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Normal aging induces A1-like astrocyte reactivity
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The decline of cognitive function occurs with aging, but the
mechanisms responsible are unknown. Astrocytes instruct the
formation, maturation, and elimination of synapses, and impair-
ment of these functions has been implicated in many diseases.
These findings raise the question of whether astrocyte dysfunc-
tion could contribute to cognitive decline in aging. We used the
Bac-Trap method to perform RNA sequencing of astrocytes from
different brain regions across the lifespan of the mouse. We found
that astrocytes have region-specific transcriptional identities that
change with age in a region-dependent manner. We validated our
findings using fluorescence in situ hybridization and quantitative
PCR. Detailed analysis of the differentially expressed genes in
aging revealed that aged astrocytes take on a reactive phenotype
of neuroinflammatory A1-like reactive astrocytes. Hippocampal
and striatal astrocytes up-regulated a greater number of reactive
astrocyte genes compared with cortical astrocytes. Moreover,
aged brains formed many more A1 reactive astrocytes in response
to the neuroinflammation inducer lipopolysaccharide. We found
that the aging-induced up-regulation of reactive astrocyte genes
was significantly reduced in mice lacking the microglial-secreted
cytokines (IL-1, TNF, and C1q) known to induce A1 reactive astro-
cyte formation, indicating that microglia promote astrocyte acti-
vation in aging. Since A1 reactive astrocytes lose the ability to
carry out their normal functions, produce complement compo-
nents, and release a toxic factor which kills neurons and oligoden-
drocytes, the aging-induced up-regulation of reactive genes by
astrocytes could contribute to the cognitive decline in vulnerable
brain regions in normal aging and contribute to the greater vul-
nerability of the aged brain to injury.
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strocytes are the most abundant glial cells and are vital for

the proper function of the central nervous system (CNS).
They perform many roles, including instructing the formation (1-
3) and elimination (4) of neuronal synapses during development.
In addition, they provide trophic support to neurons (5), mediate
uptake and recycling of neurotransmitters (6), and are involved
in maintenance of the blood-brain barrier (7). Given the mul-
titude of vital roles for astrocytes, it is not surprising that im-
pairment of these functions has been implicated in the
pathogenesis of many diseases. In particular, astrocyte dysfunc-
tion has been linked to age-related neurodegenerative diseases,
including Alzheimer’s disease (8-10), dementia (11), and amyo-
trophic lateral sclerosis (ALS) (12, 13). Several hallmarks of
these neurodegenerative diseases, such as cognitive decline
and a loss of working memory, also occur during the process
of normal aging.

Transcriptomics and epigenetic studies have reported that
glial-specific gene expression patterns change significantly with
normal aging, while neuron-specific gene expression patterns
change relatively little in comparison (14). For instance, micro-
glia, the resident immune cells of brain, up-regulate immune
response signaling receptors (15), and neuroprotective signaling
pathways (16) in aged mice. Consistent with the observed tran-
scriptional changes, there is evidence that microglia adopt an
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activated morphology in aged brains (17). The extent to which
astrocytes also become activated with age is unknown, although
it is reported that the level of glial fibrillary acidic protein
(GFAP) and vimentin, two astrocyte-specific genes linked to
activation, increase with age in both rodents and humans (18,
19). Regardless, the transcriptional and functional changes oc-
curring in astrocytes in normal aging are not well understood.

The up-regulation of potentially proinflammatory genes by
microglia in normal aging raises the question of whether these
aging-induced changes in microglia could promote the activation of
astrocytes. Recently, we reported that proinflammatory microglia
secrete IL-1a, TNF, and Clqg, and that these cytokines acting to-
gether are necessary and sufficient to activate astrocytes (9). These
cytokines induce the formation of a subtype of astrocytes (termed
Al astrocytes) which are strongly neurotoxic and rapidly kill neu-
rons (9). As well as releasing a potent neurotoxin, Al astrocytes
were less able to promote the formation of new synapses, and
caused a decrease in the excitatory function of CNS neurons. In
addition to changes in the reactive state of astrocytes, it is possible
that other transcriptional and functional changes are occurring in
astrocytes that contribute to cognitive decline in normal aging.

To investigate the transcriptional changes occurring in astro-
cytes with aging, we performed RNA sequencing (RNAseq) at five
ages across the lifespan of the mouse to determine the aging-induced
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transcriptional changes occurring in astrocytes. Furthermore, we
profiled astrocytes from three functionally distinct brain
regions—the hippocampus, striatum and cortex—at these five
ages, to investigate brain-region—specific changes in the astrocyte
transcriptome in normal aging. Our RNAseq data revealed that
astrocytes have distinct region-dependent transcriptional identi-
ties and age in a regionally dependent manner. In particular, we
found that astrocytes in regions more vulnerable to cognitive
decline—the hippocampus and striatum—undergo more dra-
matic transcriptional changes compared with cortical astrocytes.
Differential gene expression analysis revealed that the most
prominent class of genes up-regulated by aged astrocytes were
reactive astrocyte genes. Interestingly, many of these reactive
astrocyte genes are characteristic Al reactive astrocyte genes that
are induced in response to neuroinflammation (9, 20). We found
that the aging-induced up-regulation of reactive astrocyte genes
was significantly reduced in mice lacking IL-1a, TNF, and Clgq,
all genes specifically expressed in the CNS by microglia. These
data provide evidence that activated microglia play a key role in
promoting astrocyte activation not only following acute trauma
and chronic neurodevelopmental disease (9) but also in the
context of normal brain aging.

Results

Astrocyte RNA Purification and RNAseq Transcriptional Profiling. To
better understand how normal aging influences the astrocyte

phenotype in different brain regions (hippocampus, striatum,
and cortex) we generated an RNAseq profiling resource of
adolescent [postnatal day 7 (P7)], young adult (P32), mature
(10 wk), middle age (9.5 mo), and aged (2 y) astrocytes. A major
limitation to sequencing older CNS tissues is the successful pu-
rification of intact, viable astrocytes with minimal isolation arti-
fact. To overcome this difficulty, we used the Aldhlll-eGFP-
L10a transgenic mouse line (Fig. 14), which expresses a fusion of
eGFP and a ribosomal protein (L10a) under the control of the
astrocyte-specific Aldhlll gene. Translating ribosome affinity
purification (TRAP) (21, 22) of this fusion protein yields the
ribosome and its associated mRNAs, allowing the isolation of
transcripts from the eGFP-expressing astrocytes. To first assess
the specificity of ALDH1L1-eGFP-L10a protein expression in
adult mice (10 wk of age), we performed immunohistochemistry
with the known astrocyte markers S100p and GFAP. We found
that eGFP colocalized with S100p (Fig. 1B) and/or GFAP (Fig.
1C), but not unlabeled cells, in all three of the brain regions we
examined, suggesting highly specific localization of Aldhlli-
eGFP-L10a to only astrocytes.

We used standard TRAP methods (21, 22) to isolate RNA from
the hippocampus, striatum, and cortex at five ages across the lifespan
of the mouse (P7, P32, 10 wk, 9.5 mo, and 2y, in triplicate for each
region, except for 9.5 mo of age, which were collected in duplicate
for each region). In addition, we sequenced whole-brain input
samples for each brain region to verify the astrocyte enrichment of
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Isolation and validation of the aging astrocyte transcriptome from distinct brain regions. (A) Schematic diagram showing the experimental strategy

for isolation of astrocyte RNA by TRAP across the lifespan of the mouse, and validation of differentially expressed aging genes. (B and C) Representative
images of astrocytes from the hippocampus, striatum, and cortex in an adult (10 wk old) Aldh1/1-eGFP-L10a mouse showing costaining for (B) S100p and
(C) GFAP. (Scale bar, 50 pm.) (D-F) Cell purity heatmaps depicting mean FPKM expression values for cell-type—specific markers of astrocytes, neurons, oli-
godendrocyte lineage cells (oligo), endothelial cells (endo), and microglia/macrophages (myeloid) in (D) hippocampal, (E) striatal, and (F) cortical astrocyte
and input samples. CTX, cortex; HPC, hippocampus; IP, immunoprecipitation; STR, striatum. See also Datasets S1-S4.
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our TRAP samples. We assessed the quality and purity of our
RNAseq profiles by mapping quality and the expression of cell-
type—specific genes. We mapped >70% of reads for all of our
samples. We first determined that these RNAseq profiles were
highly enriched for astrocyte-specific genes (Fig. 1 D-F) and
depleted of other cell-type—specific genes (Fig. 1 D-F). Despite
the high degree of enrichment of astrocyte-specific genes in the
majority of samples, we found a small increase in some neuronal
and myelin gene contaminants in our adult (10 wk, 9.5 mo, and
2'y) RNAseq samples (Fig. 1 D-F), likely reflecting nonspecific
adherence of some mRNAS to beads during purification (23).
Since the Aldhlll-eGFP-L10a protein expression is highly
colocalized with known astrocyte markers, the nonspecific pulldown
of a small number of eGFP-negative transcripts likely contributes
to the low-level sequencing of nonastrocyte transcripts, and high-
lights the importance of validation.

A
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Comparison of Astrocyte Transcriptomes Throughout Aging. To in-
vestigate astrocyte heterogeneity with both age and brain region,
we first mined our RNAseq profiles for the top 50 genes
enriched in young P7 cortical astrocytes (24) (Fig. S14). We
found that most of these genes were abundantly expressed in all
samples, but the level of expression varied between brain regions
with age. Next we compared astrocyte and whole-brain RNA
expression profiles [for all genes expressed with fragments per
kilobase of transcript per million mapped reads (FPKM) > 5] and
found that astrocytes in all brain regions were similar across age
(Fig. 24) compared with the whole brain. Despite astrocyte gene
expression being similar across age, unsupervised hierarchical
clustering revealed two distinct branches between young (P7 and
P32) astrocytes and mature (10 wk, 9.5 mo, and 2 y) astrocytes,
indicating that normal aging leads to changes in astrocyte gene
expression (Fig. S1B). We found that cortical astrocytes were most
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Fig. 2. Differential gene expression analysis in aging astrocytes from distinct brain regions. (A) Heatmap of Spearman correlation between astrocytes
(P7, P32, 10 wk, 9.5 mo, and 2 y) and input samples for three brain regions (hippocampus, striatum, and cortex). Data are mean FPKM values for genes
expressed FPKM > 5. (B and C) Venn diagrams showing the number of significantly (P < 0.05) (B) up-regulated and (C) down-regulated genes, determined by
edgeR analysis, between mature adult (10 wk) and aged (2 y old) astrocyte samples from the hippocampus, striatum, and cortex. Numbers listed on the
outside of the charts represent the total number of up-regulated genes in each brain region [hippocampus (green), striatum (red), and cortex (blue)]. Dia-
grams are adapted from jvenn (54). (D-F) Heatmaps comparing the mean expression of pan-reactive (genes induced by neuroinflammation or ischemia), A1-
specific (genes induced by neuroinflammation), and A2-specfic (genes induced by ischemia) transcripts in TRAP astrocyte RNA samples isolated from the
(D) hippocampus, (E) striatum, and (F) cortex of P32, 10-wk-, 9.5-mo-, and 2-y-old mice. Asterisks (*) denote significantly (P < 0.05) increased expression in 2-y-old
samples compared with 10 wk by edgeR analysis. See also Figs. S1 and S2 and Datasets S1-S3.
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similar throughout age. In contrast, both hippocampal and striatal
astrocytes segregated into distinct populations with age (Fig. S1B),
suggesting that subcortical astrocytes undergo a greater number of
aging-induced changes in gene expression.

To elucidate the aging-induced gene changes in each brain
region, we next conducted edgeR differential gene expression
analysis to compare adult (10 wk) and aged (2 y) astrocytes. We
considered genes to be differentially expressed if they were up-
regulated or down-regulated in at least two out of three repli-
cates, and reached our statistical significance cutoff of P < 0.05.
These analyses revealed significant heterogeneity in aging-
induced gene expression between brain areas. In particular, a
greater number of genes were differentially expressed by striatal
and hippocampal astrocytes (358 and 368 genes in the striatum
and hippocampus, respectively) compared with cortical astro-
cytes (58 genes in the cortex) (Fig. 2 B and C). Next, we exam-
ined the most up-regulated aging genes in each brain region
(Datasets S1-S3). Among the most highly up-regulated genes in
all brain regions were a cassette of genes that have been pre-
viously identified as reactive astrocyte-associated genes (9, 20).
These genes included those involved in the complement (C3 and
C4B), cytokine pathway (Cxcl10), antigen presentation (H2-D1
and H2-KI), and peptidase inhibitor (Serpina3n) pathways.
Hippocampal and striatal astrocytes up-regulated a larger num-
ber of reactive genes (116 and 64 genes in the striatum and
hippocampus, respectively) compared with cortical astrocytes
(27 genes) (Fig. S2 A-B). We compared the significantly up-
regulated genes in our RNAseq profiles with the list of re-
active astrocyte genes. These included genes specifically up-
regulated by neuroinflammation (Al-specific) or ischemia
(A2-specific), or those induced by both neuroinflammation
and ischemia (pan-reactive genes) (9, 20). We found that as-
trocytes from all brain regions up-regulated a larger number of
Al reactive genes (24, 34, and 8 Al genes were up-regulated by
hippocampal, striatal, and cortical astrocytes, respectively)
compared with A2 reactive genes (6, 18, and 4 A2 genes were up-
regulated by hippocampal, striatal, and cortical astrocytes, re-
spectively) (Fig. 2 D-F and Fig. S2B). In addition to the up-
regulation of a larger number of reactive genes, we observed
that the fold induction of these genes was greater in hippocampal
and striatal astrocytes compared with cortical astrocytes (Fig. 2
D-F and Fig. S24). Next, to better understand the number of
Al and A2 astrocytes in the aged brain, we carried out in situ
hybridization experiments for A1 and A2 genes. In accordance
with our RNAseq data, we found that the majority of Slcla3+
astrocytes express Al (C3) and/or A2 (Empl) markers (~62% of
Slcla3+ astrocytes expressed at least one reactive marker) (Fig.
S2 C-F). In particular, we observed that a greater number of
Slcla3+ astrocytes expressed the Al-specific gene C3 (22 + 3%
of astrocytes in the aged striatum), and not the A2-specific gene
Empl (9 + 3% of astrocytes in the aged striatum) (Fig. S2 C-F).
To our surprise, we also found a substantial number of Slcla3+
astrocytes expressing detectable levels of both the Al-specific
gene C3 and the A2-specific gene Empl (31 + 2% of astro-
cytes in the aged striatum) (Fig. S2 C-F). Taken together, these
data suggest that, at the single-cell level, aged astrocytes can
express a combination of Al and A2 genes, but that a larger
number of astrocytes expressing only the Al-specific gene C3 are
present in the aged brain, compared with the number of astro-
cytes expressing only the A2-specific gene Emp].

To better understand aging-induced gene changes in astro-
cytes, we performed Ingenuity Pathway Analysis (IPA), for an
unbiased analysis of other potentially regulated pathways. These
analyses further highlighted that aged astrocytes up-regulate
cellular activation pathways and immune response pathways,
including acute phase response signaling, complement system,
antigen response, and IFN signaling (Fig. S3 A-C). IPA up-
stream analysis predicted the significant up-regulation of Stat3 in
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hippocampal (Z score +2.7, P < 0.05) and striatal (Z score +3.3,
P < 0.05) astrocytes. This transcription factor is thought to be
required for the induction astrocyte gliosis (25, 26). Together,
these data provide evidence that normal aging induces astrocyte
reactivity, in a region-specific manner—with the hippocampal
and striatal astrocytes becoming more reactive than cortical
astrocytes.

We next examined the top down-regulated genes with age in
all brain regions. Similarly, fewer genes were down-regulated by
cortical astrocytes with age compared with hippocampal and
striatal astrocytes (Fig. 2C). Among these top down-regulated
genes were genes involved in mitochondrial function and en-
ergy production, including Ucp2, Cox8b, and Atp5gl, suggesting
that aged astrocytes may have dysfunctional mitochondria (Datasets
S1-S3). In addition, we found a reduction in antioxidant defense-
related genes, including Gpx8 and Atoxl (Datasets S1-S3),
suggesting that aged astrocytes may have decreased antioxi-
dant capacity. Taken together, the impaired mitochondrial
function and antioxidant capacity of aged astrocytes could
contribute to both metabolic and oxidative stress known to
occur in the aged brain (27, 28). These findings suggest that
aging induces reactivity in astrocytes, which may impact their
ability to perform their normal functions in the brain, such as in-
ducing the formation and maturation of synapses (1-3), or elimi-
nating synapses (4).

To assess the ability of aged astrocytes to perform normal
physiological functions, we compared the expression of gene
families involved in the formation, maturation, and elimination
of synapses. The majority of the genes encoding astrocyte-
secreted factors known induce the formation and maturation
of excitatory synapses (1-3) did not significantly change between
adult (10 wk) and aged (2 y) astrocytes (Fig. S3 D-F). To our
surprise, we found that Sparcll (Hevin) and Sparc, two astrocyte-
secreted factors important for the assembly of excitatory synap-
ses (2, 29), were significantly up-regulated by aged astrocytes
(Fig. S3 D-F). In addition to the release of synaptogenic secreted
factors, astrocytes express phagocytic genes, including Megf10
and Mertk, which are important for the elimination of synapses
during development (4).

Comparison of the expression of phagocytic genes revealed that,
while a majority of phagocytic genes did not change with age, some
phagocytic pathway genes, including Prosl, MfgeS, Megfl10, and
Lipl, were significantly up-regulated with age (Fig. S3 G-I).
Overall, these data indicate that astrocytes do not down-regulate
the expression of genes important for their normal functions at
synapses with age, but instead up-regulate reactive genes.

Validation of Top Astrocyte-Specific Aging Genes. We next sought to
validate the increased expression of reactive astrocyte genes in
the hippocampus, striatum, and cortex by in situ hybridization.
Our RNAseq data indicated that Serpina3n, C4B, C3, and Cxcl10
genes were significantly up-regulated in both hippocampal (Fig.
34) and striatal astrocytes during aging (Fig. 3B). In contrast,
only Serpina3n and C4B were significantly enriched in cortical
astrocytes (Fig. 3C). In accordance with our RNAseq data, we
found that the number of Slcla3+ astrocytes expressing detect-
able levels of Serprina3n, C4B, C3, and Cxcll0 was significantly
increased in the hippocampus (Serpina3n+ astrocytes increased
from 2 + 0.5% to 17 = 2%; C4B+ astrocytes increased from
51 £3% to 83 + 3%; C3+ astrocytes increased from 1 + 0.3% to
10 + 2%; and Cxcl10+ astrocytes increased from 0.8 + 0.2% to
8 + 1%, at 10 wk and 2 y of age, respectively) (Fig. 3 D and G)
and striatum (Serpina3n+ astrocytes increased from 2 + 0.5% to
35 + 3%; C4B+ astrocytes increased from 43 + 5% to 70 + 5%;
C3+ astrocytes increased from 1 + 0.4% to 25 + 4%; and Cxcl10+
astrocytes increased from 0.8 + 0.3% to 6 + 1%, at 10 wk and 2y of
age, respectively) (Fig. 3 E and H) in aged mice (2 y) compared with
adults (10 wk). In contrast, an increase in the number of Slcla3+
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Fig. 3. Validation of aging-induced reactive genes by in situ hybridization. (A-C) Bar plots of RNAseq data showing FPKM expression of four aging-induced
genes (Serpina3n, C4B, C3, and Cxcl10) in astrocyte samples across the mouse lifespan in the (A) hippocampus, (B) striatum, and (C) cortex. Error bars depict
mean + SEM. ****P < 0.0001 for values compared between 10-wk- and 2-y-old astrocyte samples by edgeR analysis. (D-F) Representative in situ hybridization
images for four aging-induced astrocyte genes (Serpina3n, C4B, C3, and Cxc/10) showing colocalization with the astrocyte marker Sic7a3 in aged mice (2y) in
the (D) hippocampus, (E) striatum, and (F) cortex. (Scale bar, 100 pm.) White arrowheads highlight Sic7a3+ astrocytes expressing reactive genes. (G-/) Bar
charts depicting quantification of the number of Sic7a3+ astrocytes expressing detectable levels of Serpina3n, C4B, C3, and Cxc/70 mRNA in the mature adult
(10 wk) and aged (2 y old) (G) hippocampus, (H) striatum, and (/) cortex. Error bars depict mean + SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. NS,

nonsignificant; n = 3 animals.

astrocytes expressing C4B mRNA expression could only be detected
in aged (2 y) cortical astrocytes (C4B+ astrocytes increased from
11 + 2% to 21 + 4%, at 10 wk and 2 y of age, respectively) (Fig. 3 F
and ) compared with 10-wk-old astrocytes. Despite quantification
of reactive astrocyte transcripts across multiple cortical regions,
unlike C4B, we did not detect a significant increase in Serpina3n+
astrocytes by in situ hybridization. It is possible that small subsets of
cortical astrocytes up-regulate Serpina3n that we were unable to
detect, which could account for the discrepancy between our
RNAseq data and in situ hybridization. Collectively, the RNAseq
and in situ hybridization data reveal a substantial increase in the
expression of reactive astrocyte genes in normal aging, and suggest
that two of the brain regions more vulnerable to diseases of aging—
the hippocampus and striatum—become more reactive with age
compared with the cortex.

Microglial Influence on the Induction of Aging Astrocyte Gene
Expression. The increased expression of reactive genes in astro-
cytes with normal aging raises the question of which molecular

E1900 | www.pnas.org/cgi/doi/10.1073/pnas.1800165115

and cellular pathways induce this activation. Previous work from
our laboratory demonstrated that proinflammatory microglia
induce the formation Al reactive astrocytes (9). Another study
from our laboratory showed that the Clq protein level, a key
inducer of Al astrocytes, is dramatically up-regulated with nor-
mal aging (30). Furthermore, several studies have reported that
microglia become more reactive with age (15, 17). Therefore, we
next investigated whether aging-induced astrocyte reactivity is
reduced in transgenic mice lacking the cytokines known to induce
reactive astrocyte gliosis (IL1a~'~;Tnf”~;Clqa™"" triple knockout
mice). We used microfluidics-based gPCR to compare the expres-
sion of reactive astrocyte genes in wild-type (WT) and ILIa™'~;
Tnf~'~;Clga™~ aged (14 mo old) mice. We found that a number
of pan-reactive genes, including one of the genes most highly up-
regulated with age, Cxcl10, were down-regulated in all brain
regions examined in ILIa™';Tnf”'~;Clga™'" triple knockout
mice compared with age-matched WT mice (Fig. 4). In ad-
dition, we observed a significant reduction in the expression of
the Al-specific reactive gene complement component C3 in all
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brain regions of ILIa~'~;Tnf”~;Clga™~ knockout mice (Fig. 4).
Another highly up-regulated aging gene, complement component
C4B, was significantly reduced only in the striatum of ILIa™~;
Tnf~'~;Clga™'"" knockout mice (Fig. 4C). We also noticed that
the expression of the A2-specific gene Stat3 was significantly
decreased in all three brain regions of ILIa™~;Tnf”—;Clga™"
knockout mice (Fig. 44). Because these three cytokines are pre-
dominantly released by microglia in the CNS in response to neu-
roinflammation (9), these data suggest that activated microglia
promote astrocyte activation in normal aging. Notably, we did not
observe a significant decrease in all aging-induced reactive
astrocyte genes in ILIa~~;Tnf"~;Clga™" knockout mice, such as
Serpina3n, suggesting that additional signals likely play a role in the
induction of astrocyte reactivity with age.

Comparison of LPS-Induced Astrocyte Reactivity Throughout Age.
Given that normal aging induces astrocyte reactivity, we won-
dered if the increased expression of reactive genes could prime
astrocytes to become more reactive in response to neuro-
inflammation. To investigate this we administered 5 mg/kg of
lipopolysaccharide (LPS) or vehicle (PBS) by systemic injection
to P30, 10-wk-, and 2-y-old Aldhlll-eGFP-L10a mice, and
compared astrocyte reactivity via qPCR and in situ hybridization

after 24 h. We observed by qPCR that LPS treatment induces an
up-regulation of Al reactive genes in astrocytes from the hip-
pocampus, striatum, and cortex (Fig. S4). Quantification of the
fold induction of reactive genes in P30, 10-wk-, and 2-y-old mice
indicated that, despite the up-regulation of many reactive genes
in normal aging, the LPS-induced fold change in reactive genes
was not significantly different with age (Figs. S4 and S5). Next,
using in situ hybridization, we compared the gene expression
changes of three of our aging-induced reactive genes (Serpina3n,
C4B, and Cxcl10) in response to LPS treatment at P30, 10 wk,
and 2 y of age. In accordance with our qPCR data, we observed
an increase in the number of Serpina3n, Cxcll0, and C4B
Slcla3+ astrocytes in the hippocampus (Fig. S64), striatum (Fig.
S6B), and cortex (Fig. S6C). Quantification of the number of
Slcla3+ astrocytes expressing detectable levels of reactive genes
in response to LPS differed with age (Fig. 5). In particular, we
found that the number of astrocytes expressing C4B was not
significantly increased after LPS treatment in aged (2 y) animals,
since almost all aged astrocytes were C4B+ in control (PBS
treated) aged animals (Fig. 5 A, D, G, and J). In contrast, LPS
significantly increased the number of Serpina3n+ astrocytes at
2 y compared with younger animals in the hippocampus (47 +
5% and 79 + 9% at P30 and 2y, respectively), striatum (45 + 2%
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Fig. 4. Comparison of reactive gene expression in WT and IL-1a, TNF, and C1q knockout mice. (A) Heatmap comparing the expression of pan-reactive (genes

induced by neuroinflammation or ischemia), A1-specific (genes induced by n

euroinflammation), and A2-specfic (genes induced by ischemia) transcripts in

whole brain RNA isolated from 14-mo-old WT and IL-1a, TNF, and C1q mice. Asterisks (*) denote significantly (P < 0.05) reduced expression of transcripts after

averaging deltaCT gene Z scores from microfluidics gPCR. (B-D) Bar charts dep

icting the fold change in expression of four aging-induced (Serpina3n, C4B, C3,

and Cxcl10) genes in IL-1a, TNF, and C1qg knockout mice compared with WT mice in the (B) hippocampus, (C) striatum, and (D) cortex. Error bars depict mean +

SEM. *P < 0.05; n = 3 animals for each genotype. FC, fold change.
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and 77 + 6% at P30 and 2y, respectively), and cortex (29 + 4% and
66 + 10% at P30 and 2y, respectively) (Fig. 5 C, F, and I). Simi-
larly, LPS significantly increased the number of Cxcl10+ astrocytes
at 2 y of age, compared with younger animals in the hippocampus
(7 = 2% and 52 + 13% at P30 and 2y, respectively), striatum (6 +
2% and 39 + 11% at P30 and 2y, respectively), and cortex (1 + 1%
and 16 + 7% at P30 and 2y, respectively) (Fig. 5 B, E, H, and K).
Together, these data suggest that aging leads to a significant in-
crease in the number of astrocytes expressing reactive genes in
response to neuroinflammation.

Discussion

New Resource for Understanding the Transcriptional Changes Occurring
in Aged Astrocytes. The mechanisms responsible for the cognitive
decline of normal aging are unknown. Although many studies have
previously focused on neuronal changes accompanying aging, given
the active roles of astrocytes in controlling neuronal function,
here we have focused on investigating changes that occur in aging
astrocytes. We performed RNAseq at five ages across the lifespan
of the mouse to determine the aging-induced transcriptional
changes occurring in astrocytes. We also compared aging-astrocyte

A

2yr HPC Control (PBS) 2yr HPC LPS

transcriptomes from three functionally different brain regions
(the hippocampus, striatum, and cortex), to investigate brain-
region—specific changes in normal aging. Our data show that aged
astrocytes significantly up-regulate a cassette of potentially detri-
mental Al reactive genes. We found significant heterogeneity in
the aging-induced changes in gene expression between brain areas.
In the brain regions more vulnerable to neurodegeneration—the
hippocampus and striatum—astrocytes up-regulated more reactive
genes, compared with the cortex. These RNAseq profiles of as-
trocytes throughout age are publicly accessible through brainrnaseq.
org. This resource provides a new resource that will be helpful
for the generation and testing of new hypotheses about the role
of astrocytes during normal aging.

A1-Like Reactive Astrocytes Appear with Normal Brain Aging. Pre-
vious studies have used standard astrocyte marker genes such as
GFAP and vimentin to assess the development of astrocyte re-
activity with aging (18, 19). Here, by analyzing expression of a
much larger number of characteristic reactive astrocyte genes, we
have found that a surprisingly high percentage of astrocytes take
on a partially reactive phenotype with aging. In some brain re-
gions, the majority of astrocytes were affected. Detailed analysis
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Fig. 5. Comparison of the induction of reactive astrocyte genes in response to LPS treatment with age. (A) Representative images of C4B colocalization with
Slc1a3+ astrocytes, by in situ hybridization, in the hippocampus of aged (2 y old) PBS-injected and LPS-treated (5 mg/kg) mice. (Scale bars, 50 pm.)
(B) Representative images of Cxc/70 colocalization with Slc7a3+ astrocytes, by in situ hybridization, in the hippocampus of mature adult (10 wk) and aged (2 y
old) LPS-treated (5 mg/kg) mice. (Scale bars, 50 pm.) (C—E) Bar graphs comparing the number of hippocampal Sic1a3+ astrocytes expressing reactive astrocyte
transcripts [(C) Serpina3n, (D) C4B, and (E) Cxcl10] in PBS-injected and LPS-treated mice at P30, 10 wk, and 2 y of age. (F-H) Bar graphs comparing the number
of striatal S/c71a3+ astrocytes expressing reactive astrocyte transcripts [(F) Serpina3n, (G) C4B, and (H) Cxc/10] in PBS-injected and LPS-treated mice at P30,
10 wk, and 2 y of age. (/I-K) Bar graphs comparing the number of striatal S/c7a3+ astrocytes expressing reactive astrocyte transcripts [(/) Serpina3n, (J) C4B, and
(K) Cxcl10] in PBS-injected and LPS-treated mice at P30, 10 wk, and 2 y of age. Error bars depict mean + SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P <

0.05; n = 3 animals. See also Figs. S3-56.
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of the differentially expressed genes in aging revealed that aged
astrocytes take on a reactive phenotype characteristic of neuro-
inflammatory Al-like reactive astrocytes. In addition to the up-
regulation of many Al genes, we also observed an up-regulation
of characteristic A2 genes in aged astrocytes. This suggests that
additional signals may be present in the aged brain, which likely
induce the expression of Al and A2 genes. The increased ex-
pression of potentially detrimental Al genes may exert adverse
effects on the neural circuits, since Al astrocytes lose many
normal astrocyte functions such as promoting neuronal sur-
vival, produce complement components, and decrease excit-
atory neuronal function, as well as releasing a toxic factor that
kills both neurons and oligodendrocytes (9).

Our study also reveals that the brain regions known to be most
vulnerable in neurodegenerative diseases—the hippocampus and
striatum—are also the brain regions where astrocytes undergo
the more dramatic changes in their transcriptomes, and up-
regulate more Al reactive genes (27, 31). Distinct cortical re-
gions are also vulnerable in neurodegenerative diseases, in-
cluding Alzheimer’s disease and frontotemporal dementia (32,
33); however, our RNAseq and in situ hybridization experiments
indicated that fewer reactive astrocyte genes were up-regulated
in cortical regions. Since we did not characterize astrocyte re-
activity in detail throughout all cortical regions, it is possible that
subsets of astrocytes become more reactive in specific cortical
regions associated with cognitive decline; future studies will be
required to determine this. Astrocyte heterogeneity has been
previously reported in the developing spinal cord (34), and in
young adult mice (35, 36), but our study characterizes astrocyte
heterogeneity in the aged brain. The heterogeneity in the aging
astrocyte transcriptome reported here raises the question of why
astrocytes become more reactive in the hippocampus and stria-
tum. Clues from studies of the neurons in these brain regions
suggest that they are more sensitive to oxidative stress, metabolic
impairments, protein aggregation, mitochondrial instability, and
the dysregulation of ion homeostasis (27, 28). Future work will
be required to determine whether astrocyte heterogeneity, in the
healthy brain or in aging and disease, is intrinsically specified or
driven by the local environment.

The finding that astrocytes up-regulate reactive genes in nor-
mal aging has important implications for the vulnerability of the
aged brain to disease. The aging brain is well documented to be
much more vulnerable to injuries and neurodegenerative dis-
eases. Previous studies found neuroinflammation is increased in
severity in the aging CNS following peripheral and central im-
mune challenges with LPS (37, 38). Consistent with this, we
found that the astrocyte response to LPS-induced neuro-
inflammation also differed with age. In particular, we found
that the number of astrocytes expressing Serpina3n and Cxcll0
in response to LPS treatment was dramatically increased in aged
mice, compared with younger mice. This elevation in the number
of astrocytes expressing CxclI0 may lead to the recruitment of a
larger number of T lymphocytes (39, 40), exacerbating neuro-
inflammation after injury.

Furthermore, Al astrocytes are present in many neurode-
generative diseases, including Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, ALS, and multiple sclerosis (9,
10). The increase in Al-like astrocytes with aging could therefore
play a role in enhancing susceptibility of aging brains to neuro-
degeneration. Indeed, Al reactive astrocytes are a major source
of the classical complement cascade components needed to drive
complement-mediated synapse loss, such as C4B and C3. Thus,
as many synapses are already highly Clq-coated in the aging
brain (30), the appearance of Al reactive astrocytes with aging
would be expected to trigger some synapse loss consistent with
the recently reported finding of complement-mediated synapse
loss in the aging hippocampus (41).

Clarke et al.

Do Activated Microglia Induce A1-Like Reactive Astrocytes with
Normal Brain Aging? Previous studies have found that microglia
increase in number and become more activated during normal
CNS aging (42). Our findings strongly imply that activated
microglia formed during aging are responsible for the induction
of Al-like reactive astrocytes during normal CNS aging. We
found that the aging-induced up-regulation of reactive astrocyte
genes was significantly reduced in mice lacking the microglial-
secreted cytokines (IL-la, TNF, and Clq) known to activate
astrocytes (9), indicating that microglia play a key role in pro-
moting astrocyte activation in aging. Furthermore, studies have
suggested that aged microglia up-regulate their expression of
inflammatory cytokines (16, 30, 43). These findings raise the
question of why microglia become activated in the aged brain. A
recent study found that myelin fragments are released from aging
myelin sheaths, and these fragments are cleared by microglia.
Myelin fragmentation is significantly increased with age, and
aged microglia become overloaded with insoluble lysosomal in-
clusions, which may contribute to microglial senescence and
immune dysfunction in the normal aged brain (44). In addition
to the accumulation of myelin fragments, normal aging is also
characterized by a buildup of misfolded proteins which form
neurofibrillary tangles and amyloid plaques, albeit to a lesser
extent than in patients with Alzheimer’s disease (45). The ac-
cumulation of myelin and misfolded proteins likely contribute to
the impairment of synaptic plasticity reported to occur in aging
(31). Indeed, since microglia eliminate synapses during devel-
opment (46-48), it is possible that impairment of lysosomal
degradation pathways reduces the elimination of weak or se-
nescent synapses by microglia, contributing to a reduction in
neural circuit plasticity in the aged brain. The induction of as-
trocyte reactivity in aging may initiate a feedback loop that fur-
ther promotes neuronal dysfunction and microglial activation,
leading to more cognitive decline. Perhaps the replacement of
aged microglia with young microglia may promote the removal of
fragmented myelin, protein aggregates, and senescent synapses,
thereby enhancing synaptic plasticity and improving cognitive
function in aging. In addition to the increase of activated
microglia in the aged brain, peripheral immune cells are repor-
ted to increase in number in the brain (49). Since these cells also
release inflammatory cytokines, they could contribute to in-
ducing astrocyte activation in the aged brain and exacerbate
cognitive decline.

In summary, our transcriptomic and in situ hybridization ap-
proach identified aging-induced transcriptional changes in as-
trocytes. Furthermore, our data indicate that microglia play a key
role in promoting aging-induced astrocyte activation. The aging
transcriptomics database reported here provides an important
resource for future studies exploring the role astrocytes play in
cognitive decline in normal aging. Future studies could in-
vestigate the functional role of these aging-induced astrocyte
genes on neural circuits and investigate whether these aging-
induced changes in astrocytes and microglia drive the cognitive
impairments in the aged brain. Finally, by providing evidence
for normal aging-induced changes in astrocytes, our data may
identify targets for the treatment of cognitive decline in diseases
of aging.

Materials and Methods

Contact for Reagent and Resource Sharing. Individual replicates for all mapped
RNAseq data are provided in Dataset S4). Data can also be accessed via this
website link: brainrnaseq.org. All raw sequencing data are publicly available
at National Center for Biotechnology Information (NCBI) BioProject, https:/
www.ncbi.nlm.nih.gov/bioproject (accession no. PRINA417856).

Experimental Model and Subject Details. All animal procedures were con-

ducted in accordance with the National Institute of Health Stanford Uni-
versity’s Administrative Panel on Laboratory Animal Care. All mice were
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housed with food and water available ad libitum in a 12-h light/dark envi-
ronment. Data for experiments were collected from P7, P30, 10-wk-, 9.5-mo-,
and 2-y-old mice for RNAseq analysis (data were collected in triplicate for
each region, except for the 9.5 mo age, which were collected in duplicate),
10-wk-old mice for immunohistochemistry, and 10-wk- and 2-y-old mice for
RNAscope in situ hybridization and gPCR experiments (data were collected
in triplicate). Both male and female mice were used in all experiments.

Animals. WT C57BL/6J mice were from Jackson Laboratories, and aged mice
were obtained from the National Institute of Aging. Aldh1/1-eGFP-L10a mice
were obtained from D. Rowitch. Triple knockout (Il1a”"TNF7~C1ga™") an-
imals were from a previous study in our laboratory (9). All lines were
maintained by breeding with C57BL/6 mice.

TRAP RNA Isolation. RNA was collected from hippocampi, striata, and cortex of
Aldh1l1-eGFP-L10a mice based on published protocols (21, 22).

RNAseq Library Construction, Sequencing, and Analysis. RNAseq libraries were
made from total RNA isolated from whole-brain input and TRAP-isolated
samples. Libraries were sequenced by the lllumina NextSeq sequencer to
obtain 75 bp paired-end reads. We used https://usegalaxy.org to run the
Tuxedo pipeline. Reads were aligned and mapped to mm9 mouse reference
genome (50). We downloaded gene expression (FPKM data) for each sample
and merged these into Datasets S1-S4. See Supporting Information for
detailed methods.

Differential Expression Analysis. To calculate fold change differences between
samples, we used edgeR (51). To generate raw read counts from TopHat
accepted hits output, we used featureCounts (52), an Rsubread package (53).
We then shipped the output tables to edgeR for pairwise comparisons be-
tween 10-wk- and 2-y-old samples. For each comparison, we filtered out low
sequence tags (genes for which two or more sample replicates at each time
point had more than 25 counts per million). We merged the output of these
comparisons with the FPKM data, displayed in Datasets S1-S3.

Immunohistochemistry. Mice were anesthetized with a ketamine (100 mg/kg),
and perfused with ice-cold PBS followed by ice-cold 4% paraformaldehyde at
~70% cardiac output. Dissected brains were postfixed overnight in 4%
paraformaldehyde at 4 °C, and cryoprotected in 30% sucrose. Brains were
embedded in optimal cutting temperature (OCT) compound (Tissue-Tek) and
12- to 14-pm tissue sections were prepared. The following antibodies were
used: Rabbit anti-S100beta antibody (ab868, 1:500; Abcam) and Mouse anti-
GFAP antibody (G3893, 1:2,000; Sigma Aldrich). Primary antibodies were
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visualized with appropriate secondary antibodies conjugated with Alexa
fluorophores (Invitrogen).

RNAscope in Situ Hybridization. RNAscope fluorescent in situ hybridization
was performed on fresh-frozen tissue. Mice were anesthetized and de-
capitated, and the brains were rapidly extracted into ice-cold PBS. Brains were
embedded in OCT compound (Tissue-Tek) and 12- to 14-um tissue sections
were prepared. Multiplex RNAscope was performed based on manufac-
turer’s instructions. Probes against the following mRNA were used: Slc71a3,
Serpina3n, C4B, C3, Cxcl10, and Emp1 (ACD).

Microfluidics-Based qPCR. Total RNA was extracted from whole-brain or
TRAP-isolated samples, cDNA synthesis was performed, and gPCR reactions
were carried out with the BioMark HD Real-Time PCR System (Fluidigm). For
protocol and primer sequences see Supporting Information.

Imaging and Image Processing. Epifluorescence images were acquired with
Zeiss Axio Imager M1 and Axiovision with 20x 0.8 NA Plan Apo objective.
Images were imported into Image J. Lipofuscin autofluorescence was im-
aged in the blank green (488 wavelength) image channel and subtracted
from red (594 wavelength) and far-red (647 wavelength) channel images.
Images were adjusted for brightness and black values.

Statistical Analysis and Power Calculations. All statistical analyses were done
using GraphPad Prism 7.00 software. Most data were analyzed by one-way
ANOVA followed by Dunnett’s multiple post hoc test for comparing more
than three samples, and two-sample unpaired t tests for comparing two
samples with 95% confidence.
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