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Abstract

Inflammation

Cognitive decline is a critical hallmark of brain aging. Although aging is a natural process, there is significant
heterogeneity in cognition levels among individuals; however, the underlying mechanisms remain uncertain. In
our study, we classified aged male Sprague-Dawley rats into aged cognition-unimpaired (AU) group and aged
cognition-impaired (Al) group by using an attentional set-shifting task. The transcriptome sequencing results of
medial prefrontal cortex (mPFC) demonstrated significant differences in microglial activation and inflammatory
response pathways between the two groups. Specifically, compared to AU rats, Al rats exhibited a greater presence
of CD86-positive microglia and major histocompatibility complex class Il (MHC-II)-positive microglia, along with
elevated inflammatory molecules, in mPFC. Conversely, Al rats exhibited a reduction in the percentage of microglia
expressing CD200R and the anti-inflammatory molecules Arg-1 and TGF-f3. Additionally, peripheral blood analysis
of Al rats demonstrated elevated levels of Th17 and Th1 cells, along with proinflammatory molecules; however,
decreased levels of Treg cells, along with anti-inflammatory molecules, were observed in Al rats. Our research
suggested that peripheral Th17/Treg cells and central microglial activation were associated with cognitive
heterogeneity in aged rats. These findings may provide a new target for healthy aging.

Keywords Aging-associated cognitive decline, Cognitive heterogeneity, Microglial activation, Th17/Treg cells,

fLian Yu and Miao-Miao Liu contributed equally to this work.

*Correspondence:

Jun-Hong Guo

neuroguo@163.com

Yan-Li Li

liyanli_01@163.com

'Department of Neurology, Research Center for Neurological Diseases,
First Hospital of Shanxi Medical University, Taiyuan 030001, China
’Department of Pediatrics, Shanxi Medical University, Taiyuan
030001, China

3The Department of Physiology, Shanxi Medical University,
Taiyuan 030001, China

Introduction

With the aggravation of population aging, the problems
associated with aging are becoming increasingly promi-
nent. Cognitive decline is a significant characteristic of
aging. It has been estimated that approximately 130 mil-
lion elderly all over the world will experience aging-asso-
ciated cognitive decline by 2050, which has become a
serious public health problem [1].

Although aging is a universal phenomenon, there is
significant heterogeneity in cognition levels among aged
individuals [2]. Some individuals show aging-associated
cognitive decline, whereas others are able to sustain opti-
mal health and cognitive abilities as they age [3]. Several

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati

vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12979-024-00486-5&domain=pdf&date_stamp=2024-11-13

Yu et al. Immunity & Ageing (2024) 21:81

studies have reported the possible reason for such dif-
ferences. For example, old participants with poor per-
formance in memory measures only recruit the right
prefrontal cortex (PFC), but old participants who per-
form well engage PFC regions bilaterally [4]. This gen-
eral increase in prefrontal activation is an adaptive and
compensatory alteration to counteract aging-associated
neural decline [5]. Animal studies have also shown that
cortical functional connectivity (FC) reduced signifi-
cantly in aged cognition-impaired (AI) rats, while cortical
EC is relatively preserved in aged cognition-unimpaired
(AU) rats [6]. However, these imaging data still explain
little about the mechanisms of cognitive differences in
the elderly individuals.

Immunity and inflammation play important roles in
aging and cognitive decline. CD4'T cells mediate immu-
nity in the periphery, including different types of cells like
Th17, Thl, and Treg cells, and are considered key factors
in aging [7]. Th17 cells have been demonstrated to exac-
erbate inflammation in different neurological disorders.
In contrast, Tregs have anti-inflammatory effects and can
inhibit Th17 cells, although they exhibit shared transcrip-
tomic characteristics [8, 9]. Maintaining the equilibrium
between Th17 and Treg cells, along with their corre-
sponding transcription factors and cytokines, is essen-
tial. When Th17/Treg cells are imbalanced, circulating
inflammatory cytokine levels can increase, thus leading
to an inflammatory response. Upregulation of inflamma-
tory cytokine levels in circulation enhances blood-brain
barrier permeability and enables inflammatory cells and
factors to enter brain tissue [10]. In brain, microglia are
the main immune cells and can be activated by peripheral
infiltrating T cells or inflammatory factors, thus releas-
ing inflammatory factors and leading to neuroinflamma-
tion. Neuroinflammation can further damage neuronal
and synaptic structures, thus affecting cognitive function
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[11]. Therefore, we speculate that microglial activation
mediated by peripheral CD4*T cells may be an important
reason for aging-associated cognitive heterogeneity.

Research has demonstrated that aged rats display indi-
vidual cognitive differences in attentional set-shifting
tasks, thus providing a good tool for studying aging-
associated cognitive decline [12]. Thus, this study mainly
utilizes a behavioral attentional set-shifting task and ana-
lyzes the impact of CD4*T cells in peripheral blood and
microglial activation in brain on cognitive heterogeneity
in aged rats, thereby providing new interventional targets
for achieving healthy aging.

Materials and methods

Animals

Three-month-old young (#=8) and 22-month-old aged
male Sprague-Dawley rats (#=20) were used in our
study. They were purchased from Chengdu Dashuo Lab-
oratory Animal Company in China. The rats were raised
in Experimental Animal Center of Shanxi Medical Uni-
versity. The room temperature was set at approximately
22 °C~ 25 °C. The relative humidity was set at 45% ~ 55%.
The day-night cycle was maintained at 12/12 hours. All
treatments given to the animals were approved by the
Ethics Committee of the First Hospital of Shanxi Medical
University.

Attentional set-shifting task based on operant
conditioning

The attentional set-shifting task was performed as previ-
ously described [12]. In operant conditioning chambers
(Med Associates, USA) as shown in Fig. 1A, rats learned
to press the levers first, and then each rat’s side bias was
determined (more preferring the left lever or right lever).
The task is formed in two stages (Fig. 1B). The first stage
is visual cue discrimination. In this stage, the rats were

Visual Cue Discrimination
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Fig. 1 Attentional set-shifting task based on operant conditioning. (A) Operant conditioning chambers. (B) Attentional set-shifting task program. It con-
sists of two stages: the first stage (visual cue discrimination) and the second stage (set-shift)
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trained to press the specific lever with visual cue light.
At the beginning of each trial, a cue light on one side is
randomly activated. After three seconds, the room light
turns on, and both levers extend simultaneously. The
lever aligned with the cue light is designated the correct
choice. If the rat successfully presses the correct lever,
it receives a reward, the signal light is extinguished, and
the system prepares for the next trial. If the rat fails to
select the correct lever or does not respond within ten
seconds, the lever retracts, and both the room and sig-
nal lights turn off. A rat must complete eight consecutive
trials correctly (with at least thirty total trials, exclud-
ing any omissions) to meet the criteria. Each rat can
undergo up to 120 trials per day. Once the rats achieved
the required criteria, they were then tested the following
day in the second stage. The second stage is set-shift (left/
right discrimination). In this stage, rats had to disregard
the visual signal and consistently select either the left
or right lever (the correct lever being the unbiased side
that was defined during training). The setup and condi-
tions remain identical to those in the visual cue recogni-
tion phase. When eight consecutive correct trials were
achieved, the rats were determined to have achieved
the set-shift criterion. The number of required trials to
achieve the criterion was analyzed.

Golgi staining

It was performed according to the guidelines from the
manufacturer (Hito Golgi-Cox OptimStainTM PreKit).
Brain tissues were processed according to the procedure
and then were cut into 100 pm-thick slices. The slices
were stained and photographed at 40x, 200x and 1000x
original magnifications by using TissueFAXS Plus S (Tis-
sueGnostics GMBH, Austria). The images were ana-
lyzed by using Image ] software. And the spine number
per 10 pum dendrite was calculated, that is the dendritic
spine density. For quantification, 3 rats were used in each
group, and 6 complete and clearly visible neurons were
selected per rat.

Transcriptome sequencing

After rats were euthanized, brain tissues were collected,
and medial prefrontal cortex (mPFC) was isolated. Total
RNA was isolated via the TRIzol Reagent (Invitrogen Life
Technologies), and its quality, integrity and concentra-
tion were subsequently assessed via a NanoDrop spec-
trophotometer (Thermo Scientific). For RNA sample
preparation, three micrograms of RNA were utilized
as the starting material. The sequencing libraries were
constructed, and the library fragments were purified via
the AMPure XP system (Beckman Coulter, Beverly, CA,
USA). DNA fragments with adaptors ligated to both
ends were selectively enriched via PCR via the Illumina
PCR Primer Cocktail. The products were subsequently
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purified and quantified via the Agilent High Sensitiv-
ity DNA Assay on a Bioanalyzer 2100 system (Agi-
lent). Finally, the sequencing libraries were subjected
to sequencing on the Illumina NovaSeq 6000 platform
at Shanghai Personal Biotechnology Company. Princi-
pal component analysis (PCA) was carried out based on
gene expression data. The R package limma was used
to identify differentially expressed genes (DEGs) on the
basis of a linear model and modified ¢ test. P values were
adjusted for multiple testing with Benjamini-Hoch-
berg correction. Based on the criteria of |log2Fold-
Change| > 1 and adjusted P-value<0.05, differentially
expressed genes (DEGs) were visualized in a volcano
plot. We conducted GO functional enrichment analysis
on DEGs using via the Metascape website. Terms with
an adjusted P-value<0.05 were considered significant.
Gene set enrichment analysis (GSEA) was conducted on
all detected genes utilizing the GSEA software provided
by the Broad Institute. Gene set information was sourced
from the GO biological process (BP) and KEGG data-
bases. Terms with a P-value<0.05 were deemed statisti-
cally significant.

Flow cytometry

As previously described, flow cytometry was utilized to
detect peripheral T immune cells [13, 14]. Following the
behavioral experiments, rats were anesthetized and the
peripheral blood was taken. Mononuclear cells were iso-
lated with lymphocyte separation solution (P8630, Solar-
bio), some of which were used for Treg detection, and
the others were treated with a cell stimulation cocktail
(00-4975-93, eBioscience) for 6 h and then used for the
detection of Th1 and Th17 cells. First, antibodies against
cell surface molecules, including anti-CD3-PerCP-Cy5.5
(201418, Biolegend), anti-CD4-FITC (11-0040-85, eBio-
science) and anti-CD25-APC (17-0390-82, eBioscience),
were used. Following a 30-minute incubation in dark-
ness, the cells were fixed, permeabilized and then stained
with antibodies against intracellular or nuclear factors,
including anti-Foxp3-PE (12-4774-42, eBioscience), anti-
IEN-y-APC (50-7310-80, eBioscience) and anti-IL-17-PE
(12-7177-81, eBioscience).

As previously described, flow cytometry was utilized
to detect microglial activation in brain [15]. The mPFC
tissues were digested with collagenase IV to prepare a
single-cell suspension. After myelin was removed via
gradient density centrifugation with 30% and 70% Per-
coll separation solution, the microglial cell layer was iso-
lated. Purified anti-rat CD32 (550271, BD Biosciences)
was added to block the Fc receptor. Afterwards, surface
staining was performed with the following reagents:
Zombie NIR™ Fixable Viability Kit (423105, Biolegend),
anti-CD11b-PerCP-Cy5.5 (201819, Biolegend), anti-
CD45-Pacific Blue (202225, Biolegend), anti-CD86-PE
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(12-0860-83, eBioscience), anti-MHC-II-APC  (17-
0920-82, eBioscience), and anti-CD200R-FITC (204905,
Biolegend).

The data were acquired via BD FACSCanto II flow
cytometer (BD, USA) and then processed with FlowJo
10.8.1 software.

Enzyme-linked immunosorbent assay

Blood was centrifuged for collecting serum. The concen-
trations of IL-10 (JL13427, Jianglai Bio), IL-17 (JL20879,
Jianglai Bio), IFN-y (JL13241, Jianglai Bio) and TGEF-
(JL13643, Jianglai Bio) in serum were analyzed according
to the step-by-step instructions.

Real-time PCR

RNA of mPFC was extracted (9108Q, TakaRa), and con-
centration as well as purity of RNA were detected. Sub-
sequently, the RNA was reverse transcribed to cDNA
(RR047A, TaKaRa). And cDNA was then amplified by
using real-time PCR master mix (RR820A, TaKaRa) and
gene-specific primers. The LightCycler 480 II instrument
(Roche Diagnostics GmbH, Germany) was used to con-
duct real-time PCR. The relative expression of a gene
was calculated by 2724, Four rats from each group were
tested. The utilized primers: CD86 F: 5-AGACATGTGT
AACCTGCACCAT-3; R: 5-ACTTTTTCCGGTCCTG
CCAA-3’; IL-1p F: 5-CAGCTTTCGACAGTGAGGAG
A-3) R: 5-TGTCGAGATGCTGCTGTGAG-3’; TNF-a F:
5-CTCAAGCCCTGGTATGAGCC-3] R: 5-GGCTGGG
TAGAGAACGGATG-3’; IL-6 F: 5-TCCTACCCCAACT
TCCAATGC-3] R: 5- TAGCACACTAGGTTTGCCGA
G-3; Arg-1 F: 5-CCAGTATTCACCCCGGCTAC-3; R:
5-GTCCTGAAAGTAGCCCTGTCT-3’; TGE-B F: 5'-GA
CCGCAACAACGCAATCTA-3, R: 5-CGTGTTGCTCC
ACAGTTGAC-3; and GAPDH F: 5-GGCACAGTCAA
GGCTGAGAATG-3; R: 5-ATGGTGGTGAAGACGCC
AGTA-3!

Statistical analysis

The data analysis was carried out by using GraphPad
Prism 9. All the data were normally distributed and had
homogeneous variance; thus, the data were presented
as meanststandard deviations (y 4+ §). Independent
two-sample ¢ tests were used to compare the differ-
ences between two groups. One-way analysis of variance
(ANOVA) was applied for comparisons among multiple
groups. P values <0.05 were considered significant.

Results

Individual differences in the cognitive function of aged rats
Executive function is a sophisticated cognitive abil-
ity that regulates and integrates various other cognitive
functions and behaviors, including attention, memory,
and language. Numerous studies have demonstrated
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that cognitive flexibility, assessed through an attentional
set-shifting task, can effectively indicate an individual’s
executive function. In our study, we utilized the atten-
tional set-shifting task to measure cognitive flexibility.
Fewer trials required to meet the criteria for the set-shift-
ing task indicate superior cognitive flexibility, which, in
turn, suggests better cognitive function. Compared with
that of young rats, cognitive performance of aged rats
was impaired, thus they needed more trials to achieve the
desired performance level. Furthermore, the set-shifting
performance of aged rats was more heterogeneous than
that of young rats (Fig. 2A). With a standard deviation
(SD) from the average performance in young rats as a
control, the aged rats were divided into AU group and Al
group. When the trials to criterion exceeded a SD from
the average number in young rats, they were considered
an Al rat (n=9). All of the other aged rats were AU rats
(n=11). The cognitive performance of Al rats was signifi-
cantly worse than that of young rats and AU rats (P<0.01,
Fig. 2B).

The mPFC is the main brain area performing atten-
tional set-shifting tasks in rodents. Dendritic spine
density in the mPFC was observed via Golgi staining
(Fig. 2C-F). Compared to that in AU group, the den-
dritic spine density in AI group was dramatically lower
(P<0.01, Fig. 2E-F).

Transcriptome sequencing of the mPFCin AU and Al rats
RNA was isolated from the mPFC of AU and AI rats for
transcriptome sequencing. Principal component analy-
sis (PCA) demonstrated an obvious difference in gene
expression between AU and Al rats (Fig. 3A). Compared
with those of AU rats, the transcriptome profiles of the
mPFC of Al rats exhibited distinct differences. A total of
139 DEGs were identified within the thresholds of |log-
2FoldChange| > 1 and adjusted P value<0.05. Among
these genes, 128 were upregulated, including Lpal2,
Fcrl2, Gp2, Agpat2, Vephl, Aqpl, Efna4, and others.
Conversely, 11 genes, including Sytl2 and Mis18a, were
downregulated (Fig. 3B, Supplementary Table 1). Further
GO analysis demonstrated that the DEGs were closely
enriched in innate immune response, positive regula-
tion of cytokine production and inflammatory response
(Fig. 3C). Gene set enrichment analysis (GSEA) dem-
onstrated that glial activation, microglial activation, the
neuroinflammatory response and the TNF-mediated
signaling pathway were upregulated in Al rats compared
with AU rats (Fig. 3D). The gene expression associated
with GSEA terms in the two groups of rats was visualized
using a heatmap (Supplementary Fig. 1, Fig. 2).

Microglial activation differed between AU and Al rats
To assess microglial activation more specifically, flow
cytometry was used to detect the marker for activated



Yu et al. Immunity & Ageing (2024) 21:81 Page 5 of 12
A B e C i
100 - 100 — %k £ "y T
§ 80 5 5l - \
E § AI E 3 ~ o ‘&*-’\) Ty m
£ 60— £ =
o § b - ST B pter |
2 40— e SR,
® AU X) N T > P o Sl
8 20— £ A BT e \
L = ¢ A k <
0 K - ¥ r M,
P L - - : A ‘
Young Aged N T 200um
D E F *k
{
.\~ k% k%
£
3
> T
{7
c
8 57
)
=
o
& 0

Young

AU Al

Young AU Al

Fig. 2 Cognitive function in young and aged rats. (A) Cognitive performance in attentional set-shifting task. (B) Statistical analysis of the trials to criterion.
Representative images of dendrites in the mPFC at 40x (C), 200x (D) and 1000 (E) magnification. (F) Statistical analysis of the dendritic spine density in
each group. AU: aged cognition-unimpaired; Al: aged cognition-impaired. ** P<0.01

microglia in the mPFC. CD86 and MHC-II have been
reported as proinflammatory markers, while CD200R
is recognized as an anti-inflammatory marker [16, 17].
Among microglia (CD11b*CD45™), there were more
microglia expressing CD86, MHC-II and CD200R in both
AI and AU rats than in young rats (Fig. 4). Compared
with those in AU rats, the percentage of CD86-posi-
tive microglia was greater (P<0.05) and the percent-
age of MHC-II-positive microglia was greater (P<0.01),
whereas the percentage of CD200R-positive microglia
was lower in Al rats (P<0.05), suggesting an increase in
inflammatory activity and a reduction in anti-inflamma-
tory activity in Al rats.

Differential expression of central inflammatory factors in
AU and Al rats
After microglia are activated, the expression of CD86
and MHC-II promotes neuroinflammation by increas-
ing the secretion of inflammatory factors, thus resulting
in aggravated neuroinflammation [18-20]. However, the
expression of CD200R inhibits neuroinflammation and
reduces the production of proinflammatory factors [21].
The expression of inflammation-related factors in
mPFC was detected with RT-PCR (Fig. 5). Compared to
those in AU rats, Al rats exhibited higher levels of pro-
inflammatory markers CD86 (P<0.01), IL-1p, TNF-a

and IL-6 (P<0.05), but lower levels of anti-inflammatory
markers Arg-1 (P<0.01) and TGF-p (P<0.05).

The percentages of Treg, Th1 and Th17 cells in the
peripheral blood of AU and Al rats were different

Among CD4* T cells (CD3"CD4"), CD25"Foxp3* repre-
sents Treg cells, IFN-y" represents Th1 cells and IL-17*
represents Th17 cells. The percentages of Treg, Th1l and
Th17 in CD4" T cells were greater in both Al and AU
rats than in young rats. Compared to those in AU group,
the percentage of Treg was lower (P<0.01), while the
percentages of Thl and Th17 were greater in Al group
(P<0.01, Fig. 6).

Serum inflammatory factor levels differed between AU and
Al rats

In the peripheral blood, Treg cells secrete anti-inflam-
matory IL-10 and TGF-B, and Th1 cells and Th17 cells
secrete proinflammatory factors IFN-y and IL-17 respec-
tively. These factors in serum were detected by ELISA. In
aged rats, IFN-y and IL-17 increased (Fig. 7A, C, P<0.01),
IL-10 and TGF-P also increased (Fig. 7E, G, P<0.05).
Compared with those in AU rats, IFN-y and IL-17
increased (Fig. 7B, D, P<0.01), whereas IL-10 decreased
(Fig. 7F, P<0.01), and TGF-f decreased (Fig. 7H, P<0.05)
in Al rats.
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Discussion

The mPFC is important for cognitive function in rodents
[22]. Injury to the mPFC can affect cognitive flexibility.
Cognitive flexibility refers to the ability to cope with sud-
den alterations in the environment by effectively updat-
ing internal representations and changing behavioral
responses and is a part of executive function [23]. Previ-
ous studies on rats have shown that cognitive flexibility
is highly susceptible to aging [24]. The attentional set-
shifting task, which is an important indicator for evaluat-
ing cognitive flexibility, is sensitive to mPFC damage [25].
In this study, aged rats showed individual differences
in attentional set-shifting task. Compared with perfor-
mance of young rats, the Al and AU rats could be dis-
tinguished, which is consistent with the previous results

[12]. The acquisition of initial rules remains unaffected,
whereas the ability to adjust a shift is selectively impaired,
thus reflecting the differences in mPFC functional activ-
ity between the two groups of rats [25]. To explore the
mechanism of individual differences, transcriptome
sequencing of the mPFC was performed. There were dif-
ferences in the pathways associated with microglial acti-
vation and the inflammatory response between AU and
Al rats.

Microglia, which are the main immune cells in brain,
make up around 10% of brain cells [26]. Under physi-
ological conditions, microglia have small cell bodies and
maintain homeostasis of the nervous system by con-
tinuously monitoring the surrounding environment.
When microglia are activated, their morphology rapidly
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changes, which manifests as cell body enlargement; addi-
tionally, gene expression also changes [27]. During aging,
microglia are activated, and express CD86 and MHC-II,
which interact with T cells entering the brain to release
inflammatory factors and exacerbate neuroinflammation
[18-20]. CD200R on the surface of microglia is a receptor
for CD200 [28]. Interaction with neuronal CD200 can not
only inhibit microglial activation but can also suppress
Ras-ERK and Ras-PI3K pathways to decrease inflamma-
tory molecules [21]. In this study, compared with those
in young rats, the number of microglia expressing CD86
or MHC-II increased in aged rats, which is consistent
with previous research [29]. The expression of CD200R
in the microglia with age also increased in an attempt to
inhibit microglial activation and proinflammatory factor
production. Interestingly, compared with those of AU
rats, the mPFC of Al rats had more microglia express-
ing CD86 or MHC-II and fewer microglia expressing
CD200R, which contributed to the increase in IL-1p,
TNF-a and IL-6. The balance between different pheno-
types of microglia is crucial in the aging process. During
the early period of inflammation, the initial response of
activated microglia is proinflammatory. Subsequently,
anti-inflammatory microglia also increase to inhibit the
inflammatory response, which is necessary for main-
taining balance in the body [30]. However, during long-
term chronic inflammation, microglia are continuously

activated, and inflammatory factors continue to be pro-
duced, thus ultimately exacerbating neuroinflammation
and cognitive impairment.

Immune dysregulation and inflammation in the cir-
culation play important roles in aging. Compared with
those in young individuals, CD4" T cells in elderly indi-
viduals produce more Th17 cell-related proinflamma-
tory factors, including IL-6 and IL-17 A, which drive the
body to exhibit an inflammatory state [31, 32]. However,
inflammatory aging is not solely reflected in an increase
in proinflammatory markers [33]. Treg cells are involved
in the body’s protection and can produce IL-10 to inhibit
inflammation and prevent excessive immune responses
[34]. Recently, single-cell RNA sequencing analysis from
human peripheral blood showed the proportion of Tregs
increased with age [35]. Similarly, in old mice, three
CD4" T-cell subsets (exhausted, anti-inflammatory regu-
latory T cells, and proinflammatory cytotoxic T cells)
gradually accumulate with age [36]. Consistent with
these results, in our study, aged rats exhibited increased
levels of proinflammatory Th17 and Thl cells, as well as
inflammatory molecules IL-17 and IFN-y. Similarly, anti-
inflammatory Treg cells, as well as anti-inflammatory
factors IL-10 and TGEF-f also increase with age, which
reflects the body’s adaptive response to proinflammatory
stimuli that attempt to suppress inflammation [37]. More
importantly, compared with AU rats, Al rats have more



Yu et al. Immunity & Ageing (2024) 21:81 Page 9 of 12
250K o 250K = 3
Lymphocytes ° Single Cells - 10.17% 38.9%
200K ooers% . 200KT 993y, i 5
< ; : for ] %) ]
S 150K & 150K? = 10° =
A i h 1 L -
“ 100K % 100K~ 3 ]
] © 0d
50K 50K - 0%
122.7% 38.3%
=TT | RAREE RESAE REREE RERAN B ',—.—W'q"‘ﬁ»-,»q,"‘;,_,—qm‘»v,»
50K 150K 250K 50K 150K 250K 0 104
FSC-A FSC-A CD3-PerCP-Cy5.5-A
E Young AU Al *x
591% 1 12.7% 917% g 20m ¥
] 2 (5
I B
i ] E 10— s
w siah.: 3
o By : O
a E g
x F] —
° 4 = 0=
BRE S (LU IR L B r (RO HL L S A ey LY LULL R L B L Young AU Al
CD25-APC o
Young AU Al *x
J 4 e ok kk

SSC-A — O

] L 3.46% - 9.66% : 13.3%
B UL LU L B R B L B LU L UL WA L B L L el el RELEZL L. EZLL BRO
IFN-y-APC >
D Young AU Al
< ]
O 3 E
2 3 1.24% 218% | 6.03%
-Tlr]rn-nl L LA L B U [ | LA L U L B L I W..l L LR L I L
IL-17-PE -

Th1/CD4*T cells (%)

Young AU Al

%k %k

* %k k%

Th17 / CD4™T cells (%)

Young AU

Al

Fig. 6 The percentages of Treg, Th1 and Th17 in peripheral blood of young, AU, Al rats. (A) Gate strategy. The gate represents CD4* T cells. (B) Flow cy-
tometry plots and the percentage of Treg. (C) Flow cytometry plots and the percentage of Th1. (D) Flow cytometry plots and the percentage of Th17. **

P<0.01



Yu et al. Immunity & Ageing (2024) 21:81 Page 10 of 12

A *k B *k
*k *k
100 — 120 =
|
= 80— L =
E 60 E 90_ Yy Iy
g e 2 60
i 40— ~ I- >
=z 4 30— =
L 20— -:'-‘-_o-l rs r.:l;.1
L ]
0 0
Young Aged Young AU Al
C *% D *k
*k
200 - 200 -
T 150 = . T 150 =
E=) =)
£ 100 2 100
< = |-h]
4 50+ 4 50
0 0
Young AU
E * F *k *k
150 — 150 —
— - —
£ 100 £ 100
(=) o
2 k=
| |
2 50— : e 2 50- r"] l
= =
0 0
Young Aged Young AU
G * H %k *
6 = 6=
£ 3 .
£ + = + i
@ . @ .
W 2= w 27
O O
= =
0 0
Young Aged Young AU Al

Fig. 7 The concentrations of inflammatory factors in serum. (A-B) IFN-y. (C-D) IL-17. (E-F) IL-10. (G-H) TGF-3. * P<0.05, ** P<0.01



Yu et al. Immunity & Ageing (2024) 21:81

Th17 and Th1 cells, which produce more IL-17 and IFN-
Y, whereas fewer Tregs as well as TGF-$ and IL-10 are
unable to suppress aging-related inflammation. This may
be the reason for severe inflammation in Al rats.

Immune and inflammatory levels are key factors con-
tributing to individual differences in the elderly individu-
als and can predict the development of aging-associated
diseases. From an evolutionary perspective, inflammation
has been regarded as an adaptation/remodel because it
may activate anti-inflammatory responses to counteract
aging-associated proinflammatory context. For example,
centenarians have numerous anti-inflammatory factors
in the circulation, such as IL-10, TGF-B1 and IL-1 recep-
tor antagonists [38—40]. The anti-inflammatory state is
activated to downregulate elevated inflammatory factors,
such as C-reactive protein, IL-6 and IL-18 [41-43]. This
implies that the immune system undergoes adaptive/mal-
adaptive changes during the process of aging. The health
of an individual depends on the adaptive/maladaptive
consequences. It is determined by the ability to adapt to
and reshape harmful stimuli [44].

In conclusion, chronic low-grade inflammation plays
a significant role in aging-associated cognitive decline.
Aging disrupts the equilibrium of peripheral Th17/Treg
cells, thus resulting in elevated inflammation. Inflam-
mation leads to heightened microglial activation in the
mPFC, thus ultimately contributing to cognitive decline.
Our study underscores the associations between periph-
eral and central immune states and aging-associated
cognitive heterogeneity. Additionally, our research also
indicates that healthy aging is not a sustained state of
youthfulness but rather an adaptive reshaping of the
body’s aging state. The promotion of the Th17/Treg bal-
ance, rather than restoring it to a youthful state, may
become a therapeutic target for aging-associated cog-
nitive decline. Nevertheless, this study has several limi-
tations. Currently, there is no detailed understanding
of how CD4" T cells activate microglia, nor is it clear
whether regulating the ratio of Th17/Treg can influence
the activation of microglia. These questions urgently war-
rant further investigation and exploration. Moreover, to
achieve a more precise analysis of the specific pheno-
types and secreted factors associated with microglia, we
recognize that the application of single-cell sequencing
or spatial transcriptomics technologies would likely pro-
vide more accurate and detailed data. However, signifi-
cant progress has yet to be made in this field.
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