to 98% in
adults (Obermeier et al. 2013; Saili et al. 2017). Additionally, our
results suggest that BBB maturation in mice may occur around
P28. Collectively, our analysis of the postnatal maturation pe-
riod aligns with previous studies, reinforcing the timeline of
astrocyte morphological maturation, BBB maintenance, and
their critical functions. Another important observation from
this analysis is that both Cluster 1 in development and Cluster
2 from aging are enriched for pathways related to cell prolifera-
tion. Notably, 75 genes overlap between these clusters, and path-
way enrichment analysis highlights that the majority of the top
pathways are involved in cell proliferation processes. Analysis
of the genes within the 20 most significant pathways (all related
to cell proliferation) revealed a progressive decline in expression
as age increases (Figure S4), indicating reduced astrocyte prolif-
eration activity with advancing age.

In our analysis of transcript length across different time points,
we found that aged astrocytes tend to express shorter transcripts
(400-2000bp). This phenomenon may be universal across all
aged cells, which may be the compensatory response to the in-
creased cellular stress and damage associated with aging. Given
the potential for DNA damage in aged cells, the expression of
shorter transcripts could increase translation efficiency and
rapid protein production, which could be crucial in maintain-
ing cellular homeostasis under stress. The GO analysis further
supports this, as the short transcripts uniquely expressed in
18 months astrocytes are predominantly involved in processes
related to immune system regulation, the DNA damage re-
sponse, and the response to biotic stimuli. These functions are
critical in aging cells, where the accumulation of DNA damage
and increased inflammatory responses are common. The fact
that these shorter transcripts are upregulated in older astrocytes
suggests that these cells may be actively engaged in protective
and repair mechanisms to counteract the detrimental effects
of aging.

In conclusion, the investigation of transcriptome changes in
astrocyte development and aging has unveiled the intricate
molecular dynamics underlying these processes. Although
our astrocyte isolation and sequencing do not allow for track-
ing gene expression changes in specific astrocyte subtypes,
our magnetic isolation approach enables us to capture both the
soma and dense network of processes of astrocytes (Holt and
Olsen 2016), enabling the analysis of mRNAs located in periph-
eral processes (Mazare et al. 2020; Sakers et al. 2017). This is
critical given the fact that astrocyte processes comprise the ma-
jority of the cell volume. These data offer valuable insights into
the overall transcriptional landscape throughout the astrocyte
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lifespan, which enables the detection of subtle gene expression
alterations in astrocyte developmental and aging processes and
facilitates the identification of rare transcripts that may other-
wise be missed. Our dataset not only validated decades of re-
search on gene expression changes associated with astrocyte
maturation and function but also enabled a detailed temporal
profiling of astrocyte transcriptomes spanning from early devel-
opment through aging. The identified gene expression patterns
provide a foundation for further exploration into the functional
significance of astrocytes in neural development, synaptic
maintenance, and age-related neurological disorders. This study
opens new avenues and new insights for targeted therapeutic
strategies aimed at preserving astrocyte function and mitigating
age-related neurodegeneration.
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