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Abstract
We examine similar and differential effects of two senolytic treatments, ABT-263 and 
dasatinib + quercetin (D + Q), in preserving cognition, markers of peripheral senes-
cence, and markers of brain aging thought to underlie cognitive decline. Male F344 
rats were treated from 12 to 18 months of age with D + Q, ABT-263, or vehicle, and 
were compared to young (6 months). Both senolytic treatments rescued memory, pre-
served the blood–brain barrier (BBB) integrity, and prevented the age-related decline 
in hippocampal N-methyl-D-aspartate receptor (NMDAR) function associated with 
impaired cognition. Senolytic treatments decreased senescence-associated secretory 
phenotype (SASP) and inflammatory cytokines/chemokines in the plasma (IL-1β, IP-
10, and RANTES), with some markers more responsive to D + Q (TNFα) or ABT-263 
(IFNγ, leptin, EGF). ABT-263 was more effective in decreasing senescence genes in 
the spleen. Both senolytic treatments decreased the expression of immune response 
and oxidative stress genes and increased the expression of synaptic genes in the den-
tate gyrus (DG). However, D + Q influenced twice as many genes as ABT-263. Relative 
to D + Q, the ABT-263 group exhibited increased expression of DG genes linked to cell 
death and negative regulation of apoptosis and microglial cell activation. Furthermore, 
D + Q was more effective at decreasing morphological markers of microglial activa-
tion. The results indicate that preserved cognition was associated with the removal 
of peripheral senescent cells, decreasing systemic inflammation that normally drives 
neuroinflammation, BBB breakdown, and impaired synaptic function. Dissimilarities 
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1  |  INTRODUC TION

Cellular senescence is a hallmark of aging and plays a crucial role in 
aging and a wide variety of age-related diseases and disorders (Baker 
et al., 2011; Kirkland & Tchkonia, 2020). The senescence-associated 
secretory phenotype (SASP) is an umbrella term that covers a wide 
variety of secreted proteins including inflammatory cytokines, growth 
factors, immune modulators, and tissue remodeling proteins (Coppe 
et al.,  2010; Hernandez-Segura et al., 2018). Considerable research 
has focused on paracrine influences of senescent cells, spreading se-
nescence to neighboring cells, sometimes referred to as the bystander 
effect (da Silva et al.,  2019; Nelson et al., 2018). However, a recent 
study demonstrated that senolytic treatment in humans reduced SASP 
factors in the plasma, suggesting SASP factors gain access to the circu-
lation where they could have intra-organ effects (Hickson et al., 2019).

The understanding that SASP factors enter blood circulation 
opens up a new avenue of research pertaining to the role of cellular 
senescence in various pathological conditions. One such interesting 
aspect to explore would be the impact of off-site cellular senescence 
on cognitive function. Cognitive impairment, especially memory, has 
been studied widely with respect to cellular senescence, primarily 
in relation to senescence in the brain (Baker & Petersen, 2018; Lin 
et al., 2021; Sikora et al., 2021; von Zglinicki et al., 2021). Peripheral 
cellular senescence may contribute to chronic low-grade systemic 
inflammation during aging (Budamagunta, Foster, & Zhou, 2021) and 
the exaggerated release of a variety of inflammatory mediators in 
response to inflammatory stimuli (Budamagunta, Manohar-Sindhu, 
et al., 2021). In turn, systemic inflammation can drive brain changes 
that mimic aging (Barter et al., 2020, 2021; Mavrikaki et al., 2021), 
possibly contributing to the trajectory of cognitive decline (Barter 
et al., 2021; Bettcher & Kramer, 2014; Beydoun et al., 2019; Manabe 
& Heneka, 2022; Tampubolon, 2016; Zhao et al., 2019). Thus, cellular 
senescence accumulation in the peripheral tissues, in both age-related 
and pathological contexts, could lead to impaired memory function.

We hypothesized that peripheral cellular senescence contributes 
to brain aging and age-related cognitive impairment. Therefore, we 
compared the effects of dasatinib + quercetin (D + Q), which can 
cross the blood-brain barrier (BBB; Guntner et al., 2020; Ishisaka 
et al.,  2011; Porkka et al., 2008), decreasing oxidative stress, and 
clearing senescent cells in the brain (Ogrodnik et al., 2021; Zhang 
et al., 2019), and ABT-263, which does not normally cross the BBB 
and has senolytic activity limited to peripheral tissues (Mehdipour 
et al.,  2021; Yamaguchi & Perkins,  2012). The results indicate 
that treatment with ABT-263 or D + Q decreased markers of 

peripheral senescence, including plasma SASP factors such as pro-
inflammatory cytokine levels. Senolytic treatments reduced mor-
phological evidence of microglial activation, decreased expression 
of immune response genes in the dentate gyrus (DG), and rescued 
spatial memory and hippocampal synaptic transmission. ABT-263 
and D + Q maintained the integrity of the BBB; therefore, it is un-
likely that clinically significant amounts of ABT-263 crossed into the 
brain. Finally, differences in DG gene expression for TNF signaling, 
cell death, negative regulation of apoptosis, and microglial activation 
were consistent with differences in access of D + Q and ABT-263 to 
the brain. The results indicate that peripheral senescence, through 
the elevation of plasma SASP factors, is an important contributor to 
several markers of brain aging and cognitive decline.

2  |  RESULTS

2.1  |  Behavior and cognitive function

Middle-aged rats (12 months) were randomly divided into three 
groups that received a vehicle treatment (AV, n  =  36), a dasat-
inib (1.2  mg/kg) + quercetin (12 mg/kg) cocktail treatment (ADQ, 
n  =  28), or ABT-263 (12 mg/kg) treatment (AA, n  =  22). Young 
animals (6 months; YNG; n = 22) were tested at the same time as 
older groups for cue discrimination, episodic spatial memory on wa-
termaze, and inhibitory avoidance. Aging is associated with impaired 
retention of hippocampal-dependent memory for rapidly acquired 
spatial/contextual information, examined using the episodic mem-
ory version of the spatial watermaze task and inhibitory avoidance 
(Foster, 2012; Foster & Kumar, 2007; Guidi, Rani, et al., 2015; Kumar 
& Foster, 2013; Markowska et al., 1989; Martinez Jr. & Rigter, 1983; 
McGuiness et al., 2017; Vasquez et al., 1983).

2.1.1  |  Cue discrimination training

A repeated measures ANOVA of the latency to reach the platform 
across training trials for the cue discrimination task revealed a sig-
nificant effect of training [F(4, 416) =  52.95; p < 0.0001], a group 
difference [F(3, 104)  =  8.49; p < 0.0001], and interaction [F(12, 
416) = 2.77; p < 0.005] (Figure 1a). Post hoc analyses indicated that 
the AV group had an increased latency relative to YNG, ADQ, and 
AA groups. YNG exhibited the shortest latency relative to all older 
age groups. The AA and ADQ groups were intermediate and not 

associated with brain transcription indicate divergence in central mechanisms, pos-
sibly due to differential access.
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different from each other. Latency differences were due in part to a 
slower swim speed (Figure 1b). Swim speed increased with training 
[F(4, 416) = 17.53; p < 0.0001] and exhibited a group difference [F(3, 
104) = 7.23; p < 0.0005]. Post hoc comparisons indicated YNG had 
a greater swim speed relative to the other groups and older animals 
were not different from each other. A repeated measures ANOVA 
on the distance to reach the platform across training trials for the 
cue discrimination task revealed a significant effect of training [F(4, 
416)  =  40.59; p < 0.0001], a group difference [F(3, 104)  =  5.46; 
p < 0.005], and interaction [F(12, 416) = 2.56; p < 0.005] (Figure 1c). 
Post hoc analyses indicated that the AV group had an increased 
distance relative to the YNG and ADQ groups. Thus, all groups ex-
hibited a decreased latency and pathlength with training, indicating 
learning of the cue discrimination; although differences due to treat-
ment were noted with the shortest latency and pathlength for YNG 
and the longest latency and pathlength for AV animals.

2.1.2  |  Spatial discrimination training

Three days following cue discrimination training, animals were tested 
on the one-day version of the spatial watermaze, which is sensitive 
to age-related impairment of episodic spatial memory (Foster, 2012). 
A repeated measures ANOVA on the latency of rats to reach the 
platform yielded a significant effect of training [F(5, 520) = 38.11; 
p < 0.0001] and treatment [F(3, 104)  =  13.17; p < 0.0001] in the 

absence of an interaction. Similar to the cue task, post hoc analyses 
indicated that the AV group had an increased latency relative to YNG 
and the ADQ and AA groups. YNG exhibited a shorter latency rela-
tive to all older age groups. The AA and ADQ groups were intermedi-
ate and not different from each other (Figure 1d). Again, the latency 
difference was due, in part, to a slower swim speed [F(3, 104) = 6.84; 
p < 0.0005] (Figure 1e). Post hoc comparisons confirmed that YNG 
had a greater swim speed relative to the other groups and older 
animals were not different from each other. A repeated measures 
ANOVA performed on the pathlength to escape (distance) also 
yielded similar results with the four groups showing a significant ef-
fect of training [F(4, 520) =  35.96; p < 0.0001] and a group differ-
ence [F(3, 104) = 11.54; p < 0.0001] in the absence of an interaction 
(Figure 1f). Post hoc analyses confirmed that AV exhibited the long-
est distance relative to YNG, ADQ, and AA. The distance for ADQ 
was longer than YNG, and the AA group was not different from YNG 
or ADQ.

No group difference was observed for the acquisition probe 
trial discrimination index (DI) scores and one-group t tests indicated 
that all groups performed above chance (p < 0.0001; Figure  2a). 
Examination of the DI scores for the 24-hr retention probe trial in-
dicated a significant group difference F(3, 104) = 6.77; p < 0.0005, 
and post hoc tests indicated that AV performed more poorly than 
all other groups (Figure 2b). Indeed, all groups, except AV exhibited 
a retention DI score well above chance (p < 0.0001), indicating im-
paired memory only for the AV group.

F I G U R E  1 Senolytic treatments 
improve performance on the one-day 
watermaze. (a,d) latency, (b,e) swim speed 
and (c,f) escape distance for each training 
block for the cue discrimination a-c and 
spatial discrimination d and f tasks.
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2.1.3  |  Inhibitory avoidance

One week following spatial watermaze training, an inhibitory avoid-
ance test was conducted. A Kruskal–Wallis one-way ANOVA indicated 
a group difference (H = 8.20, p < 0.05) in the latency to cross into the 
dark chamber on the training day (Day 1). Post hoc test indicated 
an increased latency for all older groups relative to YNG (p < 0.05; 
Figure 2g). A Kruskal–Wallis test for latency to the dark chamber on the 
retention testing day was significant (H = 21.19, p < 0.0001), and post 
hoc tests indicated that the AV group had a shorter latency relative to 
the other three groups (Figure 2h), consistent with impaired memory. 
Interestingly, over 38% (14 animals) of the AV animals re-entered the 
dark chamber at some point during the Day 2 retention testing trial, 
while none of the YNG entered in the allotted time and ~ 10% of ADQ 
(3 animals), and AA (2 animals) animals crossed into the dark chamber.

2.1.4  |  Grip strength testing

Immediately before tissue collection, a subset of animals was 
weighed and tested for grip strength. An ANOVA indicated a 
difference in weight across groups [F(3, 88) =  8.63; p < 0.0001] 
due to increased weight of AV (n  =  29, 440.45 ± 7.30 g) and AA 
(n = 22, 426.09 ± 5.18) relative to YNG (n = 22, 397.77 ± 6.62). In 
addition, ADQ (n = 19, 412.05 ± 5.07) animals weighed less than 
AV. The increase in body weight with age (~10%) is similar to pre-
vious reports for male F344 rats (Greenberg & Boozer,  2000; 
Turturro et al.,  1999). Grip strength, normalized to weight, was 
different across groups [F(3, 88) = 238.18; p < 0.0001]. Post hoc 
test indicated that grip strength was increased in YNG, ADQ, and 
AA relative to AV and decreased in AA relative to YNG and ADQ 
(Figure S1).

F I G U R E  2 Senolytic treatments 
improve memory. Discrimination index 
(mean + SEM) for the (a) acquisition and (b) 
retention probe trials on the watermaze. 
(c–f) Group mean heat maps for the 
animals position during the acquisition 
and retention probe trials for (c) YNG, 
(d) AV, (e) AA, and (f) ADQ. Most animals 
directed their search to the goal quadrant 
(GQ). (g and h) Box plots for latency to 
enter the dark compartment of inhibitory 
avoidance during (g) Day 1 training and 
(h) Day 2 retention testing. The symbols 
indicate the mean (±SEM). Asterisks 
indicate a difference relative to AV (b, h) 
or YNG (g).
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2.2  |  Effect of senolytic treatment on markers of 
senescence in the periphery

2.2.1  |  Gene expression

Nine animals in each group were used to examine qPCR expression of 
senescence and SASP genes as markers of senescent cell burden (He 
et al., 2020; Hernandez-Segura et al., 2018; Sharpless & Sherr, 2015). 
ANOVAs indicated a treatment effect (p < 0.0005) for each measure. 
For the cyclin-dependent kinase inhibitor 2A, Cdkn2a (P16ink4a), a group 
effect was observed in lung [F(3, 32) =  17.68, p < 0.0001], liver [F(3, 
32) = 8.09, p < 0.0005], bone marrow [F(3, 32) = 24.85, p < 0.0001], kid-
ney [F(3, 32) = 22.69, p < 0.0001], and spleen [F(3, 32) = 58.09, p < 0.0001] 
with the greatest expression in AV, and significantly decreased expres-
sion in YNG, AA, and ADQ (Figure 3a–e). Cdkn2a expression in senolytic-
treated groups was either not different from YNG (bone marrow and 
liver) or was intermediate between AV and YNG, such that expression 
in spleen and kidney was elevated relative to YNG. In addition, ABT-263 

had a greater effect in reducing expression of spleen Cdkn2a, relative 
to ADQ (Figure 3e). A similar pattern of aging and senolytic treatment 
was observed for other senescent and SASP-related genes examined 
in the spleen (Figure 3f–i), such that for senolytic-treated groups, IL-6 
expression [F(3, 32) = 50.77, p < 0.0001] was decreased relative to AV 
and not different from YNG, and expression of Cdkn1a [F(3, 32) = 11.72, 
p < 0.0001] was intermediate and different from AV and YNG. Finally, 
ABT-263 had a greater effect in reducing spleen expression of Mmp3 
[F(3, 32) = 38.79, p < 0.0001] and Tnfsf11 [F(3, 32) = 25.95, p < 0.0001], 
relative to YNG and ADQ, respectively (Figure 3h,i).

2.2.2  |  Plasma measures of cytokines and  
chemokines

Table 1 shows hormone, cytokine, and chemokine concentrations in 
the plasma of young and aged rats from the various treatment groups 
(n = 3–6 per group). A subset of pro-inflammatory molecules (eotaxin, 

F I G U R E  3 Senolytic treatment decreases expression of senescent and SASP genes in the periphery. Relative expression level of Cdkn2a 
in (a) lung, (b) bone marrow, (c) liver, (d) kidney, and (e) spleen. Relative expression level of (f) IL-6, (g) Cdkn1a, (h) Mmp3, and (i) Tnfsf11 in 
spleen. Error bars denote SEM (n = 9). Asterisks indicate a difference relative to AV, # denotes a difference relative to YNG, and Ϯ indicates a 
difference relative to ADQ (p < 0.05)
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G-CSF, IL-1α, IL-4, IL-6, IL-13, MCP-1, and MIP-2α) exhibited group dif-
ferences (ANOVA p < 0.05), and post hoc tests indicated increased 
expression in all older groups relative to YNG. In contrast, IL-12p70 
was elevated in YNG relative to all older groups. Another group of 
pro-inflammatory cytokines/chemokines (IL-1β, IP-10, RANTES) was 
increased in AV relative to YNG and senolytic-treated groups, which 
were not different from each other. In a few cases, D + Q and ABT-263 
were differentially effective in reducing cytokines. IFNγ was increased 
in AV and ADQ relative to YNG, leptin was increased in all older groups 
and in ADQ relative AA, and a tendency (p = 0.067) for a group differ-
ence for EGF was due to increase expression in AV relative to YNG and 
AA groups. Finally, a group difference for TNFα was due to decreased 
expression in the ADQ group relative to AA and AV.

2.3  |  Senolytic treatment maintains synaptic  
function

Age-related impairment in episodic memory is linked to a decline in 
N-methyl-D-aspartate receptor (NMDAR) function and associated 
changes in synaptic plasticity (Foster, 2012; Guidi, Rani, et al., 2015; 
Kumar et al., 2018; Kumar & Foster, 2013). Hippocampal CA1-CA3 

synaptic strength was examined by recording total- extracellular syn-
aptic field potentials (fEPSPs) and generating input–output curves 
and plotting the slope of total synaptic response across the different 
stimulation intensities for YNG (n = 8/4 slices/animals), AV (n = 12/6 
slices/animals), AA (n = 6/3 slices/animals), and ADQ (n = 7/4 slices/
animals). A repeated measures ANOVA on the total CA3-CA1 syn-
aptic response to varying stimulation intensities indicated an effect 
of stimulation intensity [F(7, 203) = 86.22; p < 0.0001] and a group 
difference [F(3, 29) =  3.90; p < 0.05] in the absence of an interac-
tion. Post hoc analyses revealed decreased synaptic strength in the 
AV group compared to ADQ and AA, with a tendency (p = 0.079) 
for a difference relative to YNG. No difference was observed in the 
total synaptic response between YNG and the two senolytic groups 
(Figure 4a).

Following collection of the total synaptic responses, the 
NMDAR-mediated synaptic response was isolated. A repeated 
measures ANOVA on the NMDAR-synaptic response indicated an 
effect of stimulation intensity [F(7, 203) = 101.91; p < 0.0001] and 
a group difference [F(3, 29) =  5.58; p < 0.005] and an interaction 
[F(21, 203) = 10.22; p < 0.0001], with the greatest differences ob-
served toward the higher intensities of stimulation. Post hoc analy-
ses revealed decreased NMDAR-synaptic responses in the AV group 

TA B L E  1 Age and treatment effect on chemokines, cytokines, and hormone concentration.

Analyte YNG AV ADQ AA

Cxcl5 498.49 ± 105.16 377.13 ± 41.03 364.87 ± 31.69 468.00 ± 86.04

EGF 324.14 ± 74.77 746.68 ± 126.15ac 564.40 ± 97.29 420.26 ± 132.27

Eotaxin 5.67 ± 1.54 17.85 ± 1.95a 18.72 ± 2.49a 17.06 ± 0.94a

Fractalkine 77.80 ± 13.06 65.39 ± 8.82 55.80 ± 6.59 45.80 ± 5.20

G-CSF 4.31 ± 1.57 41.12 ± 3.68a 44.57 ± 4.41a 46.98 ± 5.08a

IFNγ 162.66 ± 93.49 315.55 ± 33.45a 318.49 ± 10.91a 259.64 ± 22.23

IL-1α 33.73 ± 8.26 153.90 ± 10.35a 150.45 ± 15.56a 152.72 ± 8.11a

IL-1β 42.36 ± 9.09 148.91 ± 27.72abc 74.71 ± 8.17 58.75 ± 5.50

IL-2 117.02 ± 12.79 113.37 ± ±15.52 89.37 ± 7.91 106.48 ± 12.78

IL-5 79.78 ± 11.19 304.77 ± 91.20 98.76 ± 1.26 395.99 ± 195.79

IL-4 23.06 ± 5.66 69.36 ± 7.02a 58.98 ± 3.75a 66.33 ± 7.57a

IL-6 475.8 ± 113.35 2074.72 ± 285.94a 1734.62 ± 184.72a 2595.51 ± 737.2a

IL-12p70 289.97 ± 34.54 156.23 ± 23.49a 130.62 ± 16.91a 151.23 ± 21.22a

IL-13 11.93 ± 5.48 31.75 ± 4.17a 31.46 ± 4.62a 32.47 ± 3.86a

IL-17α 33.00 ± 4.97 35.28 ± 5.34 47.74 ± 3.98a 44.15 ± 5.29

IL-18 387.79 ± 28.84 351.78 ± 33.50 257.33 ± 24.16a 233.28 ± 16.60a

IP-10 243.01 ± 29.83 479.34 ± 58.88abc 283.64 ± 16.18 274.97 ± 35.23

Leptin 12121.17 ± 4558.92 46226.94 ± 4210.80a 49742.82 ± 6776.02ac 32168.80 ± 6272.00ab

MCP-1 594.18 ± 119.04 1057.22 ± 25.03a 923.31 ± 76.16a 937.37 ± 56.96a

IMP-1 α 19.68 ± 3.85 28.22 ± 6.25b 16.95 ± 0.83 17.31 ± 0.09

MIP-2 21.65 ± 3.84 89.86 ± 3.52a 88.75 ± 5.93a 86.72 ± 5.14a

RANTES 851.98 ± 219.69 9341.40 ± 3936.76abc 1321.07 ± 180.84 1322.47 ± 243.11

TNFα 5.27 ± 1.22 8.00 ± 0.67b 5.65 ± 0.78 8.62 ± 1.02b

VEGF 71.55 ± 25.53 138.11 ± 89.09 30.11 ± 10.85 152.15 ± 83.20

Note: ap <0.05 versus YNG, bp <0.05 versus ADQ, cp <0.05 versus AA. Data is represented as mean ± SEM (n = 3–6).
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compared to YNG, ADQ, and AA (Figure 4b). Again, no difference 
was observed between the YNG and either of the aged senolytic-
treated groups.

2.4  |  Similarities and differences in senolytic 
treatment on gene expression

A subset of animals was prepared for next-generation sequencing of 
the DG (YNG, n = 10, AV, n = 12; AA, n = 11, ADQ, n = 11). Figure 5 
illustrates the number of differentially expressed genes (DEGs) and 
number of enriched gene categories associated with the DEGs. All 
older groups expressed many more DEGs when contrasted with 
YNG, relative to differences in expression between other older 
groups (Figure  5a). In addition, senolytic treatments resulted in 
a marked shift in the number of upregulated and downregulated 

gene enrichment categories when comparing YNG and AV groups 
(Figure 5b). Compared to YNG, older groups, particularly AV, exhib-
ited more categories for upregulated genes than for downregulated 
genes. In contrast, for DEGs between AV and senolytic-treated 
groups, many more categories were observed for downregulated 
genes and the fewest number of gene enrichment categories was 
observed between senolytic treatment groups. Finally, compared to 
AV, D + Q influenced ~2 times more genes and categories than the 
ABT-263 treatment.

For genes upregulated in each of the older groups relative to 
YNG (Figure  5c–e), functional annotation clustering analysis indi-
cated that, across all age groups, increased expression was observed 
for actin binding, cell death and programed cell death, cytomegalo-
virus and T-cell leukemia virus infection, antigen processing, glial cell 
differentiation, neuron projection development, axon guidance, and 
several signaling pathways; Rap1, MAPK, HIF-1, PI3K-Akt, phospho-
lipase D, and AGE-RAGE signaling pathway in diabetic complications 
(Figure 5c–e). Consistent with previous research, AV animals, but not 
senolytic-treated animals, exhibited upregulation of genes associated 
with neuroinflammation (immune response, response to cytokine, 
inflammatory response, lymphocyte activation, and phagocytosis), 
including signaling pathways for regulation of cytokine production 
or chemokine signaling. Similarly, AV animals exhibited increased ex-
pression of genes linked to oxidative stress (response to oxidative 
stress, positive regulation of superoxide production, and superox-
ide metabolic process), and aging. Increased gene expression was 
observed for the transforming growth factor beta (TGFβ) receptor 
signaling pathway, consistent with an age-related BBB dysfunction 
(Chen et al., 2020; Senatorov Jr et al., 2019).

In contrast, upregulated genes for ADQ relative to YNG did not 
include enrichment for most categories linked to immune activation, 
oxidative stress, aging, or TGFβ signaling (Figure 5e). Similarly, dif-
ferential expression of genes linked to immune response, oxidative 
stress, aging, and TGFβ signaling was mainly absent from AA rela-
tive to YNG. However, similar to AV animals, AA animals exhibited 
increased expression of genes for TNF signaling, and Fc gamma R-
mediated phagocytosis, and glial cell development compared to YNG 
(Figure 5d).

Compared to YNG, all older groups exhibited decreased ex-
pression for genes linked to translation, ribosomes, proteasome, 
oxidative phosphorylation, and mitochondrial respiratory chain. In 
addition, all older groups exhibited decreased expression of path-
ways of neurodegeneration (Figure 5c–e). When comparing AV rel-
ative to YNG for downregulated genes, we observed enrichment of 
synaptic component genes including the glutamatergic, GABAergic 
and presynaptic and postsynaptic components (Figure 5c). In con-
trast, presynaptic and postsynaptic gene expression was increased 
in ADQ and AA groups relative to YNG. Genes for the glutamatergic 
synapse increased for ADQ and exhibited increased and decreased 
expression in the AA group (Figure 5d).

Comparison of gene expression across the older groups indi-
cated that expression of genes for the category aging (GO:0007568) 
was decreased in AA and ADQ relative to AV (Figure 5f,g) and was 

F I G U R E  4 Senolytic treatment preserves synaptic function in 
the hippocampus. Slope of excitatory post synaptic field potentials 
recorded from hippocampal CA3-CA1 synapses. The initial slope 
of the (a) total fEPSP and (b) NMDAR-mediated component of the 
EPSP was measured for increasing stimulation intensity and input–
output curves were generated. Each point represents the mean 
(±SEM) for the given stimulation intensity.



8 of 18  |     BUDAMAGUNTA et al.

not different across senolytic treatment groups (Figure 5h). Clusters 
linked to apoptosis and cell death were decreased in senolytic-
treated groups relative to AV; however, comparison of AA and ADQ 
groups indicated that expression of apoptosis and cell death genes, 

including those for the negative regulation of cell death and negative 
regulation of apoptosis, were elevated in the AA group relative to 
the ADQ group. Genes linked to oxidative stress were not differ-
ent between AA and ADQ groups (Figure 5h) and ABT-263 or D + Q 

F I G U R E  5 Effect of senolytic treatment on gene expression in the DG. (a) Graphic summary of the number of differentially expressed 
genes, which were either significantly increased (filled) or decreased (open) in relation to other groups. (b) Graphic summary for the number 
of GO categories identified for differentially expressed genes. (c–g) Bars represent the –log(adj-p value) and log(adj-p value) for selected GO 
term clusters for genes that increased or decreased compared to YNG for (c) AV, (d) AA, and (e) ADQ; and compared to AV for (f) AA and 
(g) ADQ, and (h) in AA compared to ADQ. GO terms were loosely grouped into categories: protein expression and binding (yellow), aging, 
age-related disease, and cell death (black), mitochondria (open), neuronal/synaptic (gray), oxidative stress (red), glial and immune response 
(green), signaling pathways (blue), and RNA or DNA and molecular binding (purple).
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treatment decreased genes linked to response to hydrogen peroxide, 
and regulation of nitric oxide biosynthesis relative to AV. However, 
D + Q may have had a greater effect in regulating oxidative stress 
linked to superoxide generation and metabolism, while ABT-263 had 
more of an effect decreasing gene expression for nitric oxide biosyn-
thetic processes (Figure 5f,g). Similarly, immune response clusters 
were not different between ADQ and AA groups (Figure 5h) and 
treatment with ABT-263 or D + Q decreased genes linked to immune 
response relative to AV. However, D + Q treatment, but not ABT-
263 treatment, was associated with decreased expression of genes 
linked to positive regulation of glial cell migration and regulation of 
microglial cell activation (Figure 5f,g). Finally, examination of the top 
categories that were upregulated or downregulated or both up and 
downregulated in AA relative to ADQ, revealed that the AA group 
exhibited both up and downregulation of synaptic/neuronal genes 
and genes linked to molecular binding, and the AA group exhibited 
upregulation for cell death, apoptosis and negative regulation of cell 
death and apoptosis (Figure 5h).

2.5  |  Effect of senolytic treatment on 
morphological measures of microglial activation

Transcriptomic profiling indicated senolytic treatments decreased 
immune response genes. Differences were noted in that D + Q was 
better able to prevent the age-related increase in genes for some 
inflammation signaling (i.e. TNF signaling and Fc gamma R-mediated 
phagocytosis), glial cell development and migration, and regulation 
of microglial cell activation. To visualize microglia and morpho-
logically examine activation status, we stained sections of cerebral 

cortex with Iba-1 antibody (Figure 6a). The stained sections were 
subsequently analyzed for 25 cells/area of cerebral cortex across 6 
areas (n = 150 cells cumulatively) measuring soma size, number of 
processes per cell, average length of these processes, and number 
of major branches per cell (Figure 6b–e). The measures were then 
averaged for each animal. Across most measures of microglial activa-
tion, greater activation was observed for AV (greater soma size, de-
creased number of processes, and reduced process length) and YNG 
exhibited the least microglia activation, with intermediate levels for 
senolytic-treated animals. ANOVAs indicated a group difference for 
the size of the soma [F(3, 20) = 20.45; p < 0.0001], and post hoc tests 
indicated that all groups were different from the other groups except 
for the two senolytic groups, which were similar to each other. An 
ANOVA on the number of processes indicated a difference across 
groups [F(3, 20) = 23.73; p < 0.0001], and post hoc tests indicate that 
each group was different from the other three groups, with a de-
crease in the number of processes for AA animals relative to ADQ. 
For the number of branches [F(3, 20) = 12.38; p < 0.0001], post hoc 
tests indicated a decrease in number of branches of all older groups 
relative to YNG. Finally, for the length of processes [F(3, 20) = 8.29; 
p < 0.001], post hoc tests indicated that AV had decreased length 
relative to the other three groups and AA had a decrease in length 
relative to YNG.

2.6  |  Senolytic treatment maintains blood–brain 
barrier integrity

Albumin is peripherally restricted and enters the brain upon BBB 
disruption (Kassner & Merali, 2015). Cortical sections were stained 

F I G U R E  6 Senolytic treatment 
reduces age-associated microglial 
activation. (a) Representative cortex 
sections immunohistologically stained 
for iba-1. Mean ± SEM for microglial 
morphological parameters (b) soma size, 
(c) processes per cell, (d) branches per 
cell, and (e) the average length of the 
process. (f) Representative cortex sections 
immunohistologically stained for albumin. 
(g) Bars represent mean ± SEM. Asterisks 
indicate a difference relative to AV, # 
denotes a difference relative to YNG, and 
Ϯ indicates a difference relative to ADQ 
(p < 0.05).
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for albumin (Figure 6f) to assess the percentage of cells positively 
stained for albumin for each animal (n = 6 per group). An ANOVA 
indicated a significant difference across groups [F(3, 20) =  39.43; 
p < 0.0001] and post hoc tests indicated a higher proportion of posi-
tively stained cells in the cerebral cortex of AV when compared to 
all the other groups (p < 0.0001; Figure 6g). The results for albumin 
staining and gene expression of TGFβ signaling indicate that seno-
lytic treatment, from 12 to 18 months of age, can maintain the in-
tegrity of the BBB. Thus, leakage of clinically significant amounts of 
ABT-263 into the brain is unlikely.

3  |  DISCUSSION

Long-term treatment with ABT-263 or D + Q, initiated in middle-age, 
decreased peripheral markers of tissue senescence and systemic in-
flammation, and preserved hippocampal-dependent cognitive func-
tion and NMDAR-mediated synaptic transmission to a similar extent. 
This is the first demonstration that senolytic treatment preserves 
NMDAR function and provides novel information on the effect of 
ABT-263 on plasma cytokines. Compared to older controls, seno-
lytic treatments decreased transcription of DG genes linked to oxi-
dative stress and immune response, and increased the expression of 
synaptic genes. However, D + Q had a greater effect on brain tran-
scription categories associated with cellular senescence, decreasing 
expression of genes linked to apoptosis, regulation of apoptosis, and 
microglial activation that were not significant for ABT-263 treat-
ment. Dissimilarities associated with brain transcription indicate di-
vergence in central mechanisms, possibly due to differential brain 
access. Previous work indicates that dasatinib enters the central 
nervous system (Guntner et al., 2020; Porkka et al., 2008) to clear 
senescent cells (Ogrodnik et al., 2021; Zhang et al., 2019). In con-
trast, ABT-263 does not cross the BBB (Yamaguchi & Perkins, 2012), 
which may explain differential effects. In particular, senescent cells 
are resistant to apoptosis due to upregulation of anti-apoptotic path-
ways. Relative to the ADQ group, the AA group exhibited increased 
expression of genes for apoptosis and negative regulation of apop-
tosis, consistent with the idea that senescent cells are primed to un-
dergo apoptosis, while the implementation of the death program is 
provisionally suppressed (Fan et al., 2020).

Cellular senescence is also associated with increase oxida-
tive stress (Doubleday et al., 2020; Passos et al., 2007; Rajapakse 
et al., 2011) and elimination of senescent cells by D + Q may contrib-
ute to the decreased expression of genes for superoxide metabolic 
pathways in the brain. Alternatively, quercetin also passes the BBB 
and has anti-oxidant properties (Ishisaka et al., 2011), which may 
contribute to greater downregulation of superoxide metabolic path-
ways, specifically by D + Q.

Previous work suggests that a failure of large doses of ABT-263 
(50 mg/kg) to reduce established microglia activation in aged mice 
was due to the inability of ABT-263 to cross the BBB (Mehdipour 
et al.,  2021). In the current study, long-term treatment with ABT-
263 or D + Q decreased the age-related morphological markers of 

microglial activation and expression of immune response genes. In 
the case of ABT-263, the effect may have been due to early treat-
ment, prior to extensive induction of neuroinflammation. However, 
the results also point to increased effectiveness of D + Q in main-
taining number of microglial processes and length of microglial pro-
cesses. Furthermore, compared to AV animals, D + Q treatment, but 
not ABT-263 treatment, decreased expression of genes linked to 
positive regulation of glial cell migration and regulation of microglial 
cell activation. Finally, similar to AV animals, the AA groups contin-
ued to exhibit increased expression of genes for TNF signaling, Fc 
gamma R-mediated phagocytosis, and glial cell development com-
pared to YNG.

The ability of ABT-263 to decrease some markers of neuroin-
flammation may be due to a leaky BBB, permitting increased access 
of ABT-263 to the brain. Senescence of vascular cells can result in 
neurovascular uncoupling and increased susceptibility of the BBB 
to disruption, which may be prevented by senolytic treatment (Lee 
et al., 2021; Tarantini et al., 2021; Yamazaki et al., 2016). However, 
in this case, it would be expected that ABT-263 should have de-
creased microglial activation in aged mice (Mehdipour et al., 2021). 
Furthermore, in the current study, ABT-263 treatment preserved 
BBB integrity, reducing expression of TGFβ signaling genes (e.g. 
Acvrl1, Cldn5, Eng, Id1, Tfgfb1) associated with BBB disruption (Chen 
et al., 2020; Senatorov Jr et al., 2019; Figure S2), and preventing the 
rise in albumin entry into the brain, indicating that it is unlikely that 
ABT-263 achieved significant brain levels. Whether hippocampal 
BBB disruption contributes to cognitive decline during normal aging 
is debated (Montagne et al., 2015; Verheggen et al., 2020), partly due 
to differences in techniques employed and variability in BBB leaki-
ness (Banks et al., 2000; Bowman et al., 2018; Goodall et al., 2018; 
Moinuddin et al., 2000; Senatorov Jr et al., 2019). Importantly, BBB 
permeability correlates with serum inflammatory markers (Bowman 
et al., 2018) and increases under conditions that evoke inflammation 
(Montagne et al., 2022; Varatharaj & Galea, 2017).

Indeed, the reduction in systemic inflammation likely contrib-
uted to treatment effects on neuroinflammation and immune re-
sponse genes in the brain (Balusu et al., 2016; Barter et al., 2020; 
Norden et al.,  2016; Yegla & Foster,  2019). Thus, the increase in 
TNF signaling genes in the brain of the AA group, which was absent 
from the ADQ group, may be due to the ability of D + Q to decrease 
plasma TNFα. In this case, plasma TNFα may underlie increased 
TNF signaling in the DG of the AA group and TNFα contributes to 
some markers of inflammation and cell senescence (Budamagunta, 
Manohar-Sindhu, et al., 2021).

A divergence in the ability to remove peripheral senescent cells 
could influence off-site bystander effects on the brain (Hickson 
et al., 2019; Xu et al., 2018). However, very few differences were 
noted in the ability of D + Q and ABT-263 to decrease senescence 
in the periphery. Indeed, ABT-263 may have had a greater effect, 
decreasing Cdkn2a and Tnfsf11 to a greater extent in the spleen. 
Previous studies indicate that the ability of D + Q to decrease plasma 
SASP factors during aging is highly variable (Farr et al., 2017; Hickson 
et al., 2019; Justice et al.,  2019; Krzystyniak et al., 2022; Novais 



    |  11 of 18BUDAMAGUNTA et al.

et al.,  2021) and little is known about the effect of ABT-263 on 
plasma SASP factors. We confirmed an increase in pro-inflammatory 
cytokines/chemokines with age and several inflammatory mediators 
(IL-1β, IP-10, and RANTES) decreased following senolytic treatment, 
with some markers more responsive to D + Q (TNFα) or ABT-263 
(IFNγ, leptin, EGF). Importantly, many of the plasma inflammatory 
markers decreased by senolytic treatment influence microglia 
(Hickman et al., 2013), disrupt the BBB, or cross the BBB to dis-
rupt cognition (Banks & Kastin, 1992; Murta et al., 2015; Rahman 
et al.,  2018; Wang et al.,  2018; Yan et al.,  2022). Moreover, sys-
temic inflammation contributes to brain redox stress that mediates 
the decline in NMDAR function (Bodhinathan et al., 2010; Kumar 
et al., 2018; Kumar & Foster, 2013) and increased systemic inflam-
mation during aging is associated with impaired cognitive function 
(Marksteiner et al.,  2011; Scheinert et al.,  2015; Serre-Miranda 
et al., 2020). Together the results indicate that both treatments were 
able to remove peripheral senescent cells and decreased systemic 
inflammation, which likely contributed to preserved BBB integrity, 
synaptic function, and cognition.

In addition to decreasing basal measures of systemic inflamma-
tion, senolytic treatment can inhibit the hyper-responsive release 
of SASP factors during acute systemic inflammation (Budamagunta, 
Manohar-Sindhu, et al., 2021; Camell et al.,  2021). Concern about 
acute systemic infection on the trajectory of cognitive decline has 
dramatically increased due to the neurocognitive sequelae associ-
ated with acute infections, including COVID-19 (Choutka et al., 2022; 
Crivelli et al., 2022; Zhao et al., 2022). The enhanced release of SASP 
factors can induce senescence in neighboring cells and cytokines/
chemokines from the periphery enter the brain, contributing to the 
trajectory of cognitive decline and brain aging, increasing expression 
of immune response genes, decreasing synaptic genes, and impair-
ing NMDAR function (Barter et al., 2021; Bettcher & Kramer, 2014; 
Beydoun et al., 2019; Mavrikaki et al., 2021). Thus, senolytic treat-
ments may preserve cognition by limiting the effects of acute and 
chronic systemic inflammation.

4  |  CONCLUSION

D + Q and ABT-263 treatment, over the course of aging, maintained 
memory to a similar extent. The treatment-mediated reduction in 
systemic inflammation likely contributes to maintenance of BBB in-
tegrity, decreased immune responses in the brain, and preservation 
of synaptic connectivity, including maintenance of NMDAR function 
involved in spatial memory. Differences in brain gene expression for 
the two treatments are likely due to additional antioxidant effects 
of quercetin, disparity in brain access of D + Q and ABT-263, and 
differential effects on systemic inflammation. Together, the results 
emphasize the importance of peripheral senescence and systemic 
inflammation in mediating age-related brain changes that contribute 
to cognitive decline.

Senolytic therapy can reverse some late-life diseases and im-
prove lifespan in mouse models (Musi et al., 2018; Roos et al., 2016; 

Yousefzadeh et al., 2018). In the current study, treatment was initi-
ated in middle-age. Thus, the effectiveness of treatment may change 
with more advanced age, which would presumably have a higher bur-
den of established diseases, increased numbers of senescent cells, 
and age-related epigenetic modifications. Finally, sex may determine 
the effectiveness of treatments that influence aging phenotypes 
(Casaletto et al., 2020; Strong et al., 2020) and little is known about 
the effect of senolytic treatment in females and results are mixed 
(Muralidharan et al., 2022; Novais et al., 2021; Schwab et al., 2022). 
Thus, future studies should examine effects of senolytic treatment 
on cognition and brain transcription in females.

5  |  E XPERIMENTAL PROCEDURES

5.1  |  Animals

Procedures and experiments pertaining to animals have been re-
viewed and approved by the Institutional Animal Care and Use 
Committee (IACUC) of University of Florida. All the procedures and 
experiments involving animals were in accordance with the guide-
lines set forth by the United States Public Health Service Policy on 
Humane Care and Use of Laboratory Animals. This study utilized 
male Fischer 344 rats of different ages obtained from the National 
Institute on Aging through University of Florida animal care services. 
The animals were maintained in a reverse cycle 12:12 h light/dark 
schedule. They were provided with ad libitum access to food and 
water.

5.2  |  Treatments

Rats (total = 108) were allowed to acclimatize to their new animal 
facility and the reverse light cycle schedule for at least 10 days be-
fore the initiation of any procedure. Middle-aged rats (12 months; 
total = 86) were divided randomly into three groups of which one 
group received a vehicle treatment (AV, n = 36), another group re-
ceived a dasatinib (1.2 mg/kg) + quercetin (12 mg/kg) cocktail (ADQ, 
n  =  28) while the final group received ABT-263 (12 mg/kg) treat-
ment (AA, n = 22). The dose of D + Q was based on the literature for 
mice and the dose of ABT-263 was optimized using a dose/response 
(0–25 mg/kg, orally) examining cognition and peripheral markers 
(data not shown). The drugs were dissolved in a vehicle containing 
60:30:10 ratio of Phosal 50 PG, PEG400, and ethanol, respectively. 
Rats were treated via oral gavage for 5 consecutive days with a 
2 week break in between two cycles (as depicted in Figure S1). A 
total of eight cycles of treatment over the span of 6 months were 
administered before the rats were behaviorally characterized for 
motor and cognitive performance. A final round of senolytic treat-
ment was administered a week after the completion of the behavio-
ral characterization and rats were euthanized 2 weeks following the 
final treatment. Young animals (6 months; YNG; n = 22) were tested 
at the same time as older groups.
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5.3  |  Behavior

5.3.1  |  Cue discrimination task

Animals were tested on the cue discrimination and the one-day 
version of the spatial watermaze task, starting 1 week following 
eight cycles of treatment (~6 months after initial treatment). Details 
of behavior measures have been previously described (Barter 
et al.,  2021; Guidi et al.,  2014; Smith et al., 2020). A 1.7 m diam-
eter black circular water tank within a well-lit room was surrounded 
by a black curtain. The temperature of the water was maintained at 
27 ± 2°C. An escape platform, roughly 1 cm above the water level, 
held a white visual cue. Noldus EthoVision software was used to 
record and process data from the trials. Before testing, rats were 
separated into individual cages. After 20 min of acclimatization to 
the new cages, the animals were habituated to the pool by letting 
them swim freely for 30 s. Behavioral training consisted of five train-
ing blocks of three trials each and the entirety of cue discrimination 
training was completed in 1 day. The inter-trial interval was 20 s and 
inter-block interval was 20 min. At the end of each block, the animal 
was returned to its cage which was placed in front of a heater to 
prevent hypothermia. Release points, platform, and start locations 
were randomized for each trial. Rats were given 60 s per trial to find 
the platform and if they failed to do so, they were gently guided to 
the platform.

5.3.2  |  Spatial discrimination task

Three days after the cue discrimination training, animals were 
trained on the one-day spatial version of the watermaze to assess 
their ability to use the distally placed spatial cues to remember 
and navigate to the location of the submerged platform (Barter 
et al.,  2020; Barter et al.,  2021; Foster & Kumar,  2007; Guidi 
et al.,  2014; Guidi, Kumar, & Foster,  2015; Kumar et al.,  2018). 
Bright and contrasting objects were placed on all four sides of the 
pool to act as distally located spatial cues. The escape platform 
was submerged 1  cm below the water surface and the platform 
location was fixed throughout the duration of the spatial discrimi-
nation training. The training consisted of five blocks of three trials 
per block and the start location for each trial was changed ran-
domly for each trial. Each rat was given 60 s to find the location of 
the platform and if they failed to find the platform within the 60 s, 
they were gently guided to the platform. The inter-trial interval 
was 20 s and the inter-block interval was 20 min. At the end of 
each block, the rat was returned to the holding cage which was 
placed next to a heater to prevent hypothermia.

At the end of the 5th block, an acquisition probe trial was per-
formed. The platform was removed from the pool and each rat was 
released from the quadrant opposite the goal quadrant, where the 
platform was initially located. During the probe trial, the rat was 
allowed to swim freely for 60 s. After the end of the acquisition 
probe trial, a refresher block of training with the platform placed 

back into the goal quadrant was administered. 24 h after spatial 
training, the rat was tested on the retention probe trial where the 
platform was again removed from the pool and the rat was allowed 
to swim for 60 s. To quantitatively assess the performance on the 
probe trials, discrimination index (DI) scores were calculated using 
the formula [(time spent in goal quadrant − time spent in opposite 
quadrant)/(time spent in goal quadrant + time spent in opposite 
quadrant)].

5.3.3  |  Inhibitory avoidance

To further assess learning and memory, 7 days after the conclusion 
of the spatial watermaze training, an inhibitory avoidance test was 
conducted based on the protocols established previously (Foster & 
Kumar, 2007; Speisman et al., 2013; Zhou et al., 2011). In short, an 
inhibitory avoidance apparatus (Coulbourn Instruments) compris-
ing two compartments connected by an automatic door was used 
for this test. One of the chambers was lit by a light while the other 
chamber was maintained dark. On the training day, one rat at a time 
was put into the light chamber and was allowed to acclimatize for 
90 s. The connecting door was programmed to automatically open at 
90 s, allowing the rat to access the dark chamber. The rat was given 
10 min to enter the dark chamber and once all four paws of the rat 
crossed over to the dark chamber, the automatic door was shut and 
the rat was given a relatively mild electric shock (0.21 mA) for 3 s. 
This usually elicits a jump or rapid movement response in the rat, 
which confirms the rat received an electric shock. Five seconds later, 
the rat was removed from the chamber and returned to its home 
cage.

On the testing day (24 h after the training trial), the rat was once 
again placed in the light chamber and allowed to acclimatize for 90 s 
before the connecting door opened. The rat was then given 10 min 
to re-enter the dark chamber at the end of which the rat was re-
turned to their home cage. The latency to re-enter the dark chamber 
was recorded and used to assess memory.

5.3.4  |  Grip strength test

Grip strength was determined as described previously (Carter 
et al., 2009; Cui et al., 2009; Kumar et al., 2012; Zhou et al., 2011). 
Briefly, grip strength was assessed using an automated grip strength 
meter by sensing the peak amount of force an animal applies in grasp-
ing the pull bar assembly (Columbus Instruments) The rat was hand-
held by the experimenter using assembly (Columbus Instruments). 
For each measurement, the rat's forelimbs were gently placed on 
the bar, the animal grabbed the bar (a reflex response in rodents), 
and was then drawn along a straight line leading away from the sen-
sor. The rat released the pull bar at some point and the maximum 
force attained was stored on the digital display. The peak amount 
of force the animal applied in grasping the pull bar was measured. 
The mean force (g) was calculated over three trials and was divided 
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by body weight. The mean force (g) was calculated over three trials, 
separated by 2–4 min.

5.4  |  Hippocampal slice electrophysiological  
recordings

Two weeks after the eighth cycle of senolytic treatment, rats were 
sacrificed and electrophysiological recordings were performed on 
hippocampal slices as described previously (Bodhinathan et al., 2010; 
Guidi, Kumar, & Foster,  2015; Kumar,  2015; Kumar et al.,  2009, 
2018, 2019; Kumar & Foster, 2013). The rat was anesthetized using 
isoflurane before being decapitated using a guillotine. The whole 
brain was harvested and briefly incubated (~30 s) in a beaker con-
taining pre-chilled, ice-cold calcium-free artificial cerebrospinal 
fluid (aCSF in mM: NaCl 124, KCl 2, KH2PO4 1.25, MgSO4 2, CaCl2 
0, NaHCO3 26, and glucose 10). Both hippocampi were then har-
vested and ~400 μM sections cut parallel to the alvear fibers. These 
slices were then transferred to the interphase recording chamber 
where they were incubated in standard aCSF (in mM: NaCl 124, KCl 
2, KH2PO4 1.25, MgSO4 2, CaCl2 2, NaHCO3 26, and glucose 10), 
which was continuously oxygenated. The temperature of the aCSF 
was maintained at 30 ± 0.5°C and a pH of 7.4. fEPSPs from CA3-CA1 
hippocampal synaptic contacts were recorded with glass micropi-
pettes (4–6  MΩ) filled with aCSF. Concentric bipolar stimulating 
electrodes (outer pole: stainless steel, 200 μm diameter; inner pole: 
platinum/iridium, 25 μm diameter, Fredrick Haer & Co) were posi-
tioned on approximately 1 mm from the recording electrode local-
ized to the middle of stratum radiatum to stimulate CA3 inputs onto 
CA1. Using an SD9 stimulator (Grass Instruments), field potentials 
were induced by single diphasic stimulus pulses (100 μs). The signals 
were amplified, filtered between 1 Hz and 1 kHz, and stored on com-
puter disk for offline analysis (Data Wave Technologies).

Following acquisition of an input/output curve for total syn-
aptic potentials, the NMDAR-fEPSPs were isolated as previously 
described (Bodhinathan et al., 2010; Kumar et al.,  2019; Kumar & 
Foster,  2013). Briefly, the hippocampal slices were incubated for 
≥60 min in aCSF containing 0.5 mM magnesium (Mg2+), 30 μM 6,7-d
initroquinoxaline-2,3-dione (DNQX) and 10 μM picrotoxin (PTX) to 
isolate NMDAR-mediated synaptic response. Following isolation of 
NMDAR EPSP, input–output curve for NMDAR-EPSP was generated 
by applying increasing stimulation intensities.

5.5  |  Tissue harvesting

Animals were deeply anesthetized with isoflurane and decapitated 
using a guillotine. Brains were then quickly harvested and rinsed 
with pre-chilled saline. Using surgical tools, the hippocampi were re-
moved, placed on a dissection tray on ice and the DG sub-region was 
further isolated. In addition, peripheral organs, lung, liver, spleen, 
and kidney were harvested by making a vertical incision on the 

ventral surface of the carcass. All the tissues were promptly flash-
frozen in liquid nitrogen and stored at −80°C.

5.6  |  Next-generation RNA sequencing and 
data analysis

Transcriptional profiles were analyzed in the DG sub-region of 
hippocampus from rats belonging to various groups: young (YNG, 
n = 10), aged vehicle (AV, n = 12), aged + DQ (ADQ, n = 11), aged + 
ABT-263 (AA, n = 11) treated rats. RNA isolation, library prepara-
tion, and transcriptomic sequencing were performed based on the 
previously published methods (Barter et al., 2019; Ianov et al., 2016, 
2017). Briefly, RNA was isolated using RNeasy Lipid Tissue Mini kit 
(Qiagen, Catalog Number #74804). DNA was eliminated from the 
samples using an RNase-Free DNase Kit (Qiagen, Catalog Number 
#79254). A NanoDrop 2000 spectrophotometer measured RNA 
concentration and purity and a High Sensitivity RNA ScreenTape in 
an Agilent 2200 Tapestation system measured RNA integrity num-
ber (RIN). RNA with a RIN greater than 8 was spiked with External 
RNA Controls Consortium (ERCC) control (Thermo Fisher, Catalog 
Number #4456740), to assess the quality of the library prepara-
tion. Dynabeads mRNA DIRECT Micro Kit (Thermo Fisher; Catalog 
Number #61021) was used for poly (A) selection of mRNA from the 
isolated total RNA. Using the isolated mRNA, whole transcriptome 
libraries were prepared with Ion Total RNA-Seq Kit v2 (Thermo 
Fisher, Catalog Number #4475936). Ion Xpress barcodes (Thermo 
Fisher, Catalog Number #4475485) were utilized for multiplex se-
quencing. The library size distribution and molar concentration 
were determined using Qubit dsDNA High Sensitivity Assay kit 
(ThermoFisher, Cat# 32851) and High Sensitivity D1000 Screen tape 
Kit (5067-5584) on 2200 TapeStation System (Agilent Technologies, 
Cat# G2964A) according to the manufacture's protocol. Templates 
were then prepared on Ion Chef System and sequencing was car-
ried out on an Ion Proton. The RNA-sequencing data from this study 
have been uploaded to NCBI's Gene Expression Omnibus under the 
accession number GSE220971.

For data analysis to obtain the list of DEGs, Partek Flow server 
was used. FASTQ files were trimmed and aligned to rat (rn6) genome 
using STAR. The gene counts were normalized using median ratio 
and any gene with the total number of counts lower than five per 
sample was excluded from the analysis. DESeq2 was utilized to ob-
tain a list of DEGs. A threshold p-value lower than 0.05 was used 
as a cut-off to statistically filter genes. Genes that passed this sta-
tistical filter were grouped into “upregulated” and “downregulated” 
genes which were then separately run through NIH Database for 
Annotation, Visualization, and Integrated Discovery (DAVID) for 
gene enrichment and functional annotation clustering analysis. This 
analysis was limited to cellular components, biological process, and 
molecular function in the “Direct” and “FAT” categories, and Kyoto 
Encyclopedia of Genes and Genomes (KEGG). A Benjamini false dis-
covery rate (FDR) of adj-p < 0.05 was used as a threshold to identify 
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significant clusters. Finally, directed analysis (p < 0.05) was con-
ducted for some specific comparisons linked to cell senescence.

5.7  |  Immunohistochemistry

The cerebral cortex was fixed in 4% paraformaldehyde for 48 hours 
after which it was washed with phosphate-buffered saline and 
transferred to 70% ethanol solution until processed. The cerebral 
cortex was then embedded in paraffin and sectioned into 4 μm thick 
slices, which were then mounted on glass slides. Slides with sections 
of the cerebral cortex were deparaffinized by incubating three times 
in xylene for 10 min. These deparaffinized sections were then re-
hydrated by serially incubating the slides in 100%, 95%, 80%, and 
60% ethanol for 5 min in each solution. After rinsing with distilled 
water, the slides were incubated in citrate buffer at 95°C for 45 min. 
The slides were then rinsed thrice with 1× tris-buffered saline with 
0.1% Tween (TBST) before incubating in 3% hydrogen peroxide for 
10 min. The slides were blocked with 10% goat serum for 1 h and 
then with rabbit anti-rat albumin/iba-1 (diluted 1:250) overnight at 
4°C. After being washed three times with 1× TBST for 3 min each, 
the slides were incubated with goat anti-rabbit secondary antibody 
conjugated with HRP for 90 min. The slides were then washed thrice 
with 1× TBST for 3 min each and were incubated with a solution 
containing DAB and hydrogen peroxide for 90 s. The slides were 
then washed with water before incubating with hematoxylin solu-
tion for 20 s. The slides were washed again under running water be-
fore being dehydrated by serially incubating in 60%, 80%, 95%, and 
100% ethanol for 2 min each and xylene for 5 min. The slides were 
then sealed with mounting media and coverslips. Services from the 
Molecular Pathology Core at University of Florida were utilized for 
the timely completion of the immunohistological staining.

The stained sections were blindly scored based on fixed parame-
ters. For albumin staining, 10 random imaged cerebral cortical regions 
per animal were chosen and the number of albumin-positive cells per 
50 total cells were counted in each region. For iba-1, multiple param-
eters such as the size of soma, average length of the longest arm of 
the processes, and the number of processes per cell were measured 
using ImageJ. Five random imaged cerebral cortical regions per animal 
were chosen and five cells per area of cerebral cortex were analyzed.

5.8  |  Plasma cytokine and chemokine analysis

At the time of tissue collection, trunk blood was collected in ethylen-
ediaminetetraacetic acid (EDTA) tubes (n = 6 rats per group). Plasma 
was harvested from the blood by centrifuging the tubes at 1600 g 
for 10 min at room temperature. The plasma was then flash frozen in 
liquid nitrogen and stored at −80°C for downstream analysis. These 
plasma aliquots were then subjected to analysis using Rat Cytokine/
Chemokine 27-Plex Discovery Assay by the Eve Technologies 
Corporation. Cytokine concentrations falling below the threshold of 
detection were not included. For statistical analysis, the number of 
samples per group was 3–6.

5.9  |  Quantitative polymerase chain reaction 
(qPCR)

RNA was isolated from 30 mg of tissue (lung, liver, spleen, and kid-
ney) using RNeasy mini kit (Cat. No. 74106, Qiagen) and was con-
verted into cDNA using a high-capacity cDNA reverse transcription 
kit (Cat. No. 4368813, Applied Biosystems) following manufactur-
er's instructions. Gene expression was then quantified using gene-
specific primers (Table S1) and fast SYBR green master-mix (Cat. No. 
4385617, Applied Biosystems) as per the manufacturer's instruc-
tions. GAPDH was used to normalize the expression levels across 
all samples and the gene expression level in untreated tissues was 
used as baseline to compare the fold change in expression between 
groups. Fold change in gene expression was determined using ΔΔCT 
method.

5.10  |  Statistical analyses

Statistical analyses for measures other than next-generation se-
quencing (e.g. behavior, electrophysiology, and plasma cytokines) 
were performed using Statview software (SAS Institute). Parametric 
variables were presented as mean ± SD and non-parametric variables 
were presented with geometric mean. ANOVAs were employed to 
examine main effects and interactions. Significant differences were 
localized using Fischer's PLSD post hoc comparisons (p < 0.05). One-
tailed one-group t tests (p < 0.05) were performed to determine if 
the DI scores were above that expected by chance (i.e. DI score = 0). 
Kruskal–Wallis test was employed for inhibitory avoidance (p < 0.05), 
with Mann–Whitney U tests to localize differences (p < 0.05).

AUTHORS CONTRIBUTIONS
VB, designed and performed experiments, analyzed data, con-
structed illustrations, and wrote the manuscript, AK, designed and 
performed experiments, analyze data, constructed illustrations, 
wrote manuscript, AR, performed experiments, analyzed data, and 
manuscript editing, LB, performed experiments, SMS, performed ex-
periments, YY, performed experiments, DZ, designed experiments, 
TCF, designed the experiments, analyzed data, wrote the manu-
script, and constructed illustrations.

ACKNOWLEDG MENTS
This work was supported in part by National Institute on 
Aging R01AG052258, R01AG037984, R01AG063801, and 
R21AG068205, the University of Florida Claude D Pepper Older 
American Independence Center (P30-AG028740), and the Evelyn F. 
McKnight Brain Research Foundation.

CONFLIC T OF INTERE S T S TATEMENT
Daohong Zhou is an inventor of two pending patent applications for 
use of Bcl-xL PROTACs, synthesized using ABT-263, as senolytic and 
antitumor agents. Daohong Zhou is a co-founder of and has equity 
in Dialectic Therapeutics, which develops Bcl-xL PROTACs to treat 
cancer.



    |  15 of 18BUDAMAGUNTA et al.

DATA AVAIL ABILIT Y S TATEMENT
All data related with these studies is provided as a Supporting 
Information, and if any other details are needed will be provided on 
request. GEO accession number: GSE220971.

ORCID
Ashok Kumar   https://orcid.org/0000-0003-2541-8414 

R E FE R E N C E S
Baker, D. J., & Petersen, R. C. (2018). Cellular senescence in brain aging 

and neurodegenerative diseases: Evidence and perspectives. 
Journal of Clinical Investigation, 128(4), 1208–1216. https://doi.
org/10.1172/Jci95145

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., 
van de Sluis, B., Kirkland, J. L., & van Deursen, J. (2011). Clearance 
of p16Ink4a-positive senescent cells delays ageing-associated dis-
orders. Nature, 479(7372), 232–236. https://doi.org/10.1038/natur​
e10600

Balusu, S., van Wonterghem, E., de Rycke, R., Raemdonck, K., Stremersch, 
S., Gevaert, K., Brkic, M., Demeestere, D., Vanhooren, V., Hendrix, 
A., Libert, C., & Vandenbroucke, R. E. (2016). Identification of a 
novel mechanism of blood-brain communication during periph-
eral inflammation via choroid plexus-derived extracellular ves-
icles. EMBO Molecular Medicine, 8(10), 1162–1183. https://doi.
org/10.15252/​emmm.20160​6271

Banks, W. A., Farr, S. A., & Morley, J. E. (2000). Permeability of the blood-
brain barrier to albumin and insulin in the young and aged SAMP8 
mouse. The Journals of Gerontology. Series A, Biological Sciences and 
Medical Sciences, 55(12), B601–B606. https://doi.org/10.1093/
geron​a/55.12.b601

Banks, W. A., & Kastin, A. J. (1992). The interleukins-1 alpha, -1 beta, 
and -2 do not acutely disrupt the murine blood-brain barrier. 
International Journal of Immunopharmacology, 14(4), 629–636. 
https://doi.org/10.1016/0192-0561(92)90124​-4

Barter, J., Kumar, A., Bean, L., Ciesla, M., & Foster, T. C. (2021). Adulthood 
systemic inflammation accelerates the trajectory of age-related 
cognitive decline. Aging (Albany NY), 13(18), 22092–22108. https://
doi.org/10.18632/​aging.203588

Barter, J., Kumar, A., Rani, A., Colon-Perez, L. M., Febo, M., & Foster, T. 
C. (2020). Differential effect of repeated lipopolysaccharide treat-
ment and aging on hippocampal function and biomarkers of hip-
pocampal senescence. Molecular Neurobiology, 57(10), 4045–4059. 
https://doi.org/10.1007/s1203​5-020-02008​-y

Barter, J., Kumar, A., Stortz, J. A., Hollen, M., Nacionales, D., Efron, P. 
A., Moldawer, L. L., & Foster, T. C. (2019). Age and sex influence 
the hippocampal response and recovery following sepsis. Molecular 
Neurobiology, 56(12), 8557–8572. https://doi.org/10.1007/s1203​
5-019-01681​-y

Bettcher, B. M., & Kramer, J. H. (2014). Longitudinal inflammation, cog-
nitive decline, and Alzheimer's disease: A mini-review. Clinical 
Pharmacology and Therapeutics, 96(4), 464–469. https://doi.
org/10.1038/clpt.2014.147

Beydoun, M. A., Weiss, J., Obhi, H. K., Beydoun, H. A., Dore, G. A., Liang, 
H., Evans, M. K., & Zonderman, A. B. (2019). Cytokines are asso-
ciated with longitudinal changes in cognitive performance among 
urban adults. Brain, Behavior, and Immunity, 80, 474–487. https://
doi.org/10.1016/j.bbi.2019.04.027

Bodhinathan, K., Kumar, A., & Foster, T. C. (2010). Intracellular redox 
state alters NMDA receptor response during aging through 
Ca2+/calmodulin-dependent protein kinase II. Journal of 
Neuroscience, 30(5), 1914–1924. https://doi.org/10.1523/Jneur​
osci.5485-09.2010

Bowman, G. L., Dayon, L., Kirkland, R., Wojcik, J., Peyratout, G., Severin, 
I. C., Henry, H., Oikonomidi, A., Migliavacca, E., Bacher, M., & Popp, 

J. (2018). Blood-brain barrier breakdown, neuroinflammation, and 
cognitive decline in older adults. Alzheimers Dement, 14(12), 1640–
1650. https://doi.org/10.1016/j.jalz.2018.06.2857

Budamagunta, V., Foster, T. C., & Zhou, D. (2021). Cellular senescence 
in lymphoid organs and immunosenescence. Aging (Albany NY), 
13(15), 19920–19941. https://doi.org/10.18632/​aging.203405

Budamagunta, V., Manohar-Sindhu, S., Yang, Y., He, Y., Traktuev, D. O., 
Foster, T. C., & Zhou, D. (2021). Senescence-associated hyper-
activation to inflammatory stimuli in vitro. Aging (Albany NY), 13(15), 
19088–19107. https://doi.org/10.18632/​aging.203396

Camell, C. D., Yousefzadeh, M. J., Zhu, Y., Prata, L., Huggins, M. A., 
Pierson, M., Zhang, L., O'Kelly, R. D., Pirtskhalava, T., Xun, P., 
Ejima, K., Xue, A., Tripathi, U., Espindola-Netto, J. M., Giorgadze, 
N., Atkinson, E. J., Inman, C. L., Johnson, K. O., Cholensky, S. H., 
… Robbins, P. D. (2021). Senolytics reduce coronavirus-related 
mortality in old mice. Science, 373(6552), eabe4832. https://doi.
org/10.1126/scien​ce.abe4832

Carter, C. S., Leeuwenburgh, C., Daniels, M., & Foster, T. C. (2009). 
Influence of calorie restriction on measures of age-related cog-
nitive decline: Role of increased physical activity. The Journals of 
Gerontology. Series A, Biological Sciences and Medical Sciences, 64(8), 
850–859. https://doi.org/10.1093/geron​a/glp060

Casaletto, K. B., Lindbergh, C., Memel, M., Staffaroni, A., Elahi, F., Weiner-
Light, S., You, M., Fonseca, C., Karydas, A., Jacobs, E., Dubal, D. 
B., Yaffe, K., & Kramer, J. H. (2020). Sexual dimorphism of physi-
cal activity on cognitive aging: Role of immune functioning. Brain, 
Behavior, and Immunity, 88, 699–710. https://doi.org/10.1016/j.
bbi.2020.05.014

Chen, M. B., Yang, A. C., Yousef, H., Lee, D., Chen, W., Schaum, N., 
Lehallier, B., Quake, S. R., & Wyss-Coray, T. (2020). Brain endo-
thelial cells are exquisite sensors of age-related circulatory cues. 
Cell Reports, 30(13), 4418–4432.e4. https://doi.org/10.1016/j.
celrep.2020.03.012

Choutka, J., Jansari, V., Hornig, M., & Iwasaki, A. (2022). Unexplained 
post-acute infection syndromes. Nature Medicine, 28(5), 911–923. 
https://doi.org/10.1038/s4159​1-022-01810​-6

Coppe, J. P., Desprez, P. Y., Krtolica, A., & Campisi, J. (2010). The 
senescence-associated secretory phenotype: The dark side of 
tumor suppression. Annual Review of Pathology, 5, 99–118. https://
doi.org/10.1146/annur​ev-patho​l-12180​8-102144

Crivelli, L., Palmer, K., Calandri, I., Guekht, A., Beghi, E., Carroll, W., 
Frontera, J., García-Azorín, D., Westenberg, E., Winkler, A. S., 
Mangialasche, F., Allegri, R. F., & Kivipelto, M. (2022). Changes in 
cognitive functioning after COVID-19: A systematic review and 
meta-analysis. Alzheimers Dement, 18(5), 1047–1066. https://doi.
org/10.1002/alz.12644

Cui, L., Hofer, T., Rani, A., Leeuwenburgh, C., & Foster, T. C. (2009). 
Comparison of lifelong and late life exercise on oxidative stress in 
the cerebellum. Neurobiology of Aging, 30(6), 903–909. https://doi.
org/10.1016/j.neuro​biola​ging.2007.09.005

da Silva, P. F. L., Ogrodnik, M., Kucheryavenko, O., Glibert, J., Miwa, 
S., Cameron, K., Ishaq, A., Saretzki, G., Nagaraja-Grellscheid, S., 
Nelson, G., & von Zglinicki, T. (2019). The bystander effect contrib-
utes to the accumulation of senescent cells in vivo. Aging Cell, 18(1), 
e12848. https://doi.org/10.1111/acel.12848

Doubleday, P. F., Fornelli, L., & Kelleher, N. L. (2020). Elucidating 
Proteoform dynamics underlying the senescence associated se-
cretory phenotype. Journal of Proteome Research, 19(2), 938–948. 
https://doi.org/10.1021/acs.jprot​eome.9b00739

Fan, Y., Cheng, J., Zeng, H., & Shao, L. (2020). Senescent cell deple-
tion through targeting BCL-family proteins and mitochondria. 
Frontiers in Physiology, 11, 593630. https://doi.org/10.3389/
fphys.2020.593630

Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., 
Onken, J. L., Negley, B. A., Sfeir, J. G., Ogrodnik, M. B., Hachfeld, 
C. M., LeBrasseur, N., Drake, M. T., Pignolo, R. J., Pirtskhalava, 
T., Tchkonia, T., Oursler, M. J., Kirkland, J. L., & Khosla, S. 

https://orcid.org/0000-0003-2541-8414
https://orcid.org/0000-0003-2541-8414
https://doi.org/10.1172/Jci95145
https://doi.org/10.1172/Jci95145
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
https://doi.org/10.15252/emmm.201606271
https://doi.org/10.15252/emmm.201606271
https://doi.org/10.1093/gerona/55.12.b601
https://doi.org/10.1093/gerona/55.12.b601
https://doi.org/10.1016/0192-0561(92)90124-4
https://doi.org/10.18632/aging.203588
https://doi.org/10.18632/aging.203588
https://doi.org/10.1007/s12035-020-02008-y
https://doi.org/10.1007/s12035-019-01681-y
https://doi.org/10.1007/s12035-019-01681-y
https://doi.org/10.1038/clpt.2014.147
https://doi.org/10.1038/clpt.2014.147
https://doi.org/10.1016/j.bbi.2019.04.027
https://doi.org/10.1016/j.bbi.2019.04.027
https://doi.org/10.1523/Jneurosci.5485-09.2010
https://doi.org/10.1523/Jneurosci.5485-09.2010
https://doi.org/10.1016/j.jalz.2018.06.2857
https://doi.org/10.18632/aging.203405
https://doi.org/10.18632/aging.203396
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1093/gerona/glp060
https://doi.org/10.1016/j.bbi.2020.05.014
https://doi.org/10.1016/j.bbi.2020.05.014
https://doi.org/10.1016/j.celrep.2020.03.012
https://doi.org/10.1016/j.celrep.2020.03.012
https://doi.org/10.1038/s41591-022-01810-6
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1002/alz.12644
https://doi.org/10.1002/alz.12644
https://doi.org/10.1016/j.neurobiolaging.2007.09.005
https://doi.org/10.1016/j.neurobiolaging.2007.09.005
https://doi.org/10.1111/acel.12848
https://doi.org/10.1021/acs.jproteome.9b00739
https://doi.org/10.3389/fphys.2020.593630
https://doi.org/10.3389/fphys.2020.593630


16 of 18  |     BUDAMAGUNTA et al.

(2017). Targeting cellular senescence prevents age-related bone 
loss in mice. Nature Medicine, 23(9), 1072–1079. https://doi.
org/10.1038/nm.4385

Foster, T. C. (2012). Dissecting the age-related decline on spatial learning 
and memory tasks in rodent models: N-methyl-D-aspartate recep-
tors and voltage-dependent Ca2+ channels in senescent synaptic 
plasticity. Progress in Neurobiology, 96(3), 283–303. https://doi.
org/10.1016/j.pneur​obio.2012.01.007

Foster, T. C., & Kumar, A. (2007). Susceptibility to induction of long-term 
depression is associated with impaired memory in aged Fischer 344 
rats. Neurobiology of Learning and Memory, 87(4), 522–535. https://
doi.org/10.1016/j.nlm.2006.12.009

Goodall, E. F., Wang, C., Simpson, J. E., Baker, D. J., Drew, D. R., Heath, 
P. R., Saffrey, M. J., Romero, I. A., & Wharton, S. B. (2018). Age-
associated changes in the blood-brain barrier: Comparative stud-
ies in human and mouse. Neuropathology and Applied Neurobiology, 
44(3), 328–340. https://doi.org/10.1111/nan.12408

Greenberg, J. A., & Boozer, C. N. (2000). Metabolic mass, metabolic rate, 
caloric restriction, and aging in male Fischer 344 rats. Mechanisms 
of Ageing and Development, 113(1), 37–48. https://doi.org/10.1016/
s0047​-6374(99)00094​-9

Guidi, M., Kumar, A., & Foster, T. C. (2015). Impaired attention and syn-
aptic senescence of the prefrontal cortex involves redox regulation 
of NMDA receptors. Journal of Neuroscience, 35(9), 3966–3977. 
https://doi.org/10.1523/Jneur​osci.3523-14.2015

Guidi, M., Kumar, A., Rani, A., & Foster, T. C. (2014). Assessing the 
emergence and reliability of cognitive decline over the life span 
in fisher 344 rats using the spatial water maze. Frontiers in Aging 
Neuroscience, 6, 2. https://doi.org/10.3389/fnagi.2014.00002

Guidi, M., Rani, A., Karic, S., Severance, B., Kumar, A., & Foster, T. C. 
(2015). Contribution of N-methyl-D-aspartate receptors to atten-
tion and episodic spatial memory during senescence. Neurobiology 
of Learning and Memory, 125, 36–46. https://doi.org/10.1016/j.
nlm.2015.07.015

Guntner, A. S., Peyrl, A., Mayr, L., Englinger, B., Berger, W., Slavc, I., 
Buchberger, W., & Gojo, J. (2020). Cerebrospinal fluid penetra-
tion of targeted therapeutics in pediatric brain tumor patients. 
Acta Neuropathologica Communications, 8(1), 78. https://doi.
org/10.1186/s4047​8-020-00953​-2

He, Y., Zhang, X., Chang, J., Kim, H. N., Zhang, P., Wang, Y., Khan, S., 
Liu, X., Zhang, X., Lv, D., Song, L., Li, W., Thummuri, D., Yuan, 
Y., Wiegand, J. S., Ortiz, Y. T., Budamagunta, V., Elisseeff, J. H., 
Campisi, J., … Zhou, D. (2020). Using proteolysis-targeting chimera 
technology to reduce navitoclax platelet toxicity and improve its 
senolytic activity. Nature Communications, 11(1), 1996. https://doi.
org/10.1038/s4146​7-020-15838​-0

Hernandez-Segura, A., Nehme, J., & Demaria, M. (2018). Hallmarks of 
cellular senescence. Trends in Cell Biology, 28(6), 436–453. https://
doi.org/10.1016/j.tcb.2018.02.001

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, 
L. C., Means, T. K., & El Khoury, J. (2013). The microglial sensome 
revealed by direct RNA sequencing. Nature Neuroscience, 16(12), 
1896–1905. https://doi.org/10.1038/nn.3554

Hickson, L. J., Langhi Prata, L. G. P., Bobart, S. A., Evans, T. K., Giorgadze, 
N., Hashmi, S. K., Herrmann, S. M., Jensen, M. D., Jia, Q., Jordan, K. 
L., Kellogg, T. A., Khosla, S., Koerber, D. M., Lagnado, A. B., Lawson, 
D. K., LeBrasseur, N., Lerman, L. O., McDonald, K., McKenzie, T., 
… Kirkland, J. L. (2019). Senolytics decrease senescent cells in hu-
mans: Preliminary report from a clinical trial of Dasatinib plus quer-
cetin in individuals with diabetic kidney disease. eBioMedicine, 47, 
446–456. https://doi.org/10.1016/j.ebiom.2019.08.069

Ianov, L., de Both, M., Chawla, M. K., Rani, A., Kennedy, A. J., Piras, I., Day, 
J. J., Siniard, A., Kumar, A., Sweatt, J. D., Barnes, C. A., Huentelman, 
M. J., & Foster, T. C. (2017). Hippocampal transcriptomic pro-
files: Subfield vulnerability to age and cognitive impairment. 
Frontiers in Aging Neuroscience, 9, 383. https://doi.org/10.3389/
fnagi.2017.00383

Ianov, L., Rani, A., Beas, B. S., Kumar, A., & Foster, T. C. (2016). 
Transcription profile of aging and cognition-related genes in the 
medial prefrontal cortex. Frontiers in Aging Neuroscience, 8, 113. 
https://doi.org/10.3389/fnagi.2016.00113

Ishisaka, A., Ichikawa, S., Sakakibara, H., Piskula, M. K., Nakamura, T., 
Kato, Y., Ito, M., Miyamoto, K., Tsuji, A., Kawai, Y., & Terao, J. (2011). 
Accumulation of orally administered quercetin in brain tissue and its 
antioxidative effects in rats. Free Radical Biology & Medicine, 51(7), 
1329–1336. https://doi.org/10.1016/j.freer​adbio​med.2011.06.017

Justice, J. N., Nambiar, A. M., Tchkonia, T., LeBrasseur, N. K., Pascual, R., 
Hashmi, S. K., Prata, L., Masternak, M. M., Kritchevsky, S. B., Musi, 
N., & Kirkland, J. L. (2019). Senolytics in idiopathic pulmonary fibro-
sis: Results from a first-in-human, open-label, pilot study. eBioMed-
icine, 40, 554–563. https://doi.org/10.1016/j.ebiom.2018.12.052

Kassner, A., & Merali, Z. (2015). Assessment of blood-brain barrier disrup-
tion in stroke. Stroke, 46(11), 3310–3315. https://doi.org/10.1161/
Strok​eaha.115.008861

Kirkland, J. L., & Tchkonia, T. (2020). Senolytic drugs: From discovery to 
translation. Journal of Internal Medicine, 288(5), 518–536. https://
doi.org/10.1111/joim.13141

Krzystyniak, A., Wesierska, M., Petrazzo, G., Gadecka, A., Dudkowska, 
M., Bielak-Zmijewska, A., Mosieniak, G., Figiel, I., Wlodarczyk, J., & 
Sikora, E. (2022). Combination of dasatinib and quercetin improves 
cognitive abilities in aged male Wistar rats, alleviates inflamma-
tion and changes hippocampal synaptic plasticity and histone H3 
methylation profile. Aging (Albany NY), 14(2), 572–595. https://doi.
org/10.18632/​aging.203835

Kumar, A. (2015). NMDA receptor function during senescence: 
Implication on cognitive performance. Frontiers in Neuroscience, 9, 
473. https://doi.org/10.3389/fnins.2015.00473

Kumar, A., Bodhinathan, K., & Foster, T. C. (2009). Susceptibility to calcium 
dysregulation during brain aging. Frontiers in Aging Neuroscience, 1, 
2. https://doi.org/10.3389/neuro.24.002.2009

Kumar, A., & Foster, T. C. (2013). Linking redox regulation of NMDAR 
synaptic function to cognitive decline during aging. The Journal 
of Neuroscience, 33(40), 15710–15715. https://doi.org/10.1523/
JNEUR​OSCI.2176-13.2013

Kumar, A., Rani, A., Scheinert, R. B., Ormerod, B. K., & Foster, T. C. (2018). 
Nonsteroidal anti-inflammatory drug, indomethacin improves 
spatial memory and NMDA receptor function in aged animals. 
Neurobiology of Aging, 70, 184–193. https://doi.org/10.1016/j.
neuro​biola​ging.2018.06.026

Kumar, A., Rani, A., Tchigranova, O., Lee, W. H., & Foster, T. C. (2012). 
Influence of late-life exposure to environmental enrichment or 
exercise on hippocampal function and CA1 senescent physiology. 
Neurobiology of Aging, 33(4), 828 e1-17. https://doi.org/10.1016/j.
neuro​biola​ging.2011.06.023

Kumar, A., Thinschmidt, J. S., & Foster, T. C. (2019). Subunit contribu-
tion to NMDA receptor hypofunction and redox sensitivity of hip-
pocampal synaptic transmission during aging. Aging (Albany NY), 
11(14), 5140–5157. https://doi.org/10.18632/​aging.102108

Lee, S., Yu, Y., Trimpert, J., Benthani, F., Mairhofer, M., Richter-Pechanska, 
P., Wyler, E., Belenki, D., Kaltenbrunner, S., Pammer, M., Kausche, 
L., Firsching, T. C., Dietert, K., Schotsaert, M., Martínez-Romero, 
C., Singh, G., Kunz, S., Niemeyer, D., Ghanem, R., … Schmitt, C. 
A. (2021). Virus-induced senescence is a driver and therapeu-
tic target in COVID-19. Nature, 599(7884), 283–289. https://doi.
org/10.1038/s4158​6-021-03995​-1

Lin, Y. F., Wang, L. Y., Chen, C. S., Li, C. C., & Hsiao, Y. H. (2021). Cellular 
senescence as a driver of cognitive decline triggered by chronic un-
predictable stress. Neurobiology of Stress, 15, 100341. https://doi.
org/10.1016/j.ynstr.2021.100341

Manabe, T., & Heneka, M. T. (2022). Cerebral dysfunctions caused by 
sepsis during ageing. Nature Reviews. Immunology, 22(7), 444–458. 
https://doi.org/10.1038/s4157​7-021-00643​-7

Markowska, A. L., Stone, W. S., Ingram, D. K., Reynolds, J., Gold, P. E., 
Conti, L. H., Pontecorvo, M. J., Wenk, G. L., & Olton, D. S. (1989). 

https://doi.org/10.1038/nm.4385
https://doi.org/10.1038/nm.4385
https://doi.org/10.1016/j.pneurobio.2012.01.007
https://doi.org/10.1016/j.pneurobio.2012.01.007
https://doi.org/10.1016/j.nlm.2006.12.009
https://doi.org/10.1016/j.nlm.2006.12.009
https://doi.org/10.1111/nan.12408
https://doi.org/10.1016/s0047-6374(99)00094-9
https://doi.org/10.1016/s0047-6374(99)00094-9
https://doi.org/10.1523/Jneurosci.3523-14.2015
https://doi.org/10.3389/fnagi.2014.00002
https://doi.org/10.1016/j.nlm.2015.07.015
https://doi.org/10.1016/j.nlm.2015.07.015
https://doi.org/10.1186/s40478-020-00953-2
https://doi.org/10.1186/s40478-020-00953-2
https://doi.org/10.1038/s41467-020-15838-0
https://doi.org/10.1038/s41467-020-15838-0
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1038/nn.3554
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.3389/fnagi.2017.00383
https://doi.org/10.3389/fnagi.2017.00383
https://doi.org/10.3389/fnagi.2016.00113
https://doi.org/10.1016/j.freeradbiomed.2011.06.017
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.1161/Strokeaha.115.008861
https://doi.org/10.1161/Strokeaha.115.008861
https://doi.org/10.1111/joim.13141
https://doi.org/10.1111/joim.13141
https://doi.org/10.18632/aging.203835
https://doi.org/10.18632/aging.203835
https://doi.org/10.3389/fnins.2015.00473
https://doi.org/10.3389/neuro.24.002.2009
https://doi.org/10.1523/JNEUROSCI.2176-13.2013
https://doi.org/10.1523/JNEUROSCI.2176-13.2013
https://doi.org/10.1016/j.neurobiolaging.2018.06.026
https://doi.org/10.1016/j.neurobiolaging.2018.06.026
https://doi.org/10.1016/j.neurobiolaging.2011.06.023
https://doi.org/10.1016/j.neurobiolaging.2011.06.023
https://doi.org/10.18632/aging.102108
https://doi.org/10.1038/s41586-021-03995-1
https://doi.org/10.1038/s41586-021-03995-1
https://doi.org/10.1016/j.ynstr.2021.100341
https://doi.org/10.1016/j.ynstr.2021.100341
https://doi.org/10.1038/s41577-021-00643-7


    |  17 of 18BUDAMAGUNTA et al.

Individual differences in aging: Behavioral and neurobiologi-
cal correlates. Neurobiology of Aging, 10(1), 31–43. https://doi.
org/10.1016/s0197​-4580(89)80008​-9

Marksteiner, J., Kemmler, G., Weiss, E. M., Knaus, G., Ullrich, C., 
Mechtcheriakov, S., Oberbauer, H., Auffinger, S., Hinterhölzl, J., 
Hinterhuber, H., & Humpel, C. (2011). Five out of 16 plasma signal-
ing proteins are enhanced in plasma of patients with mild cognitive 
impairment and Alzheimer's disease. Neurobiology of Aging, 32(3), 
539–540. https://doi.org/10.1016/j.neuro​biola​ging.2009.03.011

Martinez, J. L., Jr., & Rigter, H. (1983). Assessment of retention capacities 
in old rats. Behavioral and Neural Biology, 39(2), 181–191. https://
doi.org/10.1016/s0163​-1047(83)90825​-7

Mavrikaki, M., Lee, J. D., Solomon, I. H., & Slack, F. J. (2021). Severe 
COVID-19 induces molecular signatures of aging in the human 
brain. medRxiv. https://doi.org/10.1101/2021.11.24.21266779

McGuiness, J. A., Scheinert, R. B., Asokan, A., Stadler, V. C., Lee, C. S., Rani, 
A., Kumar, A., Foster, T. C., & Ormerod, B. K. (2017). Indomethacin 
increases neurogenesis across age groups and improves delayed 
probe trial difference scores in middle-aged rats. Frontiers in Aging 
Neuroscience, 9, 280. https://doi.org/10.3389/fnagi.2017.00280

Mehdipour, M., Mehdipour, T., Skinner, C. M., Wong, N., Liu, C., Chen, 
C. C., Jeon, O. H., Zuo, Y., Conboy, M. J., & Conboy, I. M. (2021). 
Plasma dilution improves cognition and attenuates neuroinflamma-
tion in old mice. GeroScience, 43(1), 1–18. https://doi.org/10.1007/
s1135​7-020-00297​-8

Moinuddin, A., Morley, J. E., & Banks, W. A. (2000). Regional variations 
in the transport of interleukin-1alpha across the blood-brain barrier 
in ICR and aging SAMP8 mice. Neuroimmunomodulation, 8(4), 165–
170. https://doi.org/10.1159/00005​4814

Montagne, A., Barnes, S. R., Nation, D. A., Kisler, K., Toga, A. W., & 
Zlokovic, B. V. (2022). Imaging subtle leaks in the blood-brain bar-
rier in the aging human brain: Potential pitfalls, challenges, and 
possible solutions. GeroScience, 44(3), 1339–1351. https://doi.
org/10.1007/s1135​7-022-00571​-x

Montagne, A., Barnes, S. R., Sweeney, M. D., Halliday, M. R., Sagare, A. P., 
Zhao, Z., Toga, A. W., Jacobs, R. E., Liu, C. Y., Amezcua, L., Harrington, 
M. G., Chui, H. C., Law, M., & Zlokovic, B. V. (2015). Blood-brain 
barrier breakdown in the aging human hippocampus. Neuron, 85(2), 
296–302. https://doi.org/10.1016/j.neuron.2014.12.032

Muralidharan, A., Sotocinal, S. G., Yousefpour, N., Akkurt, N., Lima, L. V., 
Tansley, S., Parisien, M., Wang, C., Austin, J. S., Ham, B., Dutra, G. 
M., Rousseau, P., Maldonado-Bouchard, S., Clark, T., Rosen, S. F., 
Majeed, M. R., Silva, O., Nejade, R., Li, X., … Mogil, J. S. (2022). Long-
term male-specific chronic pain via telomere-  and p53-mediated 
spinal cord cellular senescence. The Journal of Clinical Investigation, 
132(8), e151817. https://doi.org/10.1172/JCI15​1817

Murta, V., Farias, M. I., Pitossi, F. J., & Ferrari, C. C. (2015). Chronic systemic 
IL-1beta exacerbates central neuroinflammation independently of 
the blood-brain barrier integrity. Journal of Neuroimmunology, 278, 
30–43. https://doi.org/10.1016/j.jneur​oim.2014.11.023

Musi, N., Valentine, J. M., Sickora, K. R., Baeuerle, E., Thompson, C. S., 
Shen, Q., & Orr, M. E. (2018). Tau protein aggregation is associated 
with cellular senescence in the brain. Aging Cell, 17(6), e12840. 
https://doi.org/10.1111/acel.12840

Nelson, G., Kucheryavenko, O., Wordsworth, J., & von Zglinicki, T. 
(2018). The senescent bystander effect is caused by ROS-activated 
NF-kappaB signalling. Mechanisms of Ageing and Development, 170, 
30–36. https://doi.org/10.1016/j.mad.2017.08.005

Norden, D. M., Trojanowski, P. J., Villanueva, E., Navarro, E., & Godbout, 
J. P. (2016). Sequential activation of microglia and astrocyte cyto-
kine expression precedes increased Iba-1 or GFAP immunoreac-
tivity following systemic immune challenge. Glia, 64(2), 300–316. 
https://doi.org/10.1002/glia.22930

Novais, E. J., Tran, V. A., Johnston, S. N., Darris, K. R., Roupas, A. J., 
Sessions, G. A., Shapiro, I. M., Diekman, B. O., & Risbud, M. V. 
(2021). Long-term treatment with senolytic drugs Dasatinib and 

quercetin ameliorates age-dependent intervertebral disc degen-
eration in mice. Nature Communications, 12(1), 5213. https://doi.
org/10.1038/s4146​7-021-25453​-2

Ogrodnik, M., Evans, S. A., Fielder, E., Victorelli, S., Kruger, P., 
Salmonowicz, H., Weigand, B. M., Patel, A. D., Pirtskhalava, T., 
Inman, C. L., Johnson, K. O., Dickinson, S. L., Rocha, A., Schafer, M. 
J., Zhu, Y., Allison, D. B., von Zglinicki, T., LeBrasseur, N., Tchkonia, 
T., … Jurk, D. (2021). Whole-body senescent cell clearance allevi-
ates age-related brain inflammation and cognitive impairment in 
mice. Aging Cell, 20(2), e13296. https://doi.org/10.1111/acel.13296

Passos, J. F., Saretzki, G., Ahmed, S., Nelson, G., Richter, T., Peters, H., 
Wappler, I., Birket, M. J., Harold, G., Schaeuble, K., Birch-Machin, 
M. A., Kirkwood, T. B., & von Zglinicki, T. (2007). Mitochondrial 
dysfunction accounts for the stochastic heterogeneity in telomere-
dependent senescence. PLoS Biology, 5(5), e110. https://doi.
org/10.1371/journ​al.pbio.0050110

Porkka, K., Koskenvesa, P., Lundán, T., Rimpiläinen, J., Mustjoki, S., Smykla, 
R., Wild, R., Luo, R., Arnan, M., Brethon, B., Eccersley, L., Hjorth-
Hansen, H., Höglund, M., Klamova, H., Knutsen, H., Parikh, S., Raffoux, 
E., Gruber, F., Brito-Babapulle, F., … Lee, F. Y. (2008). Dasatinib crosses 
the blood-brain barrier and is an efficient therapy for central nervous 
system Philadelphia chromosome-positive leukemia. Blood, 112(4), 
1005–1012. https://doi.org/10.1182/blood​-2008-02-140665

Rahman, M. T., Ghosh, C., Hossain, M., Linfield, D., Rezaee, F., Janigro, 
D., Marchi, N., & van Boxel-Dezaire, A. H. H. (2018). IFN-gamma, 
IL-17A, or zonulin rapidly increase the permeability of the blood-
brain and small intestinal epithelial barriers: Relevance for neuro-
inflammatory diseases. Biochemical and Biophysical Research 
Communications, 507(1–4), 274–279. https://doi.org/10.1016/j.
bbrc.2018.11.021

Rajapakse, A. G., Yepuri, G., Carvas, J. M., Stein, S., Matter, C. M., 
Scerri, I., Ruffieux, J., Montani, J. P., Ming, X. F., & Yang, Z. (2011). 
Hyperactive S6K1 mediates oxidative stress and endothelial dys-
function in aging: Inhibition by resveratrol. PLoS One, 6(4), e19237. 
https://doi.org/10.1371/journ​al.pone.0019237

Roos, C. M., Zhang, B., Palmer, A. K., Ogrodnik, M. B., Pirtskhalava, T., 
Thalji, N. M., Hagler, M., Jurk, D., Smith, L. A., Casaclang-Verzosa, 
G., Zhu, Y., Schafer, M. J., Tchkonia, T., Kirkland, J. L., & Miller, J. D. 
(2016). Chronic senolytic treatment alleviates established vasomo-
tor dysfunction in aged or atherosclerotic mice. Aging Cell, 15(5), 
973–977. https://doi.org/10.1111/acel.12458

Scheinert, R. B., Asokan, A., Rani, A., Kumar, A., Foster, T. C., & Ormerod, 
B. K. (2015). Some hormone, cytokine and chemokine levels that 
change across lifespan vary by cognitive status in male Fischer 
344 rats. Brain, Behavior, and Immunity, 49, 216–232. https://doi.
org/10.1016/j.bbi.2015.06.005

Schwab, N., Taskina, D., Leung, E., Innes, B. T., Bader, G. D., & Hazrati, L. N. 
(2022). Neurons and glial cells acquire a senescent signature after re-
peated mild traumatic brain injury in a sex-dependent manner. Frontiers in 
Neuroscience, 16, 1027116. https://doi.org/10.3389/fnins.2022.1027116

Senatorov, V. V., Jr., Friedman, A. R., Milikovsky, D. Z., Ofer, J., Saar-
Ashkenazy, R., Charbash, A., Jahan, N., Chin, G., Mihaly, E., Lin, 
J. M., Ramsay, H. J., Moghbel, A., Preininger, M. K., Eddings, C. 
R., Harrison, H. V., Patel, R., Shen, Y., Ghanim, H., Sheng, H., … 
Kaufer, D. (2019). Blood-brain barrier dysfunction in aging induces 
hyperactivation of TGFbeta signaling and chronic yet revers-
ible neural dysfunction. Science Translational Medicine, 11(521), 
eaaw8283. https://doi.org/10.1126/scitr​anslm​ed.aaw8283

Serre-Miranda, C., Roque, S., Santos, N. C., Costa, P., Sousa, N., Palha, J. 
A., & Correia-Neves, M. (2020). Cognition is associated with periph-
eral immune molecules in healthy older adults: A cross-sectional 
study. Frontiers in Immunology, 11, 2045. https://doi.org/10.3389/
fimmu.2020.02045

Sharpless, N. E., & Sherr, C. J. (2015). Forging a signature of in vivo se-
nescence. Nature Reviews. Cancer, 15(7), 397–408. https://doi.
org/10.1038/nrc3960

https://doi.org/10.1016/s0197-4580(89)80008-9
https://doi.org/10.1016/s0197-4580(89)80008-9
https://doi.org/10.1016/j.neurobiolaging.2009.03.011
https://doi.org/10.1016/s0163-1047(83)90825-7
https://doi.org/10.1016/s0163-1047(83)90825-7
https://doi.org/10.1101/2021.11.24.21266779
https://doi.org/10.3389/fnagi.2017.00280
https://doi.org/10.1007/s11357-020-00297-8
https://doi.org/10.1007/s11357-020-00297-8
https://doi.org/10.1159/000054814
https://doi.org/10.1007/s11357-022-00571-x
https://doi.org/10.1007/s11357-022-00571-x
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1172/JCI151817
https://doi.org/10.1016/j.jneuroim.2014.11.023
https://doi.org/10.1111/acel.12840
https://doi.org/10.1016/j.mad.2017.08.005
https://doi.org/10.1002/glia.22930
https://doi.org/10.1038/s41467-021-25453-2
https://doi.org/10.1038/s41467-021-25453-2
https://doi.org/10.1111/acel.13296
https://doi.org/10.1371/journal.pbio.0050110
https://doi.org/10.1371/journal.pbio.0050110
https://doi.org/10.1182/blood-2008-02-140665
https://doi.org/10.1016/j.bbrc.2018.11.021
https://doi.org/10.1016/j.bbrc.2018.11.021
https://doi.org/10.1371/journal.pone.0019237
https://doi.org/10.1111/acel.12458
https://doi.org/10.1016/j.bbi.2015.06.005
https://doi.org/10.1016/j.bbi.2015.06.005
https://doi.org/10.3389/fnins.2022.1027116
https://doi.org/10.1126/scitranslmed.aaw8283
https://doi.org/10.3389/fimmu.2020.02045
https://doi.org/10.3389/fimmu.2020.02045
https://doi.org/10.1038/nrc3960
https://doi.org/10.1038/nrc3960


18 of 18  |     BUDAMAGUNTA et al.

Sikora, E., Bielak-Zmijewska, A., Dudkowska, M., Krzystyniak, A., 
Mosieniak, G., Wesierska, M., & Wlodarczyk, J. (2021). Cellular se-
nescence in brain aging. Frontiers in Aging Neuroscience, 13, 646924.

Smith, G., Rani, A., Kumar, A., Barter, J., & Foster, T. C. (2020). 
Hippocampal subregion transcriptomic profiles reflect strategy 
selection during cognitive aging. Journal of Neuroscience, 40(25), 
4888–4899. https://doi.org/10.1523/Jneur​osci.2944-19.2020

Speisman, R. B., Kumar, A., Rani, A., Foster, T. C., & Ormerod, B. K. 
(2013). Daily exercise improves memory, stimulates hippocampal 
neurogenesis and modulates immune and neuroimmune cytokines 
in aging rats. Brain, Behavior, and Immunity, 28, 25–43. https://doi.
org/10.1016/j.bbi.2012.09.013

Strong, R., Miller, R. A., Bogue, M., Fernandez, E., Javors, M. A., Libert, S., 
Marinez, P. A., Murphy, M. P., Musi, N., Nelson, J. F., Petrascheck, 
M., Reifsnyder, P., Richardson, A., Salmon, A. B., Macchiarini, F., & 
Harrison, D. E. (2020). Rapamycin-mediated mouse lifespan exten-
sion: Late-life dosage regimes with sex-specific effects. Aging Cell, 
19(11), e13269. https://doi.org/10.1111/acel.13269

Tampubolon, G. (2016). Repeated systemic inflammation was associated 
with cognitive deficits in older Britons. Alzheimer's & Dementia, 3, 
1–6. https://doi.org/10.1016/j.dadm.2015.11.009

Tarantini, S., Balasubramanian, P., Delfavero, J., Csipo, T., Yabluchanskiy, 
A., Kiss, T., Nyúl-Tóth, Á., Mukli, P., Toth, P., Ahire, C., Ungvari, 
A., Benyo, Z., Csiszar, A., & Ungvari, Z. (2021). Treatment with 
the BCL-2/BCL-xL inhibitor senolytic drug ABT263/navitoclax 
improves functional hyperemia in aged mice. GeroScience, 43(5), 
2427–2440. https://doi.org/10.1007/s1135​7-021-00440​-z

Turturro, A., Witt, W. W., Lewis, S., Hass, B. S., Lipman, R. D., & Hart, 
R. W. (1999). Growth curves and survival characteristics of the 
animals used in the biomarkers of aging program. The Journals 
of Gerontology. Series A, Biological Sciences and Medical Sciences, 
54(11), B492–B501. https://doi.org/10.1093/geron​a/54.11.b492

Varatharaj, A., & Galea, I. (2017). The blood-brain barrier in systemic 
inflammation. Brain, Behavior, and Immunity, 60, 1–12. https://doi.
org/10.1016/j.bbi.2016.03.010

Vasquez, B. J., Martinez, J. L., Jr., Jensen, R. A., Messing, R. B., Rigter, H., 
& McGaugh, J. L. (1983). Learning and memory in young and aged 
Fischer 344 rats. Archives of Gerontology and Geriatrics, 2(4), 279–
291. https://doi.org/10.1016/0167-4943(83)90001​-8

Verheggen, I. C. M., de Jong, J. J. A., van Boxtel, M. P. J., Postma, A. A., Jansen, 
J. F. A., Verhey, F. R. J., & Backes, W. H. (2020). Imaging the role of 
blood-brain barrier disruption in normal cognitive ageing. GeroScience, 
42(6), 1751–1764. https://doi.org/10.1007/s1135​7-020-00282​-1

von Zglinicki, T., Wan, T., & Miwa, S. (2021). Senescence in post-mitotic 
cells: A driver of aging? Antioxidants & Redox Signaling, 34(4), 308–
323. https://doi.org/10.1089/ars.2020.8048

Wang, K., Wang, H., Lou, W., Ma, L., Li, Y., Zhang, N., Wang, C., Li, F., 
Awais, M., Cao, S., She, R., Fu, Z. F., & Cui, M. (2018). IP-10 promotes 
blood-brain barrier damage by inducing tumor necrosis factor alpha 
production in Japanese encephalitis. Frontiers in Immunology, 9, 
1148. https://doi.org/10.3389/fimmu.2018.01148

Xu, M., Pirtskhalava, T., Farr, J. N., Weigand, B. M., Palmer, A. K., Weivoda, 
M. M., Inman, C. L., Ogrodnik, M. B., Hachfeld, C. M., Fraser, D. G., 
Onken, J. L., Johnson, K. O., Verzosa, G. C., Langhi, L. G. P., Weigl, 
M., Giorgadze, N., LeBrasseur, N., Miller, J. D., Jurk, D., … Kirkland, 
J. L. (2018). Senolytics improve physical function and increase 
lifespan in old age. Nature Medicine, 24(8), 1246–1256. https://doi.
org/10.1038/s4159​1-018-0092-9

Yamaguchi, R., & Perkins, G. (2012). Finding a panacea among combi-
nation cancer therapies. Cancer Research, 72(1), 18–23. https://doi.
org/10.1158/0008-5472.CAN-11-3091

Yamazaki, Y., Baker, D. J., Tachibana, M., Liu, C. C., van Deursen, J. M., 
Brott, T. G., Bu, G., & Kanekiyo, T. (2016). Vascular cell senescence 
contributes to blood-brain barrier breakdown. Stroke, 47(4), 1068–
1077. https://doi.org/10.1161/STROK​EAHA.115.010835

Yan, J., Xu, W., Lenahan, C., Huang, L., Ocak, U., Wen, J., Li, G., He, W., 
le, C., Zhang, J. H., Mo, L., & Tang, J. (2022). Met-RANTES pre-
serves the blood-brain barrier through inhibiting CCR1/SRC/Rac1 
pathway after intracerebral hemorrhage in mice. Fluids and Barriers 
of the CNS, 19(1), 7. https://doi.org/10.1186/s1298​7-022-00305​-3

Yegla, B., & Foster, T. (2019). Effect of systemic inflammation on rat at-
tentional function and neuroinflammation: Possible protective role 
for food restriction. Frontiers in Aging Neuroscience, 11, 296. https://
doi.org/10.3389/fnagi.2019.00296

Yousefzadeh, M. J., Zhu, Y., McGowan, S. J., Angelini, L., Fuhrmann-
Stroissnigg, H., Xu, M., Ling, Y. Y., Melos, K. I., Pirtskhalava, T., 
Inman, C. L., McGuckian, C., Wade, E. A., Kato, J. I., Grassi, D., 
Wentworth, M., Burd, C. E., Arriaga, E. A., Ladiges, W. L., Tchkonia, 
T., … Niedernhofer, L. J. (2018). Fisetin is a senotherapeutic that 
extends health and lifespan. eBioMedicine, 36, 18–28. https://doi.
org/10.1016/j.ebiom.2018.09.015

Zhang, P., Kishimoto, Y., Grammatikakis, I., Gottimukkala, K., Cutler, R. 
G., Zhang, S., Abdelmohsen, K., Bohr, V. A., Misra Sen, J., Gorospe, 
M., & Mattson, M. P. (2019). Senolytic therapy alleviates Abeta-
associated oligodendrocyte progenitor cell senescence and cogni-
tive deficits in an Alzheimer's disease model. Nature Neuroscience, 
22(5), 719–728. https://doi.org/10.1038/s4159​3-019-0372-9

Zhao, J., Bi, W., Xiao, S., Lan, X., Cheng, X., Zhang, J., Lu, D., Wei, W., Wang, 
Y., Li, H., Fu, Y., & Zhu, L. (2019). Neuroinflammation induced by li-
popolysaccharide causes cognitive impairment in mice. Scientific 
Reports, 9(1), 5790. https://doi.org/10.1038/s4159​8-019-42286​-8

Zhao, S., Shibata, K., Hellyer, P. J., Trender, W., Manohar, S., Hampshire, 
A., & Husain, M. (2022). Rapid vigilance and episodic memory 
decrements in COVID-19 survivors. Brain Communications, 4(1), 
fcab295. https://doi.org/10.1093/brain​comms/​fcab295

Zhou, F. W., Rani, A., Martinez-Diaz, H., Foster, T. C., & Roper, 
S. N. (2011). Altered behavior in experimental corti-
cal dysplasia. Epilepsia, 52(12), 2293–2303. https://doi.
org/10.1111/j.1528-1167.2011.03267.x

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Budamagunta, V., Kumar, A., Rani, A., 
Bean, L., Manohar-Sindhu, S., Yang, Y., Zhou, D., & Foster, T. C. 
(2023). Effect of peripheral cellular senescence on brain aging 
and cognitive decline. Aging Cell, 22, e13817. https://doi.
org/10.1111/acel.13817

https://doi.org/10.1523/Jneurosci.2944-19.2020
https://doi.org/10.1016/j.bbi.2012.09.013
https://doi.org/10.1016/j.bbi.2012.09.013
https://doi.org/10.1111/acel.13269
https://doi.org/10.1016/j.dadm.2015.11.009
https://doi.org/10.1007/s11357-021-00440-z
https://doi.org/10.1093/gerona/54.11.b492
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1016/0167-4943(83)90001-8
https://doi.org/10.1007/s11357-020-00282-1
https://doi.org/10.1089/ars.2020.8048
https://doi.org/10.3389/fimmu.2018.01148
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1158/0008-5472.CAN-11-3091
https://doi.org/10.1158/0008-5472.CAN-11-3091
https://doi.org/10.1161/STROKEAHA.115.010835
https://doi.org/10.1186/s12987-022-00305-3
https://doi.org/10.3389/fnagi.2019.00296
https://doi.org/10.3389/fnagi.2019.00296
https://doi.org/10.1016/j.ebiom.2018.09.015
https://doi.org/10.1016/j.ebiom.2018.09.015
https://doi.org/10.1038/s41593-019-0372-9
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1093/braincomms/fcab295
https://doi.org/10.1111/j.1528-1167.2011.03267.x
https://doi.org/10.1111/j.1528-1167.2011.03267.x
https://doi.org/10.1111/acel.13817
https://doi.org/10.1111/acel.13817

	Effect of peripheral cellular senescence on brain aging and cognitive decline
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|Behavior and cognitive function
	2.1.1|Cue discrimination training
	2.1.2|Spatial discrimination training
	2.1.3|Inhibitory avoidance
	2.1.4|Grip strength testing

	2.2|Effect of senolytic treatment on markers of senescence in the periphery
	2.2.1|Gene expression
	2.2.2|Plasma measures of cytokines and chemokines

	2.3|Senolytic treatment maintains synaptic function
	2.4|Similarities and differences in senolytic treatment on gene expression
	2.5|Effect of senolytic treatment on morphological measures of microglial activation
	2.6|Senolytic treatment maintains blood–­brain barrier integrity

	3|DISCUSSION
	4|CONCLUSION
	5|EXPERIMENTAL PROCEDURES
	5.1|Animals
	5.2|Treatments
	5.3|Behavior
	5.3.1|Cue discrimination task
	5.3.2|Spatial discrimination task
	5.3.3|Inhibitory avoidance
	5.3.4|Grip strength test

	5.4|Hippocampal slice electrophysiological recordings
	5.5|Tissue harvesting
	5.6|Next-­generation RNA sequencing and data analysis
	5.7|Immunohistochemistry
	5.8|Plasma cytokine and chemokine analysis
	5.9|Quantitative polymerase chain reaction (qPCR)
	5.10|Statistical analyses

	AUTHORS CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


