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ABSTRACT: Accumulating evidence implicates hallmarks of brain aging, namely oxidative stress, reactive gliosis, 

and cellular senescence, as key contributors to hippocampal dysfunction and associated age-related cognitive deficits. 

Astrocytes robustly express antioxidants such as superoxide dismutases to detoxify reactive oxygen species (ROS) 

generated as a result of the high metabolic activity in the brain. However, aging is associated with transcriptional 

downregulation of antioxidant genes concomitant with polarization towards reactive, proinflammatory phenotypes in 

astrocytes. Given prior findings that astrocyte-specific ablation of SOD2 induces phenotypes of cognitive aging, we 

hypothesized that enhancing astrocyte antioxidant capacity via SOD2 overexpression (aSOD2OE) would ameliorate 

molecular hallmarks of aging and preserve cognitive function. To test this, we overexpressed SOD2 in astrocytes of 

aged (22 mo) male C57Bl/6N mice using an AAV(PHP.eB)-GFAP-hSOD2 viral vector and assessed hippocampal-

dependent spatial working memory using a high-resolution, automated home-cage behavioral testing platform. We 

found that aSOD2OE significantly improved spatial working memory performance compared to aged GFP controls. 

Using molecular and histological approaches, aSOD2OE was associated with reductions in markers of cellular 

senescence and reactive astrogliosis within the hippocampus. These findings suggest that enhancement of astrocyte 

mitochondrial antioxidant activity is sufficient to alleviate maladaptive cellular programs associated with cognitive 

decline. Together, these data identify astrocyte redox biology as a potential therapeutic target in preserving 

hippocampal function in aging.  
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INTRODUCTION 

 

Aging is the greatest risk factor for the development of 

chronic disease, including cognitive impairment and 

Alzheimer’s disease related dementias (ADRD), that is 

marred with metabolic and structural deficits in the brain. 

Among factors though to contribute to age-related 

declines in hippocampal-dependent memory and learning 

are hallmarks of aging, including oxidative stress, 

inflammation, and cellular senescence [1]. The brain has 

a high metabolic demand, consuming 20% of the body’s 

energy intake despite constituting of only 2% of the total 

body mass. This high energy demand required for neural 

activity is supported by astrocytes that regulate brain 

redox homeostasis [2, 3] through robust expression of 

glutathione and superoxide dismutases (SOD) [3], among 

others, that detoxify reactive oxygen species (ROS). 

Notably, hippocampal astrocytes show downregulation of 

multiple antioxidant genes in reactive astrocytes with age 

[4], and under some pathological conditions, astrocytes 

become a major source of detrimental ROS [5].  
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Manganese superoxide dismutase (SOD2) is the 

primary mitochondrial antioxidant that quenches 

superoxide to hydrogen peroxide. Levels of superoxide 

have been shown to increase in the brain with age across 

multiple vertebrate species [6], and is associated with 

decreased transcriptional levels of Sod2 in the 

hippocampus of aged mice [7]. Our lab and others have 

shown that astrocyte-specific SOD2 knockout 

(aSOD2KO) in middle- and late-aged mice resulted in 

phenotypes of cognitive aging, including spatial working 

memory deficits and increased reactive astrogliosis [7, 8]. 

These data suggest that the integrity of astrocyte 

antioxidant capacity is critical in maintaining cognitive 

health during the aging process.  

Increased ROS and damage to macromolecules, 

including DNA, protein, and lipids [9] are interrelated 

hallmarks of aging linked to cellular senescence [1]. 

Senescent cells, characterized by cell cycle arrest and 

secretion of proinflammatory factors deemed the 

senescence-associated secretory phenotype (SASP), have 

been implicated in the pathogenesis of AD-like disease in 

various models, as well as in models of age-related 

cognitive decline [10-13]. We have previously shown that 

using cognitive stratification of aged animals, cognitively 

impaired mice are delineated from intact mice by 

increased hippocampal oxidative damage, reactive 

astrogliosis and cellular senescence [13, 14]. Importantly, 

deficiency of SOD2 is sufficient to drive DNA damage 

and induction of cellular senescence and aging 

phenotypes in the brain [8] and other tissues [15].  

Taken together, these data suggest that cognitive 

deficits with age may be mediated in part by the decline 

in astrocyte antioxidant capacity that drives accumulation 

of senescent cells and increased reactive astrogliosis 

within the brain. Therefore, we hypothesized that 

astrocyte-specific overexpression of SOD2 (aSOD2OE) 

will protect against spatial working memory deficits by 

reducing senescence and reactive gliosis burden in the 

aged brain. Here, we report that enhancing astrocyte 

mitochondrial antioxidant capacity via aSOD2OE 

significantly improved spatial working memory 

performance and attenuated markers of cellular 

senescence and astrocyte reactivity in aged mice, 

identifying astrocyte redox homeostasis as a potential 

therapeutic target in cognitive aging.  

 

MATERIALS AND METHODS 

 

Animals 

 

All animal procedures were approved and conducted 

under the guidelines of The University of Oklahoma 

Health Campus (OUHC) Institutional Animal Care and 

Use Committee. Aged C57BL/6N male mice were 

obtained from the National Institute on Aging colony at 

Charles River and group housed in conventional rodent 

facilities at OUHC. At euthanasia, animals were 

intracardially perfused with heparinized (2 units/mL) 

phosphate-buffered saline (1X PBS; pH 7.4) prior to 

tissue harvest. Hemibrains were either fixed overnight in 

4% paraformaldehyde or dissected into regions of interest 

(hippocampus, cortex) and flash frozen for further 

analyses.   

 

Astrocyte-specific SOD2 overexpression via AAV 

 

Purified recombinant AAV(PHP.eB)-GFAP-hSOD2-

P2A-GFP and AAV(PHP.eB)-GFAP-GFP expression 

vectors were produced by SignaGen Laboratories, 

formulated in sterile phosphate-buffered saline (PBS, 1X, 

pH 7.4) with titer determined via real time PCR. Aged 

mice were briefly anesthetized using isoflurane gas and 

administered rAAV into the right retroorbital sinus 

(6x1011 vg/100µL of normal saline per injection) at 17-18 

months of age. Animals were then cognitively tested 

following 4 months of overexpression at 21-22 months of 

age.  

 

Primary astrocyte cultures 

 

Mixed cortical and hippocampal primary astrocytes were 

cultured from postnatal day 1-3 C57BL/6J pups as 

previously reported [7, 16]. Following confluency, 

astrocytes were treated with either AAV(PHP.eB)-GFAP-

hSOD2-P2A-GFP (AAV-SOD2) or AAV(PHP.eB)-

GFAP-GFP (AAV-GFP) at a titer of 1x1010 vg/culture for 

five days. Following treatment, cultures were rinsed with 

ice cold PBS (1X, pH 7.4), scraped, and either 

fractionated or pelleted and flash frozen in liquid nitrogen 

and stored at -80oC until further analysis.  

For fractionation, cells were resuspended in 1 mL of 

immunocapture buffer [17] containing 105 mM K-MES, 

30 mM KCl, 10 mM KH2PO4, 5 mM MgCl2 × 6H2O 

supplemented with cOmplete Protease Inhibitor cocktail 

(Roche). Membranes were disrupted using a Dounce 

homogenizer and spun at 1,000 x g for 5 minutes to 

remove nuclei and debris. The supernatant was then spun 

at 20,000 x g for 10 minutes to pellet mitochondria. The 

remaining supernatant was used as the cytosolic fraction. 

Whole cell lysate, mitochondrial, and cytosolic fractions 

were then utilized for downstream immunoblotting.  

 

SOD2 activity 

 

SOD2 activity was quantified in whole cell lysates of 

primary astrocytes and in hippocampal lysates treated 

with AAV-GFP and AAV-SOD2 using an SOD assay kit 

(Cayman Chemical). Each reaction contained 10µg of 
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whole cell or tissue lysate in the presence of 3mM 

potassium cyanide to determine SOD2 activity following 

the generation of superoxide by xanthine oxidase. 

Absorbance was read at 440nm following 30min 

incubation following the manufacturer’s instructions.  

 

Automated home-cage spatial memory assessment 

(PhenoTyper) 

 

Spatial working memory of mice was evaluated using an 

automated-home cage testing paradigm (PhenoTyper, 

Noldus) as described [7, 14, 16]. Spontaneous activity of 

individual mice was recorded over 90 hours with an 

infrared-sensitive camera using EthoVision XT 14 

software (Noldus Information Technology, Wageningen, 

The Netherlands). The cages were transparent plastic (L x 

W x H = 30 x 30 x 35 cm) and bedding was cellulose-free 

paper (Pure-o’Cel; The Andersons, Maumee, OH). Body 

weights of mice were measured immediately before the 

initiation of the study and immediately after completing 

the behavioral tasks.  

Mice were placed individually in the PhenoTyper for 

a 6-hour adaptation period and beginning at 1600 h on day 

1, the activity of the animals was continuously recorded 

for 90 hours. All movements were recorded with an 

infrared-sensitive video camera above the arena using the 

X-Y coordinates of the center of gravity of each animal. 

These data were sampled at a rate of 15 frames per second 

(fps) and processed by Lowess smoothing using 

EthoVision. Water was available ad libitum, while pellet 

food (Dustless Precision Rodent Pellets, F05684, Bio-

Serv, Flemington, NJ) was automatically dispensed using 

a FR5 schedule when mice successfully performed the 

task. Initial learning (hours 1-49) and reversal learning 

(hours 51-90) were assessed based on the performance of 

mice to enter the left or right entrance of the Cognition 

Wall, respectively. The data were exported from 

EthoVision as a text file and then processed using Python 

scripts. To assess performance, success rates for both 

initial and reversal learning were defined as the percent of 

correct entries within the trailing 30 entries to reach an 

80% success rate. The Independent Leaning Index was 

also calculated per hour based on correct entries minus the 

incorrect entries divided by the total number of entries.  

This index was plotted cumulatively as a cumulative 

learning index to visualize learning progression over time. 

Measures of cognitive flexibility (rate of extinction and 

relearning during the first dark phase of the reversal) and 

maximal learning (cumulative performance across the 

entire reversal) were derived from the cumulative learning 

index as described [13]. Cognitive flexibility was 

calculated as correct entries minus incorrect entries 

divided by the total number of entries during the first dark 

phase of reversal learning between hours 51 and 61 after 

initiation of the experiment. Animals are removed from 

the study if they receive fewer than 10 pellet drops during 

the acquisition task or due to technical issues with pellet 

dispensers. This exclusion represented <10% of all mice 

in our study, irrespective of age. It should be noted that in 

this study all animals met criteria during the initial 

discrimination phase and thus none were excluded. 

Following behavior testing, all mice were returned to 

group housing with chow food for one week before 

harvesting for tissue. 

 

Immunoblotting 

 

Hippocampal and cortical protein lysates were prepared 

in RIPA buffer containing cOmplete Protease Inhibitor 

cocktail (Roche) and subjected to SDS-PAGE as 

described [7]. Briefly, equal amounts of protein 

(10µg/lane) underwent gel electrophoresis using a 

NuPAGE 4-12% Bis-Tris gel (Invitrogen), transferred to 

a nitrocellulose membrane, blocked in 5% BSA, and 

probed for targets of interest provided in Table 1.  

 

Table 1. Antibodies used for immunoblotting. 

 
Antibody Dilution Catalogue number, 

vendor 

SOD2 (human) 1:5,000 MA1-106, Invitrogen 

SOD2 (mouse) 1:2,000 Ab13533, Abcam 

COX IV 1:1,000 4844, Cell Signaling 

Serine racemase 1:1,000 17955-1-AP, Proteintech 

Actin 1:10,000 MAB1501, Sigma-Aldrich 

IRDye® 680RD 

Donkey anti-Mouse 

IgG Secondary 

1:5,000 926-68072, LICORbio 

IRDye® 800CW 

Donkey anti-Rabbit 

IgG Secondary 

1:5,000 926-32213, LICORbio 

 

 

Immunofluorescence 

 

Standard immunofluorescent labeling of cryosectioned 

brain samples was performed as previously described [7, 

16]. Cryopreserved sagittal sections (30µm) underwent 

antigen retrieval, blocked in 5% bovine serum albumin in 

Tris buffered saline with 0.1% Tween (TBST; pH 7.4), 

then incubated with appropriate primary/secondary 

antibodies for targets of interest provided in Table 2. 

Following mounting, sections were cover-slipped with 

Prolong Gold with DAPI, and Z-stack images were 

obtained using a Nikon W1CSU-SoRa spinning disk 

confocal microscope, and denoised/3D deconvolved 

using NIS-Elements AR software. The percentage of 

transfected astrocytes was quantified from the number of 

GFP-labeled astrocytes normalized to the total GFAP-

labeled astrocyte count in the dentate gyrus (DG) and the 
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stratum radiatum (SR) regions of the hippocampus.  

Morphology of GFP-GFAP doubled-labeled astrocytes 

was then assessed via Sholl analysis using the Simple 

Neurite Tracer v4.2.1 plugin of FIJI-ImageJ2. A total of 

30 GFP-GFAP double-labeled hippocampal astrocytes 

from 3-4 sections were analyzed for each animal. For 

more details regarding immunofluorescence 

methodology, please see Baier et. al, 2025 [16]. 

 

Table 2. Antibodies used for immunofluorescence. 

 
Antibody Dilution Catalogue number, vendor 

GFP 1:1,000 ab290, Abcam 

GFAP 1:1,000 CPCA-GFAP, EnCor 

Goat anti-Rabbit 

IgG Alexa Fluor™ 

488 

1:1,000 A11008, Invitrogen 

Goat anti-Chicken 

IgY Alexa Fluor™ 

Plus 647 

1:1,000 A32933, Invitrogen 

DAPI 1:2,000 62248, Thermo 
 

 

Quantitative PCR 

 

Hippocampal RNA was extracted and processed for 

cDNA from equal concentrations of total RNA (1000ng) 

as previously described [16] using the RNeasy Mini 

(Qiagen) and the High-Capacity RNA-to-cDNA (Applied 

Biosystems) kits, respectively. Quantitative RT-PCR was 

performed using the gene-specific TaqMan expression 

assays (Applied Biosystems) provided in Table 3. PCR 

was performed using TaqMan Universal PCR Master Mix 

with UNG and the QuantStudio 12k Flex System (Applied 

Biosystems). Expression data were calculated using the 

comparative CT method from two replicates normalized to 

the geometric mean of housekeeping gene expression 

(Cyc1 and Ube2d2). Data are presented as fold changes 

over mean young expression.  

 

Table 3. Primers used for qPCR. 
 

Gene Primer sequence/catalogue number 

p16INK4a forward: 5’-AACTCTTTCGGTCG 

TACCCC-3’ 

reverse: 5’-TCCTCGCAGTTCGA 

ATCTG-3’ 

p21WAF1 (transcript 

variant 2) 

APT2FJW 

Gfap Mm01253033_m1 

Serpina3n Mm00776439_m1 

H2-D1 Mm04208017_mH 

Il-1b Mm00434228_m1 

Ccl2 Mm00441242_m1 

Cxcl10 Mm00445235_m1 

Tnf Mm00443258_m1 

Cyc1 Mm00470540_m1 

Ube2d2 Mm00785931_s1 
 

 

RNA-seq library preparation and sequencing 

 

Directional libraries RNA-seq were made from total 

hippocampal RNA (1000ng) according to the 

manufacturer’s protocol as previously described [18]. 

Poly-adenylated RNA was captured using NEBNext 

Poly(A) mRNA magnetic isolation module (NEB#E7490, 

New England Biolabs, Ipswich, MA). Following mRNA 

capture, mRNA was eluted from oligo-dT beads and 

fragmented by incubating with First Strand Synthesis 

reaction buffer and Random Primer Mix (2x) from the 

NEBNext Ultra II Directional Library Prep kit for 

Illumina (NEB#E7760) at 94oC for 15 min. First and 

second strand cDNA synthesis was performed 

sequentially per the manufacturer’s instructions. After 

purification of double-stranded cDNA with 1.8x 

SPRISelect beads (#B23318, Beckman Coulter), cDNA 

was eluted in 15 µl of 0.1x TE. cDNA libraries were then 

amplified with 8cycles of PCR using the NEBNext Ultra 

II Q5 master mix and unique index primer mixes from the 

NEBNext Multiplex Oligos for Illumina Library kit 

(#E6642S). Libraries were purified with 0.9x SPRISelect 

beads and then sized with HSD1000 ScreenTapes (#5067-

5584, Agilent Technologies). Libraries were then 

quantified by Qubit 1x dsDNA HS Assay kit (#Q33230, 

Invitrogen). Libraries for each sample were pooled at 4 

nm concentration and sequencing was performed using an 

Illumina NovaSeq 6000 system (S4 PE150).  

 

RNA-seq data analysis 

 

Following sequencing, reads were trimmed and aligned 

prior to downstream analyses in Strand NGS software 

(v4.0, Strand Life Sciences). Reads were aligned against 

the full mm39 genome. Alignment and filtering criteria 

included: adapter trimming, fixed 2-bp trim from 5’ and 

3’ ends, a maximum number of one novel splice allowed 

per read, a minimum of 90% identity with the reference 

sequence, a maximum 5% gap, and trimming of 3’ ends 

with Q<30. Alignment was performed directionally, with 

read 1 aligned in reverse and read 2 in forward 

orientations, respectively. All duplicate reads were then 

removed. Normalization was performed with DESeq2. 

Transcripts with an average read count value >20 in at 

least 100% of the samples in at least one group were 

considered expressed at a level sufficient for quantitation 

per tissue and those transcripts below this level were 

considered not detected/not expressed and excluded, as 

these low levels of reads are close to background and are 

highly variable. Generation of principal component plots 

and heatmaps, in addition to gene ontology (GO) and gene 

set enrichment analysis (GSEA), were performed in 

RStudio (build 375, R version 4.1).  
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Statistical analyses 

 

All experiments were performed in multiple independent 

replicates per group, with statistical analyses performed 

using GraphPad Prism 10, JMP v15.2.0, and RStudio 

build 375, R version 4.1. Normality of data was assessed 

via Shapiro-Wilks test. For experiments with samples 

sizes n<6, non-parametric tests were applied. Behavioral 

data were analyzed using a repeated measures ANOVA 

(age x group x time) using JMP [14]. Molecular data 

comparing two groups were analyzed via student’s T test 

or Mann-Whitney U test (non-parametric). Data with 

three groups were analyzed via one-way or two-way 

ANOVA with Šidák’s multiple comparisons (parametric) 

or Kruskal-Wallis test with Dunn’s multiple comparisons 

(non-parametric) tests [16]. Data are represented as mean 

± SEM. Sample sizes are noted for each experiment with 

significance denoted as *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

RESULTS 

 

Viral-mediated overexpression of SOD2 in astrocytes 

 

To overexpress human SOD2 (hSOD2) in astrocytes, we 

generated two recombinant AAV (rAAV) constructs: 

AAV(PHP.eB)-GFAP-hSOD2-P2A-eGFP (aSOD2OE) 

and AAV(PHP.eB)-GFAP-GFP (GFP). The PHP.eB 

capsid was chosen for its high blood-brain barrier 

penetration [19], allowing for effective transduction 

throughout the brain following retroorbital injection. 

Additionally, we used the GFAP promoter to drive 

expression in astrocytes in attempt to limit potential off 

target effects, as Aldh1l1 is expressed by multiple 

peripheral tissues, including liver, kidney, lung, and small 

intestine [20].  
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Figure 1. AAV-induced SOD2OE in astrocytes shows cell and organelle specificity in vitro 

and in vivo. (A) Representative immunoblot of hSOD2, COX IV (mitochondrial marker), and 

serine racemase (SRR; cytosolic marker) of cell homogenate (H), mitochondrial (M) and cytosolic 

(C) fractions of primary astrocytes treated with rAAV. Colored bars above lanes represent GFP 

(green) and aSOD2OE (blue) samples. (B-C) SOD2 activity assessed in (B) cell lysates of rAAV-

treated primary astrocytes (n=4 independent cultures/group) and (C) hippocampal samples of 

young and aged rAAV-treated animals (n=4-8 animals/group). (D) Representative confocal 

images of hippocampal sections from young and aged rAAV-treated GFP and aSOD2OE mice. 

Scale bar, 100µm. (E) Proportion of GFP-labeled astrocytes normalized to the total GFAP-labeled 

astrocyte count in the dentate gyrus (DG) and the stratum radiatum (SR) regions of the 

hippocampus. n=5 animals/group.  (F) Representative immunoblot of hSOD2, endogenous mouse 

SOD2 (mSOD2) in young and rAAV-treated aged mice. Colored bars above lanes represent young 

(black), aged GFP (green), and aged aSOD2OE (blue) samples. For all graphs, colors represent 

the following: young (black), GFP (green), aSOD2OE (blue). Error bars: mean ± SEM. *p<0.05, 

**p<0.01. 

We validated our rAAVs using both in vitro and in 

vivo approaches. Following treatment of rAAV in primary 

astrocyte cultures, we confirmed overexpression of 

hSOD2 in fractionated cell lysates that localized mainly 

within the mitochondrial fraction (Fig. 1A), denoted by 

organelle-specific expression of COX IV. SOD2OE 

astrocytes mirrored an increase in SOD2 activity 

compared to GFP controls, thereby validating the 

functionality of the hSOD2 construct (Fig. 1B).  

In vivo, aged aSOD2OE animals showed similar 

increases in SOD2 activity in the hippocampus compared 

to young and GFP-treated aged animals (Fig. 1C). Using 

histological methods, we confirmed widespread 

expression of GFP colocalizing with GFAP-

immunolabeled astrocytes throughout the brain (e.g., 

hippocampus, Fig. 1D). Quantification of transduction 

efficiency in the DG and SR regions of the hippocampus 

revealed an approximate total efficiency of 40% in both 

GFP and aSOD2OE treated aged mice (Fig. 1E). 

Immunoblotting of hippocampus and cortex samples from 

young and rAAV-treated aged mice showed expression of 

hSOD2, with no alterations in endogenous mouse SOD2 

(mSOD2) levels between aged groups (Fig. 1F). 

Consistent with reports of extra-neural GFAP expression 

by hepatic stellate cells [21], we did note peripheral 

hSOD2 expression in liver, but not in other peripheral 

tissues (e.g., quadriceps), illustrating specificity of the 

GFAP-driven hSOD2 expression (Supplementary Fig. 1).  

 

Enhancing astrocyte antioxidant capacity improves 

age-related spatial working deficits 

 

To assess the impact of enhancing astrocyte 

mitochondrial antioxidant capacity on age-associated 

cognitive decline, we induced overexpression of hSOD2 

utilizing our recombinant AAV(PHP.eB)-GFAP 

constructs. Our experimental cohort of aged C57BL/6N 

mice were administered either AAV(PHP.eB)-GFAP-

hSOD2-P2A-eGFP (aSOD2OE) or AAV(PHP.eB)-

GFAP-GFP (GFP) to serve as aged controls via 

retroorbital injection at 18 months of age.  

Following four months of overexpression, spatial 

working memory of aged GFP and aSOD2OE mice was 

assessed at 22 months of age in a home-cage testing 

platform (PhenoTyper) using established protocols [7, 14, 

16]. Following placement in the home cage, initial and 

reversal learning was assessed over 90 hours of testing 

based on the ability of mice to enter one of three holes for 

a food reward. Performance in the initial and reversal 

phases were assessed for each hour and visualized as a 

cumulative learning index, depicting the ratio of 

efficiency of correct entries to the total entries 

compounded over the duration of each respective phase 

(Fig. 2A). Additional metrics used for evaluation of 

spatial working memory included the number of entries 

required to reach an 80% success rate (entries to 80% 

criterion), cognitive flexibility (rate of extinction and re-

learning during the reversal), and maximal learning 

(cumulative performance in the reversal). 

Aged GFP and aSOD2OE animals performed 

comparably in the initial learning phase, with all mice in 

both groups reaching criterion in a similar number of 

entries (Fig. 2B). Age-related increases in the number of 

entries to reach criterion in the reversal were noted, with 

total of 29% of GFP and 16% of aSOD2OE mice failing 

to reach criterion. While both groups showed similar 

performance in the initial phase (Fig. 2C), aged 

aSOD2OE mice showed significantly higher cognitive 

flexibility (Fig. 2D) and maximal learning (Fig. 2E) 

compared to aged GFP controls.  

Age-related cognitive decline has been associated 

with alterations in mitochondrial energy metabolism and 

redox signaling [22-24]. We have previously shown that 

SOD2-KO in astrocytes increased oxidative damage 

marker, 3-nitrotyrosine (3-NT), in the hippocampus that 

correlated with decreased spatial memory performance 

[7]. Therefore, we assessed whether aSOD2OE has an 

impact on 3-NT levels in aged mice. Levels of 3-NT were 

significantly reduced with aSOD2OE compared to GFP 
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controls (Supplementary Fig. 2), suggesting a direct 

interaction of astrocyte SOD2 expression on hippocampal 

oxidative stress. To determine whether the beneficial 

effects on cognition with aSOD2OE is mediated in part 

through improved mitochondrial respiration, we 

conducted high-resolution respirometry (Oroboros 

instruments) in the hippocampus [14, 25]. No differences 

were noted in oxygen consumption rate between groups 

across metabolic substrates and electron transport chain 

complex inhibitors (Supplementary Fig. 3). These data 

suggest that enhancement of astrocyte-specific 

mitochondrial antioxidant capacity was sufficient to 

attenuate oxidative damage and age-related declines in 

spatial working memory without altering overall 

metabolic capacity in the hippocampus.  

 

 
Figure 2. Age-related deficits in spatial working memory are attenuated with aSOD2OE. (A) 

Cumulative learning index demonstrating improved performance during the reversal phase in 

aSOD2OE mice. (B) Entries to reach 80% criterion for initial and reversal learning phases showed no 

significant differences between young and rAAV-treated aged mice. (C) Initial learning rate (derived 

from first dark phase of the initial phase) showed no significant differences between young and rAAV-

treated aged mice. (D-E) Age-related deficits in cognitive flexibility (derived from first dark phase of 

the reversal learning phase) and maximal learning (derived from the cumulative learning index at the 

end of the reversal phase) were ameliorated in aSOD2OE treated mice. For all graphs, colors represent 

the following: young (black, n=10), aged GFP (green, n=17), aged aSOD2OE (blue, n=17). Shaded 

bars in graph A represent dark periods of the day/light cycle. Error bars: mean ± SEM. **p<0.01, 

***p<0.001. 

aSOD2OE had modest effects on the hippocampal 

transcriptome 

 

To assess putative mechanisms contributing to improved 

spatial working memory following astrocyte-specific 

SOD2OE in aged animals, we performed bulk RNA-

sequencing (RNA-seq) on hippocampal tissues.  

Principal component analysis (PCA) of bulk 

transcriptomic profiles revealed robust separation of 

young animals from both aged groups, consistent with 

transcriptional profile shifts associated with age (Fig. 3A, 

Supplementary Fig. 4). In contrast, aged-GFP and 

aSOD2OE mice displayed partially overlapping 

transcriptomic profiles, suggesting that aSOD2OE 

induced subtler transcriptomic effects compared to aging 

alone.  
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Figure 3. aSOD2OE modestly shifts the hippocampal transcriptome towards increased synaptic maintenance and reduced 

inflammation. (A) 3D principal component plot of PC1-PC3 depicting partial overlap of gene expression between aged aSOD2OE 

and GFP mice. (B-C) Volcano plot depicting significantly upregulated (red) and downregulated (blue) genes between (B) aged GFP 

and young and (C) aSOD2OE vs. GFP comparisons. (D-E) Dot plot depicting gene ontology biological process terms enriched in the 

(D) GFP vs. young and (E) aSOD2OE vs. GFP comparisons. For all RNA-seq experiments, n=7 young, 9 aged GFP, and 8 aged 

aSOD2OE mice, respectively.  

Differential gene expression analysis between GFP 

and young animals showed robust upregulation of genes 

associated with inflammation, immune activation, and 

extracellular matrix remodeling, including chemokines 

(e.g., Cxcl10, Ccl2, Ccl8), complement components (C3), 

components of MHC class I (H2-Q8, H2-Q9, H2-Q10), 

and matrix metalloproteases (Mmp3, Mmp12) (Fig. 3B). 

Gene ontology (GO) analyses of genes upregulated in 

aged-GFP mice showed enrichment for immune-related 

pathways, including cytokine-mediated signaling, 

adaptive immune response, and regulation of innate 

immune processes (Fig. 3D), consistent with age-

associated neuroinflammation.  

In contrast, the comparison between aSOD2OE and 

aged-GFP mice revealed that most changes in expression 

were modest in magnitude (e.g., |log2FC| < 0.5) (Fig. 3C). 

GO terms upregulated in aSOD2OE mice compared to 

GFP controls were associated with synaptic structure and 

function, including synaptic vesicle cycling, post synapse 

organization, regulation of synapse structure or activity, 

and dendrite development (Fig. 3E). Among the genes 

driving these enrichments were multiple synaptic-

associated genes (e.g., Syt17, Slc9a1, Plppr4) and Tnip1, 

a negative regulator of NF-kB signaling (Fig. 3C). While 

individual fold changes were modest, their concerted 

upregulation may support the notion that aSOD2OE 

benefits spatial working memory by sustaining synaptic 

support functions and reducing inflammation within the 

hippocampus.  

 

Improving astrocyte antioxidant capacity mitigates 

reactive astrogliosis and senescence burden in the aged 

hippocampus 

 

We have previously reported that aged animals with 

spatial working memory impairments showed increased 
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burden of hippocampal cellular senescence and reactive 

astrogliosis [16], cellular changes that have been thought 

to contribute to neuroinflammation and alterations in 

synaptic function with age. Furthermore, we and others 

have shown that the ablation of SOD2 in astrocytes 

impairs spatial working memory [7] with a concomitant 

increases reactive astrogliosis in the brain [7, 8]. We 

therefore assessed whether age-associated reactive 

astrogliosis was altered with astrocyte SOD2 

overexpression by histological and molecular approaches.  

To assess astrocyte morphology, we analyzed high-

magnification confocal images of GFAP immunolabeled 

astrocytes colocalizing GFP within the CA1 region of the 

hippocampus using Sholl analysis (Fig. 4A-D). 

Quantification revealed decreases in the maximal number 

of intersections and the maximal branch length of GFAP-

GFP double-labeled astrocytes in aSOD2OE mice 

compared to GFP controls. Consistent with decreased 

astrocyte arborization assessed by Sholl analysis, Gfap 

transcript expression was decreased in the hippocampus 

of aSOD2OE mice compared to aged GFP controls. 

Similarly, transcripts associated with reactive astrocyte 

phenotypes (e.g., Serpina3n, H2-D1) that were elevated 

with age were significantly decreased in the aSOD2OE 

hippocampus (Fig. 4E). 

 

 
Fig. 4. Age-related increases in reactive gliosis are attenuated with aSOD2OE. (A) Representative 

confocal images of individual astrocytes with the CA1 region of hippocampal sections immunolabeled 

for GFP (green), GFAP (pink; astrocytes), and DAPI (blue; nuclei). Scale bar, 10µm. (B) 

Quantification of the number of astrocyte projections plotted against the radial distance from the soma 

of GFP+-GFAP+ double-labeled astrocytes obtained via Sholl analysis. n=30 astrocytes/animal, 3-4 

sections per animal, n=5 mice/group. (C-D) Maximal branch length and maximal number of 

intersections of GFP+-GFAP+ double-labeled astrocytes quantified using Sholl analysis. n=30 

astrocytes/animal, 3-4 sections per animal, n=5 mice/group. (E) Transcriptional expression of astrocyte 

reactivity markers (Gfap, Serpina3n, H2-D1) within the hippocampus. n=7-9 mice/group. For all 

graphs, colors represent the following: young (black), aged GFP (green), aged aSOD2OE (blue). Error 

bars: mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Given the observed reductions in astrocyte reactivity 

in aSOD2OE mice, we next sought to determine whether 

SOD2 levels directly influence astrocyte senescence. 

Specifically, we examined whether loss of SOD2 was 

sufficient to induce senescence-associated phenotypes in 

astrocytes. To do this, we established primary astrocyte 

cultures from Sod2f/f pups and ablated SOD2 using 

AAV1-CRE [7]. Following five days of ablation, we 
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assessed gene expression of canonical markers of cellular 

senescence, including cyclin-dependent kinase inhibitors 

(e.g., p16INK4a, p21WAF1) and pro-inflammatory senescence-

associated secretory phenotype factors (Il-6, Ccl2, Cxcl1, 

Cxcl10, Mmp3). Compared to controls, SOD2-deficient 

astrocytes exhibited robust upregulation of both cell-cycle 

arrest markers and SASP factors (Fig. 5A-B), further 

supporting a cell-autonomous role for SOD2 in inducing 

astrocyte senescence when dysregulated.  

 

 
Figure 5. aSOD2OE attenuates age-associated increases in hippocampal cellular senescence 

gene expression. (A-B) Transcriptional expression of cyclin-dependent kinase inhibitors (p16INK4a, 

p21WAF1) and SASP factors (Il-6, Ccl2, Mmp3, Cxcl10, Cxcl1) associated with senescence were 

increased following Cre-mediated ablation of Sod2 in vitro. n=6-8 independent cultures/group. (C) 

Heatmap of senescence-associated genes from RNA-seq.  (D) GSEA plot demonstrating enrichment 

scores of the SenMayo gene set panel. (E-F) Transcriptional expression of cyclin-dependent kinase 

inhibitors (p16INK4a, p21WAF1) and SASP factors (Il-1b, Ccl2, Cxcl10, Tnf) increased within the 

hippocampus with age were attenuated with aSOD2OE. For graphs A-B, colors represent the 

following: AAV-GFP (white), AAV-CRE (red). For graphs E-F, colors represent the following: 

young (black, n=7), aged GFP (green, n=9), aged aSOD2OE (blue, n=8). Error bars: mean ± SEM. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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These findings suggested that enhancing aSOD2OE 

in vivo may attenuate age-associated senescence burden in 

the brain. To assess whether aSOD2OE may attenuate 

brain senescence burden in aging, we assessed 

senescence-associated markers in our hippocampal RNA-

seq data from aged mice (Fig. 5C). We performed gene 

set enrichment analysis (GSEA) using the SenMayo 

senescence gene set [26]. The enrichment in SenMayo in 

aged-GFP mice compared to young mice (NES = 1.582, 

p.adjust = 7.13 x 10-4) was significantly downregulated in 

aSOD2OE mice compared to GFP controls (NES =-1.425, 

p.adjust = 1.458 x 10-2) (Fig. 5D).  

To validate our RNA-seq findings, we assessed 

expression of cell cycle arrest markers (p16INK4a, p21WAF1) 

and SASP factors (Il-1b, Ccl2, Cxcl10, Tnf) via qPCR. 

Consistent with downregulation of the SenMayo panel, 

aSOD2OE mice showed decreased gene expression of 

both cyclin-dependent kinase inhibitors (Fig. 5E) and 

SASP factors (Fig. 5F), suggesting that improving 

astrocyte mitochondrial antioxidant capacity may be 

sufficient to attenuate brain senescence burden with age.  

Collectively, these findings demonstrate that 

augmenting astrocyte antioxidant capacity with SOD2 

overexpression mitigates key hallmarks of brain aging, 

namely cellular senescence and neuroinflammation, while 

concomitantly reducing impairments in spatial memory 

performance in aged mice. This supports a model in which 

astrocyte-specific antioxidant capacity is integral to 

preventing induction of cellular senescence and 

preserving cognitive function in the aging brain. 

 

DISCUSSION 

 

Astrocytes are increasingly recognized as central 

regulators of brain aging, owing largely to their roles in 

maintaining synaptic function, metabolic homeostasis, 

and redox balance [27]. Given the high energetic demands 

of neurons and large quantities of ROS generated through 

oxidative phosphorylation, astrocytes serve as essential 

providers of antioxidant support (e.g., glutathione and its 

amino acid precursors [28]) to the neural milieu [29]. 

In response to CNS insults, astrocytes undergo 

reactive astrogliosis, a collection of morphological and 

functional alterations, contributing to synaptic 

dysfunction and increased secretion of pro-inflammatory 

effectors by astrocytes [30]. During normative aging, 

astrocytes undergo polarization to a neurotoxic reactive 

astrocyte phenotype, concomitant with reduced 

antioxidant gene expression [4]. Among antioxidant 

enzymes, SOD2 represents a key mitochondrial matrix 

antioxidant responsible for the conversion of superoxide 

to hydrogen peroxide. Previously, we [7] and others [8] 

have shown that astrocyte-specific ablation of SOD2 in 

middle/late age resulted in spatial working memory 

deficits, downregulation of mitochondrial OXPHOS 

genes, and increased markers of cellular senescence and 

reactive astrogliosis. These findings motivated our current 

study into whether enhancing SOD2 expression in 

astrocytes could mitigate cognitive deficits and cellular 

hallmarks associated with aging. 

Here, we report that aSOD2OE resulted in significant 

improvements in hippocampal spatial working memory 

compared to aged GFP controls. These findings align with 

and expand upon prior work in pathological settings, 

where overexpression of SOD2 (cell type agnostic) in the 

brain protected against AD-like cognitive deficits in the 

Tg2576 AD mouse model [31] and astrocyte-specific 

overexpression of SOD2 in the hippocampus reduced 

CA1 neuronal vulnerability to forebrain ischemia [32]. 

Interestingly, aSOD2OE did not alter hippocampal 

mitochondrial respiration, which aligns with prior reports 

showing no change in basal metabolism in brain, liver and 

muscle with hSOD2 overexpression [33]. Furthermore, 

transgenic overexpression of SOD2 increased cardiac 

function despite no change in respiratory control index 

(ratio of State 3 to State 4) compared to controls [34]. 

Together, these results provide evidence that despite no 

overall changes in tissue respiration, enhancement to 

astrocyte antioxidant capacity provides functional 

benefits to cognitive function across aging and 

pathological contexts.  

Increased ROS and damage to macromolecules, 

including DNA, protein, and lipids [9], are interconnected 

hallmarks of aging that contribute to the induction of 

cellular senescence [1]. Genetic ablations of SOD2 have 

been previously shown to induce DNA damage, triggering 

the DNA damage response and inducing cellular 

senescence in brain [8] and peripheral tissues [15]. 

Moreover, brain- and astrocyte-specific SOD2 knockout 

mice have been shown to have increased reactive 

astrogliosis [7, 8, 35]. Given the reduction of SOD2 

activity [36] and transcriptional expression in the brain [7] 

by 18 months of age, we investigated whether 

overexpression of SOD2 in astrocytes protected against 

the age-related burden of senescent cells and reactive 

astrogliosis in the brain. Concomitant with benefits in 

spatial working memory, we found that aSOD2OE 

significantly reduced molecular signatures of cellular 

senescence and reactive astrogliosis within the 

hippocampus. In light of our work demonstrating 

increased burden of cellular senescence and reactive 

astrogliosis in the hippocampus of cognitively stratified 

aged mice [37], these data posit astrocyte antioxidant 

capacity as one possible mechanism contributing to brain 

senescence burden and associated detriments to brain 

function.   

ROS is frequently attributed towards playing negative 

roles in aging and neurodegenerative diseases. 
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Conversely, reductions in oxidative stress with 

antioxidant supplementation shown to have varying 

efficacy in preclinical models (reviewed by [38]). While 

ROS can be detrimental in settings of oxidative damage, 

recent work has highlighted particularly the role of H2O2 

as a key signaling molecule for brain function. In 

astrocytes, H2O2 signaling in low levels confers protection 

against oxidative stress in part through Nrf2-mediated 

biosynthesis and release of glutathione [39, 40]. 

Astrocytes, while historically viewed as predominantly 

glycolytic, rely on intact mitochondrial function 

(including OXPHOS and fatty acid oxidation) to support 

brain function [41] and maintain redox signaling. 

Compared to neurons, astrocytes produce more ROS due 

to the increased proportion of free complex I [42], with 

recent studies highlighting the role of fatty acid oxidation 

in maintaining this energetically inefficient conformation 

to maintain redox signaling [43]. Astrocyte-derived H2O2 

supports long-term memory formation in Drosophila [44], 

whereas modulation of astrocyte H2O2 via 

mitochondrially-targeted catalase resulted in neuronal 

structure impairments and deficits in short-term memory 

[45]. Given these data, it is plausible that in addition to 

reducing oxidative damage, increasing H2O2 abundance 

from aSOD2OE may be mediating some of the functional 

benefits to cognition, which warrants further 

investigation.  

In our study, we acknowledge several potential 

limitations. First, this study does not consider potential 

sexual dimorphisms of aSOD2OE as only male mice were 

used. Additionally, use of GFAP may not be reflective of 

the full astrocyte population, whereas Aldh1l1 is 

commonly recognized as a pan-astrocyte marker [46]. 

GFAP is one marker of reactive astrocytes that show 

declines in antioxidant gene expression with age [4], 

however. Additionally, we recognize that Aldh1l1 

expression extends to multiple peripheral organs (e.g., 

lung, liver, kidney, small intestine) [20]. Hence, 

considering all options, we utilized GFAP-driven 

overexpression of SOD2 to limit off-target, confounding 

peripheral effects on cognitive function. Despite this, the 

effect of SOD2OE in non-neural GFAP-expressing cells 

(e.g., stellate cells in the liver) may provide a potential 

confound to our findings. Additionally, bulk RNA-

sequencing of hippocampal tissue lacks resolution in 

discerning cell-type specific responses, which may 

obscure subtle changes in effected cells.  

In sum, our findings contribute new evidence that 

enhancing astrocyte antioxidant capacity is a central 

player in alleviating cellular hallmarks of maladaptive 

aging to preserve cognitive function. As accumulating 

evidence suggests alterations in astrocytes as drivers of 

age- and neurodegenerative disease-associated cognitive 

dysfunction, modulating astrocytic redox biology may 

offer a promising therapeutic avenue to maintain brain 

function in aging. 
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