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A B S T R A C T

Parkinson’s disease (PD) is characterized by the formation of α-synuclein (α-syn) aggregates, which lead to 
dopaminergic neuronal degeneration. The incidence of PD increases with age, and senescence is considered to be 
a major risk factor for PD. In this study, we evaluated the effect of senescence on PD pathology using α-synuclein 
preformed fibrils (PFF) injection model in senescence-accelerated mice. We injected PFF into the substantia nigra 
(SN) of senescence-accelerated prone 8 (SAMP8) mice and senescence-accelerated resistant 1 (SAMR1) mice. At 
24 weeks after injection of saline or PFF, we found that SAMP8 mice injected with PFF exhibited robust Lewy 
pathology and exacerbated degeneration of dopaminergic neurons in the SN compared to PFF-injected SAMR1 
mice. We further observed an increase in the number of Iba1-positive cells in the brains of PFF-injected SAMP8 
mice. RNA sequencing revealed that several genes related to neuroinflammation were upregulated in the brains 
of PFF-injected SAMP8 mice compared to SAMR1 mice. Inflammatory chemokine CC-chemokine ligand 21 
(CCL21) was upregulated in PFF-injected SAMP8 mice and expressed in the glial cells of these mice. Our research 
indicates that accelerated senescence leads to persistent neuroinflammation, which plays an important role in the 
exacerbation of α-synucleinopathy.

1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder 
characterized by the degeneration of dopaminergic neurons in the 
substantia nigra (SN) and accumulation of α-synuclein (α-syn) forming 
Lewy bodies (LB) and Lewy neurites (LN) (Spillantini et al., 1997). The 
mechanism of PD is pathological spreading of α-syn and the pathological 
α-syn seeds aggregation of soluble α-syn (Wood S.J. et al., 1999). The 
pathological α-syn is incorporated into endosomes, where it can 
encounter endogenous soluble α-syn. It serves as a template for the 
conversion of soluble α-syn, and the misfolding of monomers is ampli-
fied. The amplified pathological α-syn is released into the cytoplasm 
upon endosomal rupture, where it acts as a seed for further aggregation 
of α-syn in the cytoplasm (Tofaris G.K. et al., 2017). Idiopathic PD is a 
multifactorial disease caused by genetic and environmental factors 

(Wirdefeldt et al., 2011). The prevalence of PD has globally increased 
with aging (Ray Dorsey et al., 2018), and numerous epidemiological 
studies have revealed a correlation between aging and the incidence of 
PD. According to a meta-analysis comprising 47 epidemiologic studies, 
the incidence of PD increases with age and is approximately 10-fold 
higher among 80-, than 50-year-old persons (Pringsheim et al., 2014). 
Kempster et al. reported that the time of progression from disease onset 
to advanced stage in patients with early-onset PD was considerably 
longer than in patients with older-onset PD (Kempster et al., 2010). This 
result could also be interpreted as younger-onset PD progressing more 
slowly, and older-onset PD progressing more rapidly. In other words, 
“senescence,” which refers to the deterioration of biological functions, 
could be a higher risk factor for PD progression than “aging,” which 
refers to the passage of time.

Cellular senescence causes neuroinflammation, mitochondrial 
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dysfunction, and loss of proteostasis, contributing to neurodegenerative 
diseases, including PD (Barrientos et al., 2015; Kaushik and Cuervo, 
2015; Bose and Beal, 2016). Senescent cells such as glial cells, endo-
thelial cells, and neurons can aberrantly activate their secretory func-
tion, releasing pro-inflammatory cytokines. This activation contributes 
to the progression of neurodegenerative diseases (Martínez-Cué and 
Rueda, 2020). Indeed, senescence markers p16 and 
senescence-associated secretory phenotype (SASP) factors such as IL-6, 
IL-1α, IL-8, and MMP-3 are increased in brain tissues of PD as 
compared to age-matched controls (Mogi et al., 1994; Chinta et al., 
2018). Additionally, senescent cells disrupt proteostasis, accumulating 
misfolded or abnormal proteins such as α-syn, a characteristic hallmark 
of PD (Rodriguez M et al., 2015). Moreover, senescence, associated with 
the accumulation of senescent cells, might play a significant role in the 
development of PD (Baker and Petersen, 2018). Overall, senescent cells 
and their associated effects, such as SASP, might function in the devel-
opment of PD by affecting proteostasis and neuroinflammation. Based 
on these notions, it is crucial to examine whether a senescence accel-
erated state could affect the progression of α-synucleinopathy, the cen-
tral pathological mechanism of PD. However, there are various 
limitations to investigating the effects of senescence on α-synucleinop-
athy using common mouse models such as C57BL/6 mice. In order to 
study the effects of senescence in these mice, it is necessary to obtain a 
large number of older mice, which is often a practical challenge.

Therefore, we used senescence-accelerated prone 8 (SAMP8) mice to 
elucidate the association between a senescence accelerated state and the 
progression of α-synucleinopathy. Senescence-accelerated mice (SAM) 
were derived from selective inbreeding on the AKR/J strain of mice, 
based on the grading score of senescence, life span and pathologic 
phenotypes. SAM mice are classified into senescence-accelerated mouse 
prone (SAMP) lines, which show accelerated senescence, and 
senescence-accelerated mouse resistant (SAMR) lines, which exhibit 
senescence at a natural pace. In previous studies, SAMP8 mice have been 
regularly used as a model to study brain aging and cognitive decline, and 
SAMR1 mice have been used as the appropriate control strain. (Akiguchi 
et al., 2017; Liu et al., 2020). Reale et al. demonstrated proteomic 
changes in the hippocampi of SAMP8 mice, suggesting the involvement 
of inflammatory cytokines in brain aging (Reale et al., 2022). Thus, 
SAMP8 mice offer a promising animal model for senescence-related 
research owing to their shorter observation period required for symp-
toms to become manifest, compared with standard wild type strains such 
as C57BL/6J mice. In this study, we adapted the G51D mutant α-syn 
preformed fibrils (PFF)-injected PD model, which demonstrated robust 
progressive Lewy pathology and subsequent dopaminergic neuro-
degeneration (Hayakawa et al., 2020) to SAMP8 and SAMR1 mice, and 
assessed the effects of senescence on α-synucleinopathy.

2. Material and methods

2.1. Purification of the G51D mutant α-syn and preparation of PFF

Human G51D mutant α-syn was purified from Escherichia coli 
(E. coli) as described previously (Yagi et al., 2005). Briefly, a plasmid 
containing human G51D α-syn was expressed in E. coli BL21 (DE3) cells 
(Novagen, Merck, CA, USA). The cells were then suspended in purifi-
cation buffer and disrupted by sonication. Streptomycin sulfate (2.5% 
w/w) was added to the supernatant, followed by centrifugation. The 
supernatant was precipitated by adding solid ammonium sulfate to 70% 
saturation, centrifuged, dialyzed overnight, applied to a Resource-Q 
column (GE Healthcare, Little Chalfont, UK) with 50 mM Tris-HCl 
buffer (pH 7.5), and eluted using a linear gradient of 0–1 M NaCl. 
α-syn-enriched fractions were purified by size exclusion chromatog-
raphy using a Superdex 200 10/300 GL column (GE Healthcare).

PFF was generated by preparing solutions of monomeric α-syn at 5.0 
mg/mL in phosphate-buffered saline ([PBS], 10 mM phosphates, 140 
mM NaCl, 2.7 mM KCl, Takara, Shiga, Japan) in a total volume of 200 

μL, with 1% seeding of PFF, and incubated at 37 ◦C, 800 rpm, for five 
days. Fibrils were centrifuged at 20 ◦C, 10,000×g, for 1 h, and the pellet 
was resuspended in PBS, and fragmented by ultrasonication to generate 
pathologic PFFs. To prepare PFF with uniform size, ultrasonication 
pulses of 2 s followed by 8 s quiescence using a UD-100 ultrasonic dis-
ruptor (Tomy Seiko, Tokyo, Japan) were applied to PFF, with a total 
incubation time of 20 min. PFF morphology was visualized using 
transmission electron microscopy ([TEM], Hitachi H-7650, Tokyo, 
Japan). PPF was aliquoted, stored at − 80 ◦C, and used within 1 h after 
thawing at room temperature.

2.2. Animals

Eight-week-old male SAMR1 and SAMP8 mice were purchased from 
SLC (Japan SLC, Hamamatsu, Japan). The animals were kept under 12-h 
light/dark cycles and standard housing conditions with free access to 
food and water. They were allowed to acclimate for >1 week before the 
experiment. Mice were anesthetized via intraperitoneal injection of a 
combination anesthetic (0.3 mg/kg of medetomidine, 4.0 mg/kg of 
midazolam, and 5.0 mg/kg of butorphanol). Stereotaxic surgery was 
performed as follows: Mice underwent fixation using a conventional 
three-point fixation method involving a tooth-bar and earplugs. 
Following fixation, the skull was perforated using a drill, and unilateral 
injections of either saline (4 μL) or PFF (20 μg/4 μL) into the SN were 
administered (administration rate: 0.01 μl/s) using a Hamilton micro 
syringe (Hamilton, NV, USA). The coordinates used to locate the injec-
tion site were: 1.3 mm lateral, − 2.8 mm posterior from the bregma, and 
4.3 mm below the dural surface.

2.3. Immunohistochemistry

SAMR1 (N = 21), and SAMP8 (N = 17) mice were subjected to 
immunobiological analysis. At 24 weeks after injection, mice were 
deeply anesthetized and perfused transcardially with PBS and 4 % 
paraformaldehyde in PBS. The brains were removed, post-fixed over-
night in 4 % paraformaldehyde in PBS, and then immersed in PBS 
containing 30 % sucrose until they sank.

Immunohistochemistry was performed on 20 μm serial sections ob-
tained using a cryostat (CM1850; Leica Microsystems, Wetzlar, Ger-
many). Serial sections were placed in a 24-well dish, with each well 
containing four sections. Antigen retrieval was performed by immersing 
the slides in 0.1 M sodium citrate buffer (pH 6) and heated them at 
121 ◦C for 5 min. After the endogenous peroxidase activity was 
quenched with 3 % H2O2 for 10 min, the sections were washed with PBS 
three times for 5 min each and incubated overnight at 4 ◦C with 10% 
Block-Ace solution (KAC, Hyogo, Japan) and the following primary 
antibodies: anti-tyrosine hydroxylase ([TH], 1:5000, Calbiochem, MA, 
USA), anti-ionized calcium binding adaptor molecule 1 ([Iba1], 1:1000, 
Wako, Osaka, Japan), anti-phosphorylated α-syn ([p-α-syn], 1:1000, 
Wako, Osaka, Japan). The sections were washed with PBS (three times 
for 5 min each), and incubated for 1 h at room temperature with a 
biotinylated anti-rabbit IgG antibody (1:500, Vector Laboratories, CA, 
USA). After another wash with PBS (three times for 5 min each), the 
sections were treated for 1 h at room temperature with an avidin-biotin- 
peroxidase complex (Vector Laboratories, CA, USA). The reaction 
products were visualized in 5 min of incubation using 3,3′-dia-
minobenzidine tetrahydrochloride ([DAB], Sigma Aldrich, MO, USA).

Immunohistochemical images were obtained using an All-in-One 
Fluorescence Microscope BZ-X710 with BZ-X Analyzer Software (Key-
ence, Osaka, Japan). We quantified the area with phosphorylated α-syn 
(p-α-syn)-positive LN-like pathology and the Iba1-positive cells in the 
non-injected and the injected side of the SN. Three sections of the SN 
were selected from each animal, and measured area of SN according to 
the atlas. The images of the SN were obtained at three divisions at × 20 
magnification with the same setting. The measurements were conducted 
using the BZ-H3C Hybrid Cell Count Software (Keyence, Osaka, Japan) 
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with the same settings. For stereological assessment of the total number 
of TH and Nissl double-immunopositive neurons, serial nigral sections 
were prepared. Every fourth section was stained through the entire 
extent of the SN. Cells were counted according to the method previously 
described (Hayakawa et al., 2020), and area of SN was measured ac-
cording to the atlas.

2.4. Immunofluorescence staining

For immunofluorescence staining, we performed procedures similar 
to those described above for immunohistochemistry. The sections were 
washed with PBS and incubated overnight at 4 ◦C with the following 
primary antibodies: anti–CC–chemokine ligand 21 ([CCL21], 1:500, 
Pepro Tech, NJ, USA), anti-interferon regulatory factor 7 ([IRF7], 1:100, 
Proteintech, IL, USA), anti-glial fibrillary acidic protein([GFAP], 1:500, 
Abcam, Cambridge, UK), and anti-Iba1 (1:1000, Abcam). The sections 
were washed with PBS, and incubated for 1 h at room temperature with 
the following secondary antibodies: Alexa Fluor 488 (1:500, Abcam, 
Cambridge, UK), Alexa Flour 594 (1:500, Thermo Scientific, MA, USA), 
Alexa Fluor 488 (1:500, Thermo Scientific), Alexa Fluor 568 (1:500, 
Abcam), Cy3 (1:500, Jackson ImmunoResearch, PA, USA) and FITC 
(1:250, Jackson ImmunoResearch). The sections corresponding to the 
PFF-injected side of the SN were visualized using a spinning disk 
confocal microscope (Spin SR10, Olympus, Tokyo, Japan). We quanti-
fied CCL21-and Iba1-positive area, and the CCL21-and GFAP-positive 
area in the injected side of the SN. Three sections, including the SN 
according to Atlas, were selected per animal. Measurements were per-
formed using ImageJ software (NIH, MD, USA). We selected type 8-bit, 
used the “adjust” and “threshold” at the same setting, and “measure” 
commands in ImageJ software.

2.5. Western blot analysis

SAMR1 (N = 12), and SAMP8 (N = 12) mice were subjected to 
Western blot analysis. At 24 weeks after injection, the mice were deeply 
anesthetized and perfused transcardially with PBS. The brains were 
removed immediately and sectioned into five serial 1 mm-thick coronal 
block slices using a mouse brain matrix (RBM-2000C; ASI Instruments, 
MI, USA). Brain samples, including the injected side of the SN were 
homogenized in CelLytic MT Mammalian Tissue Lysis Reagent (Sigma- 
Aldrich, MO, USA) with a protease inhibitor cocktail (1:100, Calbio-
chem, MA, USA) and a phosphatase inhibitor cocktail (1:100, Calbio-
chem). Lysates were then centrifuged at 15000 rpm for 20 min at 4 ◦C, 
and protein levels were determined with a BCA Protein Assay Kit 
(Thermo Scientific). Next, sodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis (Wako) was performed at 10–20 % gradient, fol-
lowed by the transfer of bands onto polyvinylidene difluoride mem-
branes (Bio-Rad Laboratories, CA, USA). After blocking with 5 % skim 
milk for 1 h at room temperature, the membranes were incubated 
overnight at 4 ◦C with the following primary antibodies: anti-TH 
(1:10000, Calbiochem, MA, USA), anti-Iba1 (1:1000; Novus Bi-
ologicals, CO, USA) and anti-actin (1:25000, Millipore, MA, USA). 
Following three washes for 5–15 min each with 0.1% T-TBS (Tris buff-
ered saline with Tween) buffer, the membranes were incubated with 
horseradish peroxidase-conjugated secondary anti-goat antibody 
(1:25000, Santa Cruz Biotechnology, TX, USA). The immunocomplexes 
were visualized using a ChemiDoc Touch Imaging System (Bio-Rad 
Laboratories). Densitometry analysis was performed using Image Lab 
software (Bio-Rad Laboratories).

2.6. RNA-seq analysis

For RNA-seq analysis of the SN, the PFF-injected and non-injected 
sides of the brain samples including the SN were analyzed. First, 
SAMR1 (N = 4) and SAMP8 (N = 4) mice were deeply anesthetized and 
perfused transcardially with PBS at 12 weeks post-injection. The brains 

were removed immediately and sectioned into five serial 1 mm-thick 
coronal block slices using a mouse brain matrix (RBM-2000C; ASI In-
struments, MI, USA). Total RNA was isolated from frozen brain samples 
using a miRNeasy Mini Kit (QIAGEN, Hilden, Germany), according to 
the manufacturer’s instructions. The sample quality was estimated using 
a bioanalyzer 2100 (Agilent Technologies, CA, USA). RNA-seq libraries 
were generated using a TruSeq Stranded mRNA kit (Illumina, CA, USA). 
The pooled libraries were sequenced on an Illumina NovaSeq 6000 
sequencer (101 base single-read mode, Illumina).

For gene expression analysis, the quality of the sequence reads was 
verified using FastQC version 0.11.8 (https://www.bioinformatics.ba 
braham.ac.uk/projects/fastqc/). Adapter removal and quality trim-
ming of sequence reads were performed using Trimmomatic version 
0.36 (Bolger et al., 2014). The reads were aligned to the mouse reference 
genome (GRCm39) using STAR version 2.5.3a, and gene and isoform 
abundances were quantified using RSEM version 1.2.28 (Li and Dewey, 
2011; Dobin et al., 2013). Differential expression analyses were con-
ducted using Deseq2, version 1.34.0 (Love et al., 2014). Differentially 
expressed genes were defined using the Benjamin-Hochberg false dis-
covery rate approach (adjusted P-value <0.05, absolute value of 
log2-fold change >2).

2.7. Statistical analysis

Histological quantification of p-α-syn positive areas, Iba1-positive 
and TH-positive cell counts, and western blotting were performed 
using GraphPad Prism version 9 (GraphPad Software, CA, USA). P 
values < 0.05 were considered statistically significant. The p-α-syn 
positive areas were analyzed using the nonparametric Mann-Whitney U 
test. Tukey’s multiple comparison tests were employed to analyze of the 
results of the TH- and Iba1-positive cells counts. Western blot was 
analyzed via Tukey’s multiple comparison test.

3. Results

3.1. SAMP8 mice injected with PFF exhibited significantly higher 
α-synucleinopathy than SAMR1 mice injected with PFF

We conducted immunohistochemical studies to evaluate the effects 
of senescence on Lewy pathology in the brains of PFF-injected mice. At 
24 weeks after PFF injection into the SN, we detected p-α-syn positive 
Lewy pathology in the PFF-injected brains of both SAMR1 and SAMP8 
mice. In contrast, no Lewy pathology was found in the saline-injected 
brains of SAMP8 or SAMR1 mice (Fig. 1, Supplementary Fig. 1A). 
Upon measuring the area of p-α-syn positive Lewy pathology in the SN, 
we observed that PFF-injected SAMP8 mice exhibited significantly 
stronger Lewy pathology than PFF-injected SAMR1 mice (P = 0.0005, 
0.0214, respectively, Fig. 1A).

3.2. Exacerbated degeneration of nigrostriatal dopaminergic neurons in 
PFF-injected SAMP8 mice

To evaluate the effects of senescence on dopaminergic neuro-
degeneration, we stained and quantified the number of TH-positive 
dopaminergic neurons 24 weeks after PFF injection (Fig. 1B, Supple-
mentary Fig. 1B). The saline-injected mice did not exhibit any signs of 
dopaminergic neurodegeneration. In contrast, SAMR1 and SAMP8 mice 
in which PFF was injected into the SN unilaterally exhibited significant 
dopaminergic neuronal cell loss compared with saline-injected mice (P 
= 0.0003 and P < 0.0001, respectively, Fig. 1B). PFF-injected SAMP8 
mice exhibited significantly higher TH neuronal loss than PFF-injected 
SAMR1 mice in the injected side of the SN (P = 0.0006, Fig. 1B). We 
did not observe any significant differences in the number of TH positive 
cells in the non-injected side of the SN between groups (Fig. 1B).

Western blot analysis showed that TH protein levels in the SN were 
significantly lower in PFF-injected SAMP8 mice than in saline-injected 
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SAMP8 mice (P = 0.0269, Fig. 1C). TH protein levels in the SN appeared 
to be lower in PFF-injected SAMR1 mice than in saline-injected SAMR1 
mice, but the difference was not significant (P = 0.2723, Fig. 1C). TH 
protein levels in the SN appeared to be lower in PFF-injected SAMP8 
mice than in PFF-injected SAMR1 mice, but the difference was not sig-
nificant (P = 0.4240, Fig. 1C). SAMP8 mice showed a pronounced 
reduction in TH protein following PFF injection compared to SAMR1 
mice (Fig. 1D).

3.3. Persistent neuroinflammation in the substantia nigra of PFF-injected 
SAMP8 mice

We evaluated neuroinflammation in each group by quantifying Iba1- 
positive cells using immunostaining. At 24 weeks after injection, Iba1- 
positive cells were significantly increased in the injected side of the 
SN in PFF-injected SAMP8 mice compared to that in saline-injected 
SAMP8 mice (P < 0.0001, Fig. 2A). Comparing the two PFF-injected 
groups, we detected a significant increase in Iba1-positive cells in 
SAMP8 mice compared to SAMR1 mice (P = 0.0066, Fig. 2A). No sig-
nificant differences in the number of Iba1-positive cells were observed 
for the non-injected side of the SN among the four groups (Fig. 2A). 
Western blot analysis confirmed that the level of Iba1 was significantly 
higher in PFF-injected SAMP8 mice than in PFF-injected SAMR1 mice (P 
< 0.0001, Fig. 2B). SAMP8 mice exhibited a pronounced increase in Iba1 

protein following PFF injection than SAMR1 mice (Fig. 2C).

3.4. Altered immune activation in the transcriptome of PFF-injected 
SAMP8 mice compared to PFF-injected SAMR1 mice

We performed RNA sequencing of the PFF-injected and non-injected 
side of the SN to analyze the patterns of differentially expressed genes 
(DEGs) underlying the pathogenesis of PFF injection. First, DEG analysis 
was performed on the SN samples injected with PFF collected from 
SAMP8 and SAMR1 mice. Comparative analysis revealed 178 DEGs 
(adjusted P value < 0.05, log2 fold change >2), of which 111 were 
upregulated and 67 were downregulated in the SAMP8 group 
(Supplementary Table 1, Fig. 3A). Second, DEG analysis was performed 
on the non-injected side of the SN. We identified 165 DEGs, of which 103 
genes were upregulated and 62 were downregulated in the SAMP8 mice 
(Supplementary Table 2, Fig. 3B). Among the upregulated DEGs, 31 
genes were exclusively identified in the former group but not in the 
latter (Supplementary Table 3, Fig. 3C and D). These 31 genes are 
thought to be affected by PFF injection and senescence via neuro-
inflammation. Notably, several of these genes, including CCL21 
(Gm13304), IRF7, and HCAR2 are associated with neuroinflammation 
(Chen et al., 2002; Fu et al., 2015; Xu et al., 2021).

Fig. 1. 32-week-old SAMP8 mice exhibit severe p-α-syn pathology and dopaminergic neurons loss. (A) Representative images of p-α-syn pathology in the SN of 
SAMR1 and SAMP8 mice at 24 weeks after intranigral saline injection or PFF injection. Scale bar: 50 μm. Scatter plots presenting p-α-syn positive areas per mm2 in 
the SN for each group; SAMR1-saline (N = 8), SAMR1-PFF (N = 13), SAMP8-saline (N = 7), SAMP8-PFF (N = 10). Horizontal bars in graphs represent the mean 
values. P value was obtained using the nonparametric Mann-Whitney U test. (B) Representative images of immunostaining for TH and counterstaining with Nissl in 
the SN of SAMR1 and SAMP8 mice 24 weeks after intranigral PFF or saline injection. Scale bar: 200 μm. Scatter plots indicating TH positive cell counts per mm2 in 
the SN for each group; SAMR1-saline (N = 8), SAMR1-PFF (N = 13), SAMP8-saline (N = 7), SAMP8-PFF (N = 10). Horizontal bars in graphs represent the mean 
values. P values were obtained using Tukey’s multiple comparison test. (C) Western blot analysis of TH obtained from the saline- or the PFF-injected side of SN in 
each group. β-actin is used as a loading control. Scatter plots of quantification of TH/β-actin in each group (N = 6). Horizontal bars in a graph represent mean values. 
(D) Table generated from the mean values of scatter plots in each group indicating the ratio of reduction of TH protein induced by PFF injection. P values were 
obtained using Tukey’s multiple comparison test. α-syn, α-synuclein; p-α-syn, phosphorylated α-synuclein; SN, substantia nigra; PFF, α-synuclein preformed fibrils; 
SAMR1, senescence-accelerated resistant 1; SAMP8, senescence-accelerated prone 8.
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3.5. CCL21-and Iba1-positive cells increased in PFF-injected SAMP8 mice

To validate our RNA sequencing result, we stained for CCL21 and 
analyzed the ratio of CCL21-positive Iba1-positive cells (microglia) and 
GFAP-positive cells (astrocyte) because CCL21 is an inflammatory 
cytokine present in glial cells and CCL21 showed the highest upregula-
tion among altered genes (Fig. 3C). The ratio of CCL21-positive micro-
glia did not increase in the SN of SAMR1 mice in response to PFF 

injection (Fig. 4A and C). On the other hand, the ratio of CCL21-positive 
microglia significantly increased in the SN of SAMP8 mice with PFF 
injection (p < 0.0001). Comparing PFF-injected SAMR1 and SAMP8 
mice, CCL21-positive microglia were significantly increased in SAMP8 
mice (p < 0.0001). The ratio of CCL21-positive astrocyte did not in-
crease in the SN of SAMR1 and SAMP8 mice in response to PFF injection 
(Fig. 4B and D). However, when we compared PFF-injected SAMR1 and 
SAMP8 mice, we observed a significant increase in CCL21-positive 

Fig. 2. PFF injection induces a higher level of neuroinflammation in 32-week-old SAMP8 mice. (A) Representative images of Iba1 staining of the SN in each group. 
Scale bar: 50 μm. Scatter plots indicating Iba1 positive cell counts per mm2 in the SN in each group; SAMR1-saline (N = 8), SAMR1-PFF (N = 13), SAMP8-saline (N =
7), SAMP8-PFF (N = 10). The horizontal bars in graphs represent the mean values. P values are obtained using Tukey’s multiple comparison test. (B) Western blot 
analysis of Iba1 expression in the saline- or the PFF-injected side of the SN for each group (N = 6). β-actin was used as a loading control. Scatter plots depicting Iba1/ 
β-actin quantification in each group. The horizontal bars represent the mean values. (C) Table generated from the mean values of scatter plots in each group 
indicating the ratio of increase of Iba1 protein induced by PFF injection in SAMR1 and SAMP8 mice. P values are obtained by Tukey’s multiple comparison test. SN, 
substantia nigra; PFF, α-synuclein preformed fibrils; SAMR1, senescence-accelerated resistant 1; SAMP8, senescence-accelerated prone 8.

Fig. 3. RNA-seq analysis of the SN gene expression changes in 20-week-old SAMP8 (N = 4) and SAMR1 (N = 4) mice. (A) Volcano plot depicting differentially 
expressed genes (DEGs) between the SAMP8 and SAMR1 mice in the PFF-injected side. (B) Volcano plot showing DEGs between the SAMP8 and SAMR1 mice in the 
non-injected side. (C, D) Volcano plot and table showing significantly upregulated genes on the PFF-injected side excluding DEGs identified in the analysis of the non- 
injected side. SN, substantia nigra; PFF, α-synuclein preformed fibrils; SAMR1, senescence-accelerated resistant 1; SAMP8, senescence-accelerated prone 8.
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astrocytes in SAMP8 mice (p = 0.0004).
We also evaluated IRF7 expression, as IRF7 is another inflammatory 

cytokine identified by RNA sequencing analysis (Fig. 3C). IRF7 signal 
was only slightly detected in Iba1-positive cells of SAMP8 mice. In 
contrast, we observed a substantial IRF7 signal in the GFAP-positive 
cells of the SAMP8 mice (Supplementary Fig. 2).

4. Discussion

In this study, we found that injecting PFF into the SN of SAMP8 mice 
results in robust p-α-syn pathology and more pronounced dopaminergic 
neurodegeneration than in SAMR1 mice. We further observed an 
increased number of Iba1-positive cells and levels of the inflammatory 
chemokine CCL21 in PFF-injected SAMP8 mice. These results suggest 
that accelerated senescence could exacerbate α-synuclein pathology, 
and one of the underlying mechanisms is accelerated senescence- 
mediated enhanced glial activation and cytokine-related pathways.

The present study demonstrated that PFF-induced p-α-syn positive 
Lewy pathology was more pronounced in SAMP8 mice, which are 
senescence-accelerated mice (Fig. 1A). Given that duplication of normal 
α-syn is known to cause PD, it is possible that changes in α-syn expres-
sion may have influenced the differential spread of the p-α-syn positive 
Lewy pathology shown in Fig. 1 (Chartier-Harlin M.C. et al., 2004). 
However, previous reports have indicated that α-syn expression was not 
significantly different between SAMP8 and SAMR1 mice at 2, 5, and 10 
months of age, respectively (Kim H.S. et al., 2017). Therefore, it can be 
concluded that the present p-α-syn positive Lewy pathology results are 
not due to differences in α-syn expression. These results align with 
previous findings using a PFF-injected PD model in aged and young 
wild-type rats, demonstrating that aging promotes pathological p-α-syn 
propagation (Van den Berge et al., 2021). Regarding the PFF 
injection-induced dopaminergic neurodegeneration in the SN, SAMP8 
mice exhibited a more advanced state than SAMR1 mice (Fig. 1B). 
Histological analysis showed a significant decrease in the number of 
TH-positive cells in PFF-injected SAMP8 mice; however, biochemical 

analysis did not show a significant reduction in TH protein levels 
(Fig. 1C and D). This discrepancy may be attributed to the differences in 
the analyzed samples: Western blot assay included not only the SN but 
also surrounding midbrain regions, which may result in decreased 
sensitivity to changes in TH protein levels. Nevertheless, our study 
revealed that accelerated senescence promotes pathological α-syn 
propagation and loss of dopaminergic neurons. Senescence causes bio-
logical events such as lysosomal dysfunction, increased oxidative stress, 
and chronic neuroinflammation, affecting protein folding 
(Saez-Atienzar and Masliah, 2020; Guerrero et al., 2021). As reported in 
previous studies, SAMP8 mice exhibit mitochondrial membrane rigidity, 
age-related autophagy-lysosomal alterations (García et al., 2011), and 
neuropathological changes, including amyloid-β deposition and 
elevated levels of hyperphosphorylated tau (Orejana et al., 2015; Li 
et al., 2023). Taken together, these senescence-related biological events 
in SAMP8 mice may contribute to the exacerbation of α-synucleinopathy 
and neurodegeneration.

Our study demonstrated a higher number of Iba1-positive cells in the 
PFF-injected SN in SAMP8 mice than in SAMR1 mice (Fig. 2A). Micro-
glia are necessary for normal brain function; however, over-activated 
microglia cause severe neurotoxicity and neuroinflammation (Graeber 
and Streit, 2010). Neuroinflammation plays a significant role in 
senescence-associated central nervous system degeneration such as in 
PD (Hirsch and Hunot, 2009). Various studies using animal models of PD 
and postmortem examination of the brains of patients with PD have 
confirmed a significant association between microglial activation and 
dopaminergic neurodegeneration (Ouchi et al., 2005; Koprich et al., 
2008). Furthermore, Gordon and colleagues reported that activation of 
the microglial inflammasome could drive α-syn propagation in 
PFF-injected mouse models (Gordon et al., 2018). Therefore, increased 
Iba1-positive microglia in PFF-injected SAMP8 mice may contribute to 
the exacerbated α-syn pathology and neuronal death observed in our 
study. SAMP8 mice are known to exhibit various aging-dependent 
neuroinflammation features, such as an increase in protein aggregates, 
the presence of Iba1-positive clusters, and an increase in the production 

Fig. 4. Increased CCL21 signals in glial cells from 32-week-old SAMP8 mice injected with PFF. (A) Representative images of Iba1 and CCL21 double immunoflu-
orescent staining in the injected side of the SN for each group. (red: Iba1, green: CCL21, blue: DAPI). (B) Representative images of GFAP and CCL21 double 
immunofluorescent staining in the injected side of the SN for each group. (red: GFAP, green: CCL21, blue: DAPI). (C) Scatter plots indicating the ratio of Iba1 positive 
area with CCL21 signal in Iba1 positive area in the SN in each group; SAMR1-saline (N = 6), SAMR1-PFF (N = 8), SAMP8-saline (N = 5), SAMP8-PFF (N = 7). The 
horizontal bars in graphs represent the mean values (SAMR1-saline, 4.85 %; SAMR1-PFF, 7.01 %; SAMP8-saline, 10.26 %; SAMP8-PFF, 21.27 %). P values are 
obtained using Tukey’s multiple comparison test. (D) Scatter plots indicating the ration of GFAP positive- and CCL21-positive areas in GFAP positive areas in the SN 
in each group; SAMR1-saline (N = 6), SAMR1-PFF (N = 8), SAMP8-saline (N = 5), SAMP8-PFF (N = 7). The horizontal bars in graphs represent the mean values 
(SAMR1-saline, 0.22 %; SAMR1-PFF, 0.31 %; SAMP8-saline, 2.21 %; SAMP8-PFF, 3.31%). P values are obtained using Tukey’s multiple comparison test. Scale bars: 
20 μm. SN, substantia nigra; PFF, α-synuclein preformed fibrils; SAMR1, senescence-accelerated resistant 1; SAMP8, senescence-accelerated prone 8; DAPI, 4′,6- 
diamidino-2-phenylindole. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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of pro-inflammatory cytokines such as IL-1β (Fernández et al., 2021). 
Observations from 3 to 9 months of age showed that plasma levels of 
TNFα and IL-6 were significantly elevated in SAMP8 mice compared to 
SAMR1 mice. Similarly, there was a significant increase in astrocytosis 
in the cerebral cortex and microgliosis in the brainstem of SAMP8 mice, 
whereas comparable changes were not observed in SAMR1 mice 
(Pačesová et al., 2022). In a previous study, aged SAMP8 mice treated 
with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) exhibited 
more significant reductions in the number of dopaminergic neurons than 
young SAMP8 mice, as evidenced by an increase in microglial activation 
(Liu et al., 2010). The level of Iba1 protein that increases in response to 
PFF injections is significantly higher in SAMP8 mice than in SAMR1 
mice (Fig. 2B and C). We consider these results to be consistent with 
previous findings suggesting that SAMP8 mice are more prone to neu-
roinflammation induced by PFF injections than SAMR1 mice. Taken 
together, the disruption of glial-mediated neuroinflammation with 
aging in SAMP8 mice, observed over 24 weeks after PFF injection, could 
result in exacerbated PD pathology.

To gain further insight into the molecular basis underlying exacer-
bated PD pathology in PFF-injected SAMP8 mice, we conducted a gene 
expression analysis. RNA sequencing revealed that various 
inflammation-related genes were upregulated in response to PFF injec-
tion in SAMP8 mice compared to those in SAMR1 mice (Fig. 3C and D). 
Among them was CCL21, a chemokine that plays an important role in 
brain damage by activating microglia. Previous studies have suggested 
that damaged neurons secrete CCL21 into the ischemic core after brain 
ischemia and injured spinal cord, leading to microglial activation 
through CXCR3 (Biber et al., 2001, 2007; De Jong et al., 2005; Zhao 
et al., 2007). In SAMP8 mice, the number of CCL21-positive microglia is 
increased by PFF injections. However, in SAMR1 mice, we could not 
observe any such changes regarding CCL21-positive microglia. (Fig. 4). 
Therefore, accelerated senescence can promote microglia activation via 
the CCL21-related pathway. We observed an increase in astrocytes 
considered to be reactive astrocytosis with PFF injection in both SAMP8 
and SAMR1 mice, but the difference was not statistically significant. The 
injection of PFF did not raise the ratio of CCL21-positive astrocytes in 
both mice compared to each saline-injected group. The precise reason 
for this remains unclear, but it may be because the timing of the eval-
uation was delayed, occurring six months after the PFF injection. In a 
comparison of each PFF-injected groups, the ratio of increased 
CCL21-positive microglia and CCL21-positive astrocytes is higher in 
SAMP8 mice than in SAMR1 mice (Fig. 4C and D). This finding aligns 
with the RNA sequencing results (Fig. 3). Several studies have reported 
that CCL21 is expressed in microglia, while others have noted CCR7, the 
receptor for CCL21, expressed in astrocytes (Geraldo et al., 2023; 
Gomez-Nicola et al., 2010). Our results indicate CCL21 signaling over-
laps with astrocytes, but further investigation is necessary to elucidate 
the details. Although it also remains unclear how CCL21 can enhance 
dopaminergic neurotoxicity in PFF-injected PD models, our result 
highlights the importance of CCL21 and related pathways in senescence 
and α-synucleinopathy. IRF7, the product of another gene upregulated 
by PFF in SAMP8 mice, is a transcription factor involved in immune 
responses and has been implicated in neuroinflammation. Through 
transcriptome sequencing, Li et al. demonstrated that IRF7 plays an 
important role in PD pathology and identified it as a key protein in 
protein-protein interactions in a rat model of PD (Li et al., 2019). Based 
on these previous reports, IRF7 activation could contribute to α-synu-
cleinopathy by activating neurotoxic microglia. However, in this study, 
we could not confirm the IRF7 activation in microglia following PFF 
injection or accelerated senescence (Supplementary Fig. 2A). Tanaka 
et al. reported an increased expression of IRF7 during the M1-like 
microglial polarization switch, promoting neuroinflammation (Tanaka 
et al., 2015). IRF7 activation likely occurs at an early stage of neuro-
inflammation or shortly after PFF injection. Interestingly, we observed 
IRF7 activation in astrocytes in SAMP8 mice, with further enhancement 
by PFF injection (Supplementary Fig. 2B). The mechanism behind this 

activation remains unknown, but accelerated senescence may disrupt 
the IRF7 signal pathway, which may be more responsive to α-synu-
cleinopathy, resulting in further exacerbation of neuroinflammation. 
HCAR2, also known as GPR109A, is a G-protein-coupled 
anti-inflammatory receptor. The anti-inflammatory effects of HCAR2 
have been observed in a rat model of PD, and increased expression of 
HCAR2 has been found in the blood and the SN of patients with PD 
(Wakade et al., 2014; Fu et al., 2015), suggesting that SAMP8 micein-
jected with PFF may exhibit the GPR109A overexpression. However, the 
GPR109A-mediated signaling pathway may be dysfunctional owing to 
impaired anti-inflammatory systems. In conclusion, the upregulation of 
these specific genes in PFF-injected SAMP8 mice may be linked to PD. 
Furthermore, given the association of these genes with 
inflammation-related processes, it can be inferred that accelerated 
senescence triggers neuroinflammation, thereby exacerbating the pro-
gression of PD through multiple pathways.

The present study has certain limitations regarding strains of mice 
used in experiments. Since the results of this study on dopaminergic 
neurodegeneration in SAMR1 mice were similar to our previous study on 
wild-type mice injected with PFF (Hayakawa et al., 2020), we hypoth-
esize that the results in SAMP8 mice are due to accelerated senescence. 
Nevertheless, the absence of wild-type mice as a control group indicates 
that SAMR1 mice may have demonstrated a more pronounced protective 
effect against synucleinopathy than SAMP8 mice. Regarding RNA 
sequencing, it also remains possible that inflammation on the 
PFF-injected side may have spilled over to the contralateral side, or that 
ectopic transmission of PFF to the contralateral side via spinal fluid 
occurred, which may have affected the data for RNA sequencing. These 
points need to be further verified in the future.

5. Conclusion

This study demonstrated that PFF injection-induced PD pathology 
was more severe in SAMP8 mice than in SAMR1 mice. Accelerated 
senescence can promote α-synucleinopathy, progressive degeneration of 
dopaminergic neurons, and aberrant neuroinflammation. Furthermore, 
the PFF-injected SAMP8 mouse model was shown to be valuable to 
improve our understanding and control of the senescence process, 
potentially offering new pathways to control the progression of PD.
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