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A B S T R A C T   

Aging causes psychological dysfunction and neurodegeneration, and can lead to cognitive impairments. 
Although numerous studies have reported that neurodegeneration and subsequent cognitive impairments are 
involved in neuroinflammation, relationship between psychological disturbance and neuroinflammation with 
aging (neuroinflammaging) remains unclear. Here, to clarify the relationship, we examined whether neuroin
flammaging affects emotional behaviors in senescence-accelerated mouse prone 8 (SAMP8) mice. Microglial 
inflammatory responses to a subsequent lipopolysaccharide (LPS) challenge were significantly enhanced in male 
SAMP8 mice relative to normal aging senescence-accelerated mouse resistant 1 (SAMR1) mice at 17 weeks, but 
not 8 weeks of age. LPS injection also significantly increased brain and systemic inflammation in SAMP8 mice at 
17 weeks. In a battery of behavioral tests, SAMP8 mice at 17 weeks, but not 8 weeks, exhibited anxiety- and 
depression-like behaviors and circadian rhythm disruption. Taken together, SAMP8 mice at 17 weeks possess a 
brain microenvironment in which it is easier to trigger neuroinflammatory priming; this may lead to an emer
gence of anxiety- and depression-like behaviors and circadian rhythm disruption. These findings provide new 
insights into the temporal relationship between neuroinflammaging and emotion.   

1. Introduction 

Senescence is driven by cellular and molecular levels of damage 
such as telomere erosion, deoxyribonucleic acid (DNA) damage, epi
genetic dysregulation, and mitochondrial dysfunction with aging 
(Lopez-Otin et al., 2013). Thus, aging and senescence are well docu
mented as risk factors for anorexia (Landi et al., 2016); cancer (de 
Magalhaes, 2013); diabetes (Gunasekaran and Gannon, 2011); osteo
porosis (Zanker and Duque, 2019); cardiovascular disease 
(Papaconstantinou, 2019); chronic kidney disease (Salimi et al., 2018); 
neurodegenerative diseases including dementia, Alzheimer's Disease, 
and Parkinson's Disease (Gambino et al., 2019); mood disorders in
cluding depression (Alexopoulos, 2019); and sarcopenia (Dalle et al., 
2017). These illnesses are deeply associated with systemic chronic in
flammation with aging (Furman et al., 2019), which is called “inflamm- 

aging” (Franceschi et al., 2000). Accumulating evidence has also shown 
that neuroinflammation, indicating low-grade and sterile inflammation 
in the brain, during aging, named neuroinflammaging (Di Benedetto 
et al., 2017), plays an important role in neurodegenerative diseases 
(Pizza et al., 2011). Recently, it was noted that neuroinflammation is 
closely linked to the pathology of emotional disorders such as depres
sion (Woelfer et al., 2019; Yirmiya et al., 2015). However, the re
lationship between emotional disorders and neuroinflammaging re
mains poorly understood. 

Senescence-accelerated mouse (SAM) strains originally established 
from AKR/J mice having phenotypic variations of accelerated aging 
(Takeda et al., 1981) have been well utilized in the field of neuroin
flammation. SAM strains are composed of 2 substrains: SAM prone 
(SAMP) with a shorter life span (Carter et al., 2005) and SAM resistant 
(SAMR) with normal aging (Takeda et al., 1997). Among the SAMP 

https://doi.org/10.1016/j.exger.2020.111109 
Received 17 February 2020; Received in revised form 27 September 2020; Accepted 1 October 2020    

⁎ Corresponding author at: Department of Clinical Research, Oriental Medicine Research Center, Kitasato University, 5-9-1 Shirokane, Minato-ku, Tokyo 108-8642, 
Japan. 

E-mail address: ito-n@insti.kitasato-u.ac (N. Ito). 
1 Present address: Faculty of Pharmaceutical Sciences, Toho University, Funabashi, Chiba 274–8510, Japan. 

Experimental Gerontology 142 (2020) 111109

Available online 16 October 2020
0531-5565/ © 2020 Published by Elsevier Inc.

T

http://www.sciencedirect.com/science/journal/05315565
https://www.elsevier.com/locate/expgero
https://doi.org/10.1016/j.exger.2020.111109
https://doi.org/10.1016/j.exger.2020.111109
mailto:ito-n@insti.kitasato-u.ac
https://doi.org/10.1016/j.exger.2020.111109
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exger.2020.111109&domain=pdf


substrain, SAMP8 mice exhibit age-related impairments in cognitive 
function (Markowska et al., 1998), emotion (Chen et al., 2007; Meeker 
et al., 2013), and circadian rhythm (Pang et al., 2006; Sanchez-Barcelo 
et al., 1997; Yanai and Endo, 2016). Neurobiological and neurochem
ical studies have also found that SAMP8 mice show increased oxidative 
stress (Puigoriol-Illamola et al., 2018; Smith et al., 2013), impaired 
mitochondrial function (Tomobe and Nomura, 2009), amyloid β de
position (Chen et al., 2018; Del Valle et al., 2010), epigenetic altera
tions (Cosin-Tomas et al., 2014; Grinan-Ferre et al., 2018), and neu
roinflammation (Grinan-Ferre et al., 2016; Jiang et al., 2018). Notably, 
numerous studies have demonstrated a close link between their neu
robiological abnormalities, including neuroinflammaging, and cogni
tive decline in SAMP8 mice at older ages (Diaz-Perdigon et al., 2020;  
Dong et al., 2018; Jiang et al., 2014; Lin et al., 2014; Yanai et al., 2017;  
Zhang et al., 2013). However, it remains largely unclear whether 
neuroinflammaging can affect emotional impairments including de
pression and anxiety, although some evidence signifies that SAMP8 
mice have depression- (Perez-Caceres et al., 2013; Yanai and Endo, 
2016) and anxiety-like phenotypes (Chen et al., 2007; Meeker et al., 
2013). 

In the present study, SAMP8 mice and SAMR1 mice, as a normal 
aging control strain, were used to examine a potential link between 
neuroinflammaging and emotional disturbances with aging. 

2. Materials and methods 

2.1. Animals 

Six-week-old male SAMP8 and SAMR1 mice were purchased from 
Japan SLC (Hamamatsu, Japan) and allowed to acclimate for at least 
1 week after arrival. Mice were housed in a vivarium maintained at a 
constant temperature (23  ±  2 °C), humidity (55  ±  10%) and a 12-h 
light/dark cycle (lights on at 08:00) with access to food (CE-2, CLEA 
Japan, Inc., Tokyo, Japan) and water ad libitum. All cages 
(22.5 × 33.8 × 14 cm, CLEA Japan, Inc.) were provided with wood 
bedding material (Japan Laboratory Animals, Inc., Tokyo, Japan). All 
animal experiments were approved by the Institutional Animal Care 
and Use Committee of Kitasato University and were performed in ac
cordance with the Guidelines for the Care and Use of Laboratory 
Animals of Kitasato University and the National Research Council 
Guide for the Care and Use of Laboratory Animals in Japan. Every effort 
was made to minimize the number of animals used and their suffering. 

2.2. Microglia isolation 

Microglia were isolated from the whole mouse brain, except the 
cerebellum, as described previously (Ito et al., 2017; Lee and Tansey, 
2013; Singh et al., 2014) with some modifications. For western blot 
analyses, the cell suspension was centrifuged at 3000 ×g for 10 min at 
4 °C and the cell pellet was stored at −80 °C until the analysis. For cell 
cultures, the harvested cells were counted using a handheld automated 
cell counter (Scepter 2.0; Merck Millipore, Billerica, MA, USA). 

2.3. Ex vivo microglial stimulation assay with lipopolysaccharide 

Microglia were plated at a density of 5 × 104 cells/well in 96-well 
plates, kept in a 5% CO2 incubator at 37 °C for 30 min, then stimulated 
with phosphate-buffered saline (PBS) or Escherichia coli lipopoly
saccharide (LPS, serotype O111:B4, 0.1 μg/ml; Sigma, St. Louis, MO) 
for 18 h at 37 °C and 5% CO2. Supernatants were collected and stored at 
−80 °C until the enzyme-linked immunosorbent assay (ELISA). The 
remaining cells were incubated with 10% Alamar blue (Thermo Fisher 
Scientific, Waltham, MA, USA) in DMEM/F12 for 2 h at 37 °C and 5% 
CO2; cell viability was measured using fluoroscopy with the Infinite 
M200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland; 
excitation and emission wavelength: 544 and 590 nm, respectively). 

2.4. Isolation of brain microvascular endothelial cells 

Primary brain microvascular endothelial cells (BMVECs) were iso
lated from SAMP8 mice aged 8 and 17 weeks as described previously 
(Banks et al., 2004; Navone et al., 2013; Watanabe et al., 2013) with 
some modifications. Briefly, following deep isoflurane inhalation to 
induce anesthesia, mice were decapitated and the whole brain, except 
the cerebellum, was readily extracted. Meninges from the brain were 
removed carefully with fine forceps on sterile filter paper (GE Health
care, Tokyo, Japan). Brains were chopped with fine scissors in ice-cold 
DMEM (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), 
then digested in a collagenase solution containing collagenase type II 
(200 U/ml, Worthington Biochemical Corporation) and DNase I (30 U/ 
ml, Sigma) at 37 °C for 30 min. The homogenate was centrifuged at 
1000 ×g for 20 min at 4 °C in DMEM containing 20% bovine serum 
albumin (FUJIFILM Wako Pure Chemical Corporation) to remove 
neurons and glial cells. 

The cell pellet was digested again in a solution containing col
lagenase/dispase (1 mg/ml, Roche Diagnostics, Tokyo, Japan) and 
DNase I (30 U/ml, Sigma) at 37 °C for 20 min. After centrifugation at 
700 ×g for 6 min at 4 °C, the cell pellet was resuspended gently in a 
small amount of DMEM. The cell suspension was added on the top layer 
of a 33% Percoll Plus gradient (GE Healthcare) and centrifuged at 
1000 ×g for 10 min at 4 °C. A white layer containing microvessel 
fragments (Fig. 3A) was carefully collected with a sterile long needle 
(22G × 70 mm, TERUMO Corporation, Tokyo, Japan) attached to a 
5 ml syringe (TERUMO Corporation) and centrifuged at 700 ×g for 
8 min at 4 °C. The purified microvascular endothelial cells were sus
pended gently in DMEM/F-12 (Sigma) culture medium supplemented 
with 20% FBS (Sigma), 1% insulin-transferrin‑sodium selenite media 
supplement (Sigma), 1 mM GlutaMax-I (Thermo Fisher Scientific), 
18.5 U/ml heparin (Sigma), 1.5 ng/ml fibroblast growth factor basic (R 
&D systems, Minneapolis, MN, USA), 1% penicillin/streptomycin 
(Sigma), 50 μg/ml gentamicin (Sigma), and 4 μg/ml puromycin 
(Sigma). 

BMVECs were seeded in 6-well plates coated with fibronectin 
(0.1 mg/ml, Sigma) and collagen type IV (0.1 mg/ml, Sigma), then in
cubated in a 5% CO2 incubator at 37 °C. The medium was changed to 
culture medium without puromycin every 3 days. At 10 days in vitro 
(DIV10), the medium was changed, then BMVECs were stimulated with 
PBS or LPS (serotype O111:B4, 0.01, 0.1, or 1 μg/ml, Sigma) for 24 h at 
37 °C and 5% CO2. On DIV11, BMVECs were collected by a cell scraper 
and stored at −80 °C until the western blot analysis. 

2.5. Sample collection 

After decapitation, brain, blood, and femoral muscle samples were 
readily collected. The brain was sliced into approximately 1-mm thick 
coronal sections on dry ice. Blood samples collected in tubes with K2- 
EDTA (BD, Franklin Lakes, NJ, USA) or Eppendorf tubes (Eppendorf 
AG, Hamburg, Germany) were centrifuged at 2000 ×g for 3 min or 
twice at 6000 rpm for 1 min at 4 °C for plasma or serum collection, 
respectively. The samples were stored at −80 °C until assayed. 

2.6. LPS injection 

Mice aged 17 weeks were injected with LPS (0.33 mg/kg) or saline. 
Intraperitoneal injections were performed at a volume of 10 ml/kg body 
weight. Twenty-four hours after injection, mice were decapitated, and 
brain and blood samples were collected. Brain coronal sections and 
serum were obtained in the same way as described above and stored at 
−80 °C until western blot analyses and ELISAs were performed. 

2.7. Western blot 

Samples (microglial cells, brain coronal sections [bregma −1.5 to 
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−2.5 mm], BMVECs, and femoral muscles) were sonicated in lysis 
buffer (CelLytic™ MT, Sigma) containing 1% (v/v) protease inhibitor 
cocktail (Sigma) on ice, centrifuged at 18,000 ×g for 10 min at 4 °C, 
and supernatants were collected. The lysate protein concentration was 
determined by a BCA protein assay kit (Pierce, Rockford, IL, USA). An 
equal amount of protein (2–3 μg for microglia and BMVECs; 10 μg for 
brain sections; 5 μg for femoral muscle samples) was loaded into 4–15% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 
Mini-PROTEAN TGX™ gel, Bio-Rad) and transferred to polyvinylidene 
difluoride (PVDF) membranes (Bio-Rad) using a Trans-Blot Turbo™ 
Transfer System (Bio-Rad). The membranes were incubated in blocking 
buffer (Blocking One solution, Nakalai Tesque, Kyoto, Japan) for 
30 min at room temperature (RT). Primary antibodies were diluted in 
Blocking One solution and membranes were incubated at RT or 4 °C on 
a shaker (Table S1). After rinsing in Tris buffered saline containing 
0.05% (v/v) Tween 20 (TBS-T, Bio-Rad), membranes were incubated 
with horseradish peroxidase (HRP)-linked anti-rabbit IgG (1:10,000, 
Cell Signaling Technology, Tokyo, Japan) or HRP-linked anti-goat IgG 
(1:10,000, Sigma) diluted in TBS-T for 1 h at RT. After rinsing in TBS-T, 
chemiluminescence was visualized with Clarity Western ECL Substrate 
or Clarity Max Western ECL Substrate (Bio-Rad) using a ChemiDoc™ 
Imaging System (ChemiDoc Touch, Bio-Rad). Band intensities were 
analyzed with ImageLab software (Ver. 6.0, Bio-Rad). 

2.8. ELISA 

Cytokine, steroid, and protein levels in samples were detected using 
a commercially available ELISA kit for interleukin 6 (IL-6) and IL-1β 
(BD OptEIA™ ELISA set, BD Biosciences, San Diego, CA, USA), tumor 
necrosis factor (TNF)-α, IL-4, and IL-10 (Mouse DuoSet ELISA, R&D 
systems), corticosterone (CORT, AssayMax™ ELISA kit, Assaypro, St. 
Charles, MO, USA), and troponin-I (Life Diagnostics, West Chester, 
USA) in accordance with the manufacturers' instructions. 

2.9. Behavioral tests 

Mice were transported to a habituation room and allowed to accli
mate to the room for approximately 1 h prior to behavioral testing. All 
behavioral tests were carried out between 12:00 and 17:00, except for 
24-h monitoring with nanotag. 

2.9.1. Open field test 
Mice were introduced into an opaque grey open field box 

(40 × 40 × 40 cm) and were allowed to explore freely for 300 s. Time 
spent in 3 areas (center, between, and periphery), frequency into the 
center, total distance moved, and total movement were recorded by a 
video tracking system (EthoVision 3.0; Noldus, Wageningen, 
Netherlands). 

2.9.2. Forced swim test 
The forced swim test (FST) was performed as previously described 

with some modifications (Krishnan et al., 2007). Mice were placed in
dividually into a 5-l beaker containing 4 l of tap water (23  ±  1 °C) for 
6 min. A mouse was considered immobile when it ceased struggling and 
remained floating motionless, only performing the movements neces
sary to keep its head above water. All behaviors were videotaped and 
the duration of immobility during the last 4 min of the FST was scored. 

2.9.3. Tail suspension test 
The tail suspension test (TST) was conducted as previously de

scribed with some modifications (Steru et al., 1985). Mice were sus
pended 50 cm above the floor by their tails, using experimental clips 
(Yamashitagiken, Tokushima, Japan), to a hook connected to a stainless 
steel bar for 6 min. The experimental clip was attached approximately 
1 cm from the tip of the tail. A mouse was considered immobile only 
when it ceased struggling and hung motionless. All behaviors were 

videotaped and the duration of immobility during the last 4 min of the 
TST was scored. 

2.9.4. Sucrose preference test 
The sucrose preference test (SPT) was carried out as previously 

described with some modifications (Liu et al., 2018). Mice were trained 
to adapt to the presentation of 2 bottles of water in their home cages for 
2 days. After adaptation, each mouse had free access to 2 bottles, one 
containing a 2% sucrose solution and the other containing water, with a 
counterbalance in its home cage from 17:00 to 9:00. Sucrose preference 
(SP) was calculated as follows: SP = [2% sucrose solution intake (ml)/ 
total fluid intake (ml)] x 100. 

2.9.5. Twenty-four-hour monitoring of locomotor activity and body 
temperature 

The locomotor activity of mice in their home cages and their body 
temperatures were simultaneously recorded by a Nanotag sensor (Kissei 
Comtec Co., Ltd., Nagano, Japan), an implantable three-axis accel
erometer and thermometer (weight, 2.6 g; 15 × 14.2 × 7.1 mm). The 
nanotag was intraperitoneally implanted in mice under inhalation an
esthesia. Mice were allowed to recover for at least 1 week. The loco
motor activity and body temperature of mice in their home cages were 
monitored from 8:00 for 24 h and the data were analyzed using the 
Nanotag viewer program (Kissei Comtec Co., Ltd.). 

2.10. Statistical analysis 

All data are presented as the mean  ±  the standard error of the 
mean (SEM) and analyzed using Prism 7 (GraphPad Software, San 
Diego, CA, USA). For comparisons between 2 groups, statistical ana
lyses were performed using an unpaired t-test. For comparisons be
tween 3 or more groups, statistical analysis was performed in experi
ments for BMVECs, LPS injection, and circadian rhythm using a two- 
way analysis of variance (ANOVA), followed by a Bonferroni's post hoc 
test. In all cases, differences were considered statistically significant at 
p  <  0.05. 

3. Results 

3.1. SAMP8 mice exhibit a brain environment toward neuroinflammatory 
priming 

Under basal culture conditions, there was no difference in IL-6 and 
IL-1β release into the isolated microglia between SAMR1 and SAMP8 
mice aged 8 and 17 weeks. However, IL-6 and IL-1β release from the 
microglia of SAMP8 mice at 17 weeks, but not 8 weeks, were sig
nificantly increased by the LPS challenge compared to that of SAMR1 
mice [Fig. 1A; IL-6, t (6) = 3.158, p = 0.0196; IL-1β, t (6) = 4.885, 
p = 0.0028]. Protein expression of nod-like receptor family, pyrin do
main-containing 3 (NLRP3, a proinflammatory marker) or arginase 1 
(Arg1, an anti-inflammatory marker) in microglia derived from the 
mouse brain at 17 weeks showed no difference between SAMR1 and 
SAMP8 mice (Fig. 1B and C), but N-type calcium ion channel α1B 
subunit (Cav2.2) expression was significantly increased in the microglia 
of SAMP8 mice relative to that of SAMR1 mice [Fig. 1B and C; Cav2.2/ 
GAPDH, t (6) = 3.734, p = 0.0097; Cav2.2/Iba1, t (6) = 4.272, 
p = 0.0052]. 

Under physiological conditions, expression levels of ionized calcium 
binding adaptor molecule 1 (Iba1, a marker for microglia) and NLRP3 
were significantly increased and decreased, respectively, in the brains 
of SAMP8 mice at 8 weeks relative to that of SAMR1 mice [Fig. 2, left; 
Iba1/glyceraldehyde 3-phosphate dehydrogenase (GAPDH), t 
(8) = 2.778, p = 0.024; NLRP3/Iba1, t (8) = 3.23, p = 0.0121]. At 
17 weeks, the expressions of Iba1, Arg1, and intercellular adhesion 
molecule-1 (ICAM-1, a marker for a cell adhesion molecule) were sig
nificantly increased in the brains of SAMP8 mice relative to SAMR1 
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mice [Fig. 2, right; Iba1/GAPDH, t (18) = 4.332, p = 0.0004; Arg1/ 
GAPDH, t (18) = 2.353, p = 0.0302; ICAM-1/GAPDH, t (18) = 4.236, 
p = 0.0005]. Moreover, zonula occludens-1 (ZO-1, a marker for tight 
junction) expression was significantly reduced in the brains of SAMP8 
mice relative to SAMR1 mice [Fig. 2, right; ZO-1/GAPDH, t 
(18) = 3.389, p = 0.0033]. 

In addition, no difference was found in brain cytokine levels be
tween SAMR1 and SAMP8 mice aged either at 8 or 17 weeks, except the 
TNF-α level in SAMP8 mice was significantly lower than that in 17- 
week-old SAMR1 mice [Fig. S1, t (16) = 2.781, p = 0.0134]. The cu
mulative CORT level in plasma was significantly higher in SAMP8 mice 
than in SAMR1 mice [Fig. S2; t (16) = 2.638, p = 0.0179]. BMVECs 
were isolated from the brains of SAMP8 at 8 or 17 weeks, cultured 

(Fig. 3B), and collected 24 h after an LPS challenge (0–1 ng/ml) for 
western blot analysis. The addition of LPS induced a dose-dependent 
increase in cell adhesion molecule expression including ICAM-1 and 
vascular cell adhesion molecule-1 (VCAM-1) [Fig. 3C, D; two-way 
ANOVA; ICAM-1; interaction, F(3,16) = 2.037, p = 0.1492; LPS treat
ment, F(3,16) = 77.3, p  <  0.0001; age, F(1,16) = 13.58, p = 0.002: 
VCAM-1; interaction, F(3,16) = 3.211, p = 0.0512; LPS treatment, F 
(3,16) = 17.6, p  <  0.0001; age, F(1,16) = 16.14, p = 0.001]. The ex
pression when stimulated with LPS (1 ng/ml) was also significantly 
greater at 17 weeks than 8 weeks (Fig. 3D; Bonferroni's post hoc test; 
ICAM-1, p  <  0.05; VCAM-1, p  <  0.05). A dose-dependent reduction in 
ZO-1 expression was observed in the cultured BMVECs from SAMP8 
mice aged 17 weeks, but not significantly [Fig. 3C, D; two-way ANOVA; 
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interaction, F(3,16) = 1.21, p = 0.3382; LPS treatment, F(3,16)  
= 0.3513, p = 0.7887; age, F(1,16) = 8.904, p = 0.0088]. BMVEC 
culture data derived from the SAMR1 mouse brain were not shown in 
this study, because SAMR1-isolated BMVECs were not able to be cul
tured under the same cultural conditions as BMVECs from SAMP8 mice. 

3.2. The neuroinflammation response to lipopolysaccharide is much greater 
in SAMP8 mice than in SAMR1 mice 

In the in vivo experiment, NLRP3 expression in the brains of LPS- 
injected SAMP8 mice was significantly increased compared to that in 
LPS-injected SAMR1 mice and saline-injected SAMP8 mice aged 
17 weeks [Fig. 4A; two-way ANOVA; interaction, F(1,12) = 16.26, 
p = 0.0017; treatment, F(1,12) = 39.23, p  <  0.0001; strain, F 
(1,12) = 23.49, p = 0.0004; Bonferroni's post hoc test, p  <  0.001]. An 
LPS injection had no effect on Arg1 expression in the brains of SAMR1 
or SAMP8 mice (Fig. 4B). LPS injections significantly increased Iba1 
expression in the brains of SAMR1 mice relative to saline-injected 
control [Fig. 4C; two-way ANOVA; interaction, F(1,12) = 0.9254, 
p = 0.3551; treatment, F(1,12) = 24.17, p = 0.0004; strain, F 
(1,12) = 4.369, p = 0.0586; Bonferroni's post hoc test, p  <  0.01]. A 
ratio of NLRP3 and Arg1 (a balance of pro- and anti-inflammatory 
phenotypes) significantly increased in LPS-injected SAMP8 mice com
pared to that in saline-injected controls [Fig. 4D; two-way ANOVA; 
interaction, F(1,12) = 1.793, p = 0.2054; treatment, F(1,12) = 12.86, 
p = 0.0037; strain, F(1,12) = 5.051, p = 0.0442; Bonferroni's post hoc 
test, p  <  0.05]. 

LPS injections significantly increased brain ICAM-1 expression in 
both SAMR1 and SAMP8 mice relative to saline-injected controls 
[Fig. 4E; two-way ANOVA; interaction, F(1,12) = 1.943, p = 0.1886; 
treatment, F(1,12) = 587.6, p  <  0.0001; strain, F(1,12) = 1.756, 
p = 0.2098; Bonferroni's post hoc test, p  <  0.001]. Brain VCAM-1 ex
pression was significantly increased in LPS-injected SAMR1 mice 
compared to that in saline-injected controls [Fig. 4F; two-way ANOVA; 

interaction, F(1,12) = 6.246, p = 0.028; treatment, F(1,12) = 7.688, 
p = 0.0169; strain, F(1,12) = 0.1127, p = 0.7429; Bonferroni's post hoc 
test, p  <  0.05]. There was no difference in brain ZO-1 expression be
tween SAMR1 and SAMP8 mice, but a two-way ANOVA revealed a 
significant reduction in ZO-1 expression by LPS injection [Fig. 4G; in
teraction, F(1,12) = 1.515, p = 0.242; treatment, F(1,12) = 7.37, 
p = 0.0188; strain, F(1,12) = 3.354, p = 0.092]. Contrary to the pro
tein expression data in the brain, there was no difference in brain cy
tokine levels between SAMR1 and SAMP8 mice despite the LPS injec
tion at 17 weeks, except that IL-4 levels in SAMR1 mice were 
significantly decreased compared to those in saline-injected controls 
[Fig. S3, two-way ANOVA; interaction, F(1,12) = 4.869, p = 0.0476; 
treatment, F(1,12) = 6.907, p = 0.0221; strain, F(1,12) = 0.753, 
p = 0.4025; Bonferroni's post hoc test, p  <  0.05]. Interestingly, LPS 
injection markedly increased the serum level of IL-6 in SAMP8 mice 
compared to that in SAMR1 mice [Fig. 4H; t (6) = 8.662, p  <  0.0001]. 
Serum IL-1β and TNF-α were not detected in the present experiments 
(data not shown). 

3.3. SAMP8 mice show anxiety- and depression-like behaviors with aging 

In the OFT under the high light condition (120–130 lx), time spent 
in the center and between, or in the periphery, was significantly de
creased or increased in SAMP8 mice relative to SAMR1 mice aged 
17 weeks, respectively [Fig. 5C; Center, t (24) = 3.561, p = 0.0016; 
between, t (24) = 6.118, p  <  0.0001; periphery, t (24) = 5.663, 
p  <  0.0001]. Moreover, a significant low frequency for entering the 
center area was found in SAMP8 mice relative to SAMR1 mice at 
17 weeks [Fig. 5C; t (24) = 2.143, p = 0.0424]. Movements were also 
significantly increased in SAMP8 mice relative to SAMR1 mice at 
17 weeks [Fig. 5C; t (24) = 3.633, p = 0.0013]. These results suggest 
that SAMP8 mice have high anxiety levels at 17 weeks, although no 
difference was found between SAMR1 and SAMP8 mice at 8 weeks. In 
addition, under the low light condition (30 lx), significant differences in 

Fig. 2. Altered protein expression related to neu
roinflammation, cell adhesion molecules, and tight 
junctions in the brains of SAMP8 mice. Brains were 
collected from SAMR1 and SAMP8 mice aged 8 and 
17 weeks, and then proteins were extracted from 
coronal brain sections. The relative levels of protein 
expression related to neuroinflammation, cell adhe
sion molecules, and tight junctions were examined 
by western blot and normalized to GAPDH, Iba1, or 
Arg1. Data are shown as the mean  ±  the SEM (8 w, 
n = 5; 17 w, n = 10). *p  <  0.05, **p  <  0.01, and 
***p  <  0.001. w, weeks of age. 
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time spent in and the frequency for entering the center that appeared 
under the high light condition were abolished between SAMR1 and 
SAMP8 mice at 17 weeks (Fig. S5), suggesting anxiety levels are likely 
to be attenuated under low light conditions in SAMP8 mice. 

In the FST and TST, SAMP8 mice had a significant increase in the 
total duration of immobility compared to SAMR1 mice at 17 weeks 

[Fig. 6A, B; FST, t (29) = 4.74, p  <  0.0001; TST, t (26) = 4.09, 
p = 0.0004]. In the SPT, the SP ratio was also significantly decreased in 
SAMP8 mice relative to SAMR1 mice at 17 weeks [Fig. 6C; t 
(14) = 3.207, p = 0.0063]. In contrast, there was no change in the 
immobility or SP between SAMR1 and SAMP8 mice at 8 weeks in either 
behavioral test. These results suggest that SAMP8 mice aged 17 weeks 
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show depression-like behaviors. 

3.4. SAMP8 mice exhibit a disrupted circadian rhythm with aging 

At 8 weeks old, the cumulative activity in the dark phase was sig
nificantly higher than that in the light phase in both SAMR1 and SAMP8 
mice [Fig. 7B, left; two-way ANOVA; interaction, F(1,66) = 23.6, 
p  <  0.0001; strain, F(1,66) = 2.973, p = 0.0893; light/dark, F 
(1,66) = 185, p  <  0.0001; Bonferroni's post hoc test, p  <  0.001]. In 
the dark phase, the cumulative activity in SAMR1 mice was sig
nificantly higher than that in SAMP8 mice (p  <  0.001). Likewise, the 
average body temperature in the dark phase was significantly higher 

than that in the light phase in both SAMR1 and SAMP8 mice [Fig. 7B, 
right; two-way ANOVA; interaction, F(1,66) = 6.642, p = 0.0122; 
strain, F(1,66) = 25.74, p  <  0.0001; light/dark, F(1,66) = 196.6, 
p  <  0.0001; Bonferroni's post hoc test, p  <  0.001]. In the light phase, 
the average body temperature in SAMR1 mice was significantly lower 
than that in SAMP8 mice (p  <  0.001). In contrast, no differences in 
cumulative activity or average body temperature in SAMP8 mice at 
17 weeks were found between light and dark phases, although SAMR1 
mice still had their significant differences [Fig. 7C; two-way ANOVA; 
interaction (activity), F(1,48) = 21.3, p  <  0.0001; strain (activity), F 
(1,48) = 0.6682, p  <  0.4177; light/dark (activity), F(1,48) = 20.58, 
p  <  0.0001; interaction (body temperature), F(1,48) = 28.36, 

Fig. 4. LPS injection enhances neuroinflammation in SAMP8 mice. Brains and blood were collected 24 h post LPS injection from 17-week-old SAMR1 and SAMP8 
mice. Proteins were extracted from coronal brain sections. The expression levels of proteins related to neuroinflammation (A–D), cell adhesion molecules (E, F), and a 
tight junction (G) were examined by western blot and normalized to GAPDH or Arg1. (H) The serum IL-6 level in 17-week-old SAMR1 and SAMP8 mice. Data are 
shown as the mean  ±  the SEM (n = 4). *p  <  0.05, **p  <  0.01, and ***p  <  0.001. 
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p  <  0.0001; strain (body temperature), F(1,48) = 3.14, p  <  0.0827; 
light/dark (body temperature), F(1,48) = 52.22, p  <  0.0001; Bonfer
roni's post hoc test, p  <  0.001]. Notably, in the light phase, the cu
mulative activity and average body temperature in SAMP8 mice were 
significantly higher than those in SAMR1 mice (p  <  0.001). These re
sults suggest a circadian rhythm disruption in SAMP8 mice at 17 weeks. 

4. Discussion 

In this study, we found for the first time that SAMP8 mice had a 
brain microenvironment prone to neuroinflammatory priming at a re
latively young age (17 weeks), but not 8 weeks (Fig. 8). It is plausible 
that this may lead to the emergence of anxiety- and depression-like 
behaviors and circadian rhythm disruption in SAMP8 mice. These 
findings highlight that neuroinflammatory priming, but not overt 
neuroinflammation, could underlie emotional disturbances in SAMP8 
mice with aging. 

Microglia, yolk-sac precursors-derived resident immune cells in the 
brain (Salter and Stevens, 2017), are key players for neuroinflamma
tion; their activation could be a determinant for the onset of depression. 
Similarly, astroglial activation is involved in neuroinflammation 
(Ahmad et al., 2019). A notable finding has been reported that micro
glial activation precedes induction of reactive astrocytes (Liddelow 
et al., 2017). Hence, this study focused on the role of microglia in 
neuroinflammation in SAMP8 mice. Inflammatory responses were ob
served in microglia from the brains of SAMP8 mice at 17 weeks, but not 
8 weeks, suggesting that microglial activation in response to LPS could 
be enhanced in SAMP8 mice with aging. This result is also likely to be 
consistent with previous findings showing that aged rodents sensitized 
microglial activation to ex vivo LPS challenges (Frank et al., 2010). On 
the other hand, under physiological conditions, no differences in the 
protein expression of proinflammatory (NLRP3) and anti-inflammatory 
(Arg1) factors were found in microglia isolated from the brains of 
SAMP8 mice aged 17 weeks. There was also no large difference in the 
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proportion of pro- and anti-inflammatory phenotypes (NLRP3/Arg1) 
and brain cytokine levels between SAMR1 and SAMP8 mice of the same 
age, although a significant increase in brain cytokine levels was found 
at 41 weeks (Fig. S4). These results suggest that obvious and intense 
neuroinflammation is not observed in the brains of SAMP8 mice at 
17 weeks. 

Interestingly, increased expression of Cav2.2, an N-type voltage- 
dependent calcium channel, was found in microglia isolated from the 
brains of SAMP8 mice at 17 weeks. Given a recent study showing that 
microglial Cav2.2 plays a critical role in neuroinflammaging (Huntula 
et al., 2019), it would imply that elevated Cav2.2 levels in microglia 
underlie age-related neuroinflammatory priming in SAMP8 mice. In 
addition, 17-week-old SAMP8 mice showed an increase and a decrease 
in brain ICAM-1 and ZO-1 expression, respectively. ICAM-1, a cell ad
hesion molecule known to participate in brain neuroinflammation, re
cruits peripherally derived monocytes to the brain (Sawicki et al., 
2015). ZO-1 is an endothelial tight junction protein expressed in mi
crovessels that constitute the blood-brain-barrier (BBB) and regulates 
its permeability in the brain (Nico et al., 1999). Diminished tight 
junctions also induces a leaky BBB that could, in turn, lead to brain 
neuroinflammation by the infiltration of peripheral immune cells and 
cytokines (Sil et al., 2016). These findings along with our results in
dicate that SAMP8 mice would exhibit a brain microenvironment in 
which it is easier to trigger neuroinflammation during aging. 

It has been reported that high levels of soluble ICAM-1, a circulating 
form of ICAM-1 in the blood and cerebrospinal fluid (Ramos et al., 
2014), was found in elderly patients with depression (Thomas et al., 
2007; van Agtmaal et al., 2017). This implies that soluble ICAM-1 is 
likely a biomarker candidate for late-life depression (Gregory et al., 
2019). Therefore, future studies on soluble ICAM-1 levels in SAMP8 
mice would be helpful to corroborate a link between neuroinflamma
tion and depression during aging. 

Furthermore, the present study using BMVEC cultures demonstrated 
LPS-induced enhancement of ICAM-1 and VCAM-1 expression, and LPS 
injection also showed an increase in pro-inflammatory states, as de
monstrated by the elevated NLRP3 expression and increased ratio of 
NLRP3/Arg1 in the brain of SAMP8 mice at 17 weeks. Notably, high 
levels of plasma CORT in SAMP8 mice at 17 weeks could lead to a state 
that facilitates neuroinflammation, as supported by several studies 
showing that prior CORT exposure enhances the neuroinflammatory 
response to subsequent immunological stimulants such as LPS (Kelly 
et al., 2018; Smyth et al., 2004). Therefore, these results implicate that 
the brain microenvironment of SAMP8 mice shows a state of neuroin
flammatory priming with aging, presumably through CORT effects. 
Intriguingly, significant elevation of serum IL-6 levels was found in LPS- 
injected SAMP8 mice, possibly suggesting that SAMP8 mice have a 
predisposition toward systemic inflammation as well as neuroin
flammaging. This may also lead to vulnerable tight junctions of the BBB 
in SAMP8 mice, as supported by a finding showing an association of 
systemic inflammation with a disrupted BBB during aging (Elahy et al., 
2015). 

A battery of behavioral tests showed anxiety- and depression-like 
behaviors and behavioral circadian rhythm disruptions in SAMP8 mice 
at 17 weeks, but not 8 weeks. These results are consistent with previous 
findings using SAMP8 mice at similar ages (Yanai and Endo, 2016). 
Notably, onset of these behavioral changes likely requires neuroin
flammatory priming, but does not require LPS challenges in SAMP8 
mice. Further studies are needed to clarify how the priming state of 
neuroinflammaging could indeed trigger the mental disturbances. 

It is of particular interest that the disrupted circadian rhythm of 
behavior and apathy as a depression-like behavior were already found 
in SAMP8 mice as early as 11 and 15 weeks of age, respectively (Fig. 
S6). It is well documented that the circadian rhythm is controlled by 
biological clock genes (Mohawk et al., 2012) and that its disruption is 
closely involved in the pathogenesis of psychiatric disorders including 
depression (Li et al., 2013; Vadnie and McClung, 2017) and aging 
(Nakamura et al., 2015; Tahara et al., 2017). Our preliminary data also 
suggest that there are some differences in the expression pattern of 
circadian clock genes between SAMR1 and SAMP8 mice as early as 
8 weeks of age (data not shown). From the present results, the disrup
tion of the behavioral circadian rhythm, presumably along with altered 
circadian clock gene expression, could precede the onset of depression- 

Fig. 6. SAMP8 mice exhibit depressive-like behaviors with aging. Depressive- 
like behaviors were examined by 3 different types of behavioral tests such as 
FST, TST, and SPT in SAMR1 and SAMP8 mice aged 8 and 17 weeks. The total 
duration of immobility during the last 4 min of the FST (A) or TST (B) for 6 min 
was scored. (C) The percentage of sucrose preference was assessed by the SPT. 
Data are shown as the mean  ±  the SEM [A (8 w, n = 8; 17 w, n = 15–16), B (8 
w, n = 8; 17 w, n = 14), C (8 w, n = 8; 17 w, n = 8)]. **p  <  0.01 and 
***p  <  0.001. w, weeks of age. 
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like behavior in SAMP8 mice, although it is not clear yet when neu
roinflammation and anxiety-like behaviors are induced. Clarification of 
these relationships would need further intense research. 

In addition, remarkable findings have been reported that the mi
croglial neuroinflammatory response is also controlled by intrinsic 
clock genes (Fonken et al., 2015; Nakazato et al., 2017) and that the 
diminished circadian rhythm in microglia contributes to neuroin
flammatory sensitization with aging (Fonken et al., 2016). These find
ings imply that neuroinflammaging in SAMP8 mice could be controlled 
by the microglial circadian clock. 

In conclusion, the present study demonstrates that SAMP8 mice 

have a brain microenvironment in which it is easier to cause neuroin
flammatory priming with aging. This could be also involved in beha
vioral deficits in emotion and circadian rhythms. These findings pro
vide new insights into features of young SAMP8 mice regarding a close 
link between neuroinflammaging and behavioral alterations. This 
would aid to delving deeper into the understanding of pathophysiolo
gical mechanisms underlying emotional disturbances during aging. 
These findings also show that young SAMP8 mice can serve as an an
imal model of a pre-symptomatic state (e.g., pre-frailty state) for 
emotional disorders with aging and neuroinflammaging, providing an 
avenue for the development of therapeutic and preventive approaches 

Fig. 7. The time course of locomotor activity and BT in home cages. (A) Representative actograms and changes in BT of SAMR1 and SAMP8 mice aged 17 weeks for 
2 days. The time between 8:00 and 20:00 and between 20:00 and 8:00 indicates the diurnal (light) and nocturnal (dark) phases, respectively. The cumulative activity 
and average BT in the light and dark phases of SAMR1 and SAMP8 mice aged 8 (B) and 17 (C) weeks. Data are shown as the mean  ±  SEM [B (SAMR1, n = 11; 
SAMP8, n = 24), C (SAMR1, n = 13; SAMP8, n = 13)]. **p  <  0.01 and ***p  <  0.001. w, weeks of age. 
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to overcome age-related disorders. 
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