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A B S T R A C T   

Sepsis-associated encephalopathy (SAE) increases not only morbidity and mortality but has been associated with 
long-lasting mental impairment after hospital discharge in septic patients. Recently, studies have shown that 
these mental impairments are caused by infection-induced neuroinflammation. However, the role of T cells in the 
pathogenesis of SAE and mental impairments remains unclear. Thus, in this study, we aimed to clarify how 
immune cells, especially T cells, influence the development and recovery of these disorders. In the cecal slurry 
(CS)-induced septic mouse model, we performed three different kinds of behavioral tests, open-field test, marble 
burying test, and forced swimming test, and observed anxiety-like behavior in septic mice. Additionally, 
increased interleukin (IL)-1β and IL-6 expression levels, and infiltration of neutrophils and T cells were examined 
in the brain of septic mice, 10 days after sepsis onset. Twenty days after sepsis onset, the septic mice could 
recover the number of astrocytes. At day 30, expression levels of IL-1β and tumor necrosis factor (TNF)-α 
returned to normal levels in the cerebral cortex of septic mice. Interestingly, resolution of neuroinflammation 
and alleviation of depression were delayed in septic mice treated with FTY720, which inhibits sphingosine-1- 
phosphate (S1P)-dependent lymphocyte egress from lymph nodes. On analyzing the brain T cells with or 
without FTY720 in septic mice, the FTY720 untreated mice presented increased regulatory T cells (Treg) and Th2 
cells in the brain, whereas the FTY720 treated mice demonstrated increased Th17 in the brain at day 30. 
Furthermore, in FTY720 treated septic mice, the number of astrocytes in the cerebral cortex remained reduced at 
day 30. These results suggest that infiltrated Treg and Th2 cells contribute to the attenuation SAE and alleviate 
SAE-induce mental disorder by resolving neuroinflammation in the chronic phase of sepsis.   

1. Introduction 

Sepsis, defined as a life-threatening condition associated with mul-
tiorgan dysfunction and attributed to the dysregulated innate immune 
response against pathogen infections by Sepsis-3 (Rhodes et al., 2017; 
Singer et al., 2016), remains a leading cause of death and disabilities in 
intensive care units. A recent estimation indicates that 48.9 million new 
sepsis and 11.0 million sepsis-related deaths occur worldwide annually 
(Rudd et al., 2020). Sepsis associated encephalopathy (SAE) is a diffuse 
central nervous system dysfunction during sepsis. As it affects over 70% 
of septic patients and is associated with increased mortality and poor 

outcomes, early recognition and suitable intervention of SAE are vital to 
ameliorating the mortality and morbidity observed in septic patients 
(Ren et al., 2020). However, the mechanisms of SAE pathogenesis 
remain unclear. 

Glial cells, consisting of microglia, astrocytes, and oligodendrocytes, 
maintain homeostasis and provide support and protection to neurons in 
the central nervous system (CNS) and peripheral nervous system. As the 
brain is the first organ experiencing challenges under septic conditions 
(Gofton and Young, 2012), these cells dynamically alter their function 
and morphology (Ren et al., 2020). Activation of microglia, also known 
as the “brain macrophage”, is strongly associated with the pathogenesis 
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of SAE, as well as mental and cognitive impairments. Michels and col-
leagues have shown that the administration of minocycline inhibits the 
activity of microglia and alleviates depression (Michels et al., 2015). 
Furthermore, the activation of astrocytes is detected in brain tissues as 
early as 4 h following sepsis (Hasegawa-Ishii et al., 2016), secreting 
multiple kinds of inflammatory mediators, including tumor necrosis 
factor (TNF)-α, interleukin (IL)-1β, and IL-6, and further facilitating the 
development of neuroinflammation and cognitive impairment (Bellaver 
et al., 2018; Shulyatnikova and Verkhratsky, 2020). Notably, a recent 
study has revealed that dysfunction of the microglia-astrocyte-synapse 
axis is a possible basis of depression, termed the quad-partite synapse 
theory (Schafer et al., 2013; Rial et al., 2016). Therefore, microglial and 
astrocytic alterations during sepsis have could play a critical role in the 
pathogenesis of SAE and the development of mental impairments (Ren 
et al., 2020). 

Conversely, data regarding how T cells infiltrate the brain and 
participate in the development of SAE, as well as SAE-induced mental 
impairment, remains scarce. Regulatory T cells (Treg) are one of the 
major subtypes of T cells, demonstrating potent anti-inflammatory ac-
tivity and mediating specialized functions in tissue remodeling (Panduro 
et al., 2016). During brain injury, Treg positively impacts the recovery of 
astrogliosis, potentiating neurological recovery in an experimental 
model of traumatic brain injury (TBI) mice (Ito et al., 2019). Thus, Treg 
could contribute to recovery from SAE and mental impairment, although 
relevant evidence is lacking (Ren et al., 2020). 

In this context, we hypothesized that, in the brain, infiltrated Treg 
may contribute to the attenuation of SAE and the alleviation of SAE- 
induced anxiety-like behavior. To confirm this hypothesis, we used a 
cecal slurry-induced septic mouse model. The purpose of the study was 
to clarify how T cells infiltrating the brain during sepsis influence the 
development and recovery of mental impairment in septic survivors. 

2. Materials and methods 

2.1. Antibodies 

All antibodies were purchased from BioLegend (San Diego, Califor-
nia, USA), and antibodies used, with relevant information, are summa-
rized in supplemental Table 1. Mouse Fc-blocker was purchased from 
Miltenyi Biotec (Bergisch Gladbach, Germany). 

2.2. Chemicals 

Phosphate buffered saline (PBS) and Hank’s buffered salt solution 
(HBSS) were purchased from Gibco (Carlsbad, CA, USA). Ammonium 
chloride, tris–hydroxymethyl aminomethane (Tris-HCl), dimethyl sulf-
oxide, and glycerol were purchased from Fujifilm Wako Pure Chemical 
Industries, Ltd (Osaka, Japan). Fingolimod (FTY720) was purchased 
from Cayman Chemical Co. (Ann Arbor, MI, USA). 4ʹ,6-Diamidino-2- 
phenylindole (DAPI) was purchased from Dojin-do Laboratories 
(Kumamoto, Japan), and the Tissue-Tek OCT compound was purchased 
from Sakura Fine Technical (Tokyo, Japan) for fluorescent immunohis-
tochemical (F-IHC) analysis. Bovine serum albumin (BSA) was pur-
chased from Nacarai Tesque (Kyoto, Japan). Histopaque-1119 and 
Percoll, used for isolation of peripheral blood cell and brain cells, were 
purchased from Sigma-Aldrich (MO, USA) and GE healthcare (Buck-
ingham, GB), respectively. Roswell Park Memorial Institute-1640 me-
dium (RPMI-1640) was purchased Sigma-Aldrich (MO, USA). To digest 
brain samples, DNase I was purchased from Roche (Indianapolis, IN, 
USA), and collagenase type D was purchased from Worthington (Lake-
wood, NJ, USA). 

2.3. Ethics 

All animal experiments were approved by the Committee on the 
Ethics of Animal Experiments of Kobe University Graduate School of 

Medicine (Permit Number: P180806-R1). All experiments were con-
ducted in accordance with the recommendations of the International 
Expert Consensus Initiative for Improvement of Animal Modeling in 
Sepsis (Osuchowski et al., 2018). 

2.4. Preparation of cecal slurry 

Mice were intraperitoneally (i.p.) injected a cecal slurry (CS) to 
induce polymicrobial sepsis (Starr et al., 2014; Owen et al., 2019), 
prepared as previously described (Saito et al., 2020). Briefly, male ICR 
mice (8 to 12-week-old) were sacrificed and whole ceca were harvested. 
The mouse cecum was nicked and ground on a 70-µm nylon mesh cell 
strainer (Falcon, Bedford, MA, USA). Then, 1 to 2 mL of sterile PBS was 
poured and filtered twice. The mixture was collected and centrifuged at 
11,000 rpm for 1 min. The supernatant was discarded, and the residue 
was suspended in filtered 15% glycerol, to attain a final concentration of 
500 mg/mL. The CS (400–500 µL) was transferred to cryogenic bio-
banking tubes (Greiner Bio-one, Kremsmüster, Austria) and stored at 
− 80 ◦C until use. 

2.5. Animals housing and study design 

All animal experiments were conducted at the Department of Labo-
ratory Animal Science at Kobe University. Male C57BL6J mice were 
obtained from CLEA Japan, Inc. (Tokyo, Japan), and housed in groups of 
3–5 per cage under specific pathogen-free conditions with a 12 h 
light–dark cycle. During the experiments, mice were provided access to 
food and water ad libitum. The mice allowed to acclimatize for a week 
before the initiation of test. Sample sizes are indicated in each figure 
legends. 

2.5.1. Experiment 1: Acute/subacute phase 
To investigate and observe whether the CS injection can induce 

anxiety-like behavior in mice, 10 to 12-week-old C57BL6J mice were 
randomly divided into two groups: 1) Control group (injected 15% 
glycerol-PBS) and 2) CS group (injected 1.0 mg/g body weight (BW) of 
CS). After one week of acclimatization, to induce sepsis, mice were 
injected with 15% glycerol-PBS or CS i.p., and three different behavioral 
tests were performed, marble burying test, open-field test, and forced 
swimming test, at day-6 or day-8 after the onset of sepsis (Fig. 1A). 

2.5.2. Experiment 2: Acute/subacute phase 
To investigate whether SAE severity is influenced by CS in a dose- 

dependent manner, three different concentrations of CS (0, 0.2, and 
1.0 mg/g BW) were injected i.p. Ten-week-old mice were randomly 
divided into three groups based on the concentration of CS injected: 1) 
Control group (15% glycerol-PBS); 2) CS-Low group (0.2 mg/g BW of CS 
i.p.); and 3) CS-High group (1.0 mg/g BW of CS i.p.). Then, 10 days after 
the onset of sepsis, the mice were sacrificed under anesthesia to analyze 
the immune cell distribution in the brain (Fig. 2A). 

2.5.3. Experiment 3: Chronic phase 
To determine the role of brain accumulated T cells in the develop-

ment of depression, the septic mice were administered FTY720 i.p. every 
two days. FTY720 is an antagonist of sphingosine 1-phosphate and in-
hibits lymphocyte egress from lymph nodes. Ten to twelve-week-old 
mice were randomly divided into three groups: 1) Control group (15% 
glycerol-PBS), 2) CS group (1.0 mg/g body weight of CS), ⋅3) CS + FTY 
group (1.0 mg/g BW of CS and FTY720 administered 150 µg/mouse 5 
days postinduction). Eighteen to twenty-one days after the onset of 
sepsis, the mice underwent three different behavioral tests (Fig. 4A). 
Thirty days after sepsis onset, the mice were sacrificed under general 
anesthesia using isoflurane (Pfizer, Japan, Inc., Tokyo, Japan) to analyze 
the distribution of immune cells in the brain (Fig. 5A). 
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Fig. 1. CS-induced septic mice exhibited severe anxiety-like behavior. In mice, sepsis was induced by intraperitoneally administering 1.0 mg/g body weight of cecal 
slurry (CS). Six to eight days after the induction of sepsis, three animal behavioral tests were performed in a silent and dimly lit room between 8:00 to 11:00 AM (A). 
Open field test (OFT) (B), marble-burying test (MBT) (C), forced swimming test (FST) (D). The data are expressed as the mean ± S.D (n = 10 per group). Mann- 
Whitney U test, * p < 0.05, **p < 0.01, vs. Control. 
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Fig. 2. Inflammation in the brain correlates with the severity of sepsis. To investigate the correlation between brain inflammation and sepsis severity, sepsis was 
induced by intraperitoneally administering 0.2 and 1.0 mg/g body weight of cecal slurry (CS). Ten days after the induction of sepsis, the mice were sacrificed and the 
distribution of the brain immune cells and inflammatory cytokines were evaluated (A). The number of neutrophils (B) and the mRNA levels of interleukin (IL)-1β and 
IL-6 (C) were measured in the cerebral cortex. The numbers of glial cells, microglia, astrocytes, and oligodendrocytes in the cerebral cortex and hippocampus (D). The 
data are expressed as the mean ± S.D (n = 4 per group). Tukey-Kramer test, * p < 0.05, **p < 0.01, vs. Control. # p < 0.05, ## p < 0.01, vs. CS-Low. 
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Fig. 3. Brain T cells increased in the septic mice. To investigate the correlation between brain inflammation and sepsis severity, sepsis was induced by intraperi-
toneally administering of 0.2 and 1.0 mg/g body weight of cecal slurry (CS) to mice. Ten days after the induction of sepsis, the mice were sacrificed and the dis-
tribution of brain T cells was evaluated. An increase in brain CD3+ T cells (green, white arrows) can be observed (A), and both CD4+ T cells and CD8+ T cells were 
measured in the cerebral cortex (B). Additionally, the distribution of splenic (C) and peripheral T cells were analyzed (D). The data are expressed as the mean ± S.D 
(n = 4 per group). Tukey-Kramer test, * p < 0.05, **p < 0.01, vs. Control. # p < 0.05, ## p < 0.01, vs. CS-Low. (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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Fig. 4. Delayed recovery of anxiety-like behavior in FTY720-treated septic mice. Mice were treated with 0.03% dimethyl sulfoxide-phosphate saline buffer (DMSO- 
PBS) or FTY720 on day 5 after the induction of sepsis and then administered every 2 days until day 30. Next, 18–22 days after the induction of sepsis, three animal 
behavioral tests were performed in a silent and dimly lit room between 8:00 to 11:00 AM (A). The mice underwent the OFT (B), MBT (C), and FST (D). The data are 
expressed as the mean ± S.D (Control; n = 6, CS; n = 8, CS + FTY; n = 8). Tukey-Kramer test, * p < 0.05, **p < 0.01, vs. Control. 

M. Saito et al.                                                                                                                                                                                                                                   



Brain Behavior and Immunity xxx (xxxx) xxx

7

2.6. Behavioral procedures 

To investigate anxiety-like behaviors in septic mice, we performed 
three different behavioral tests: marble burying test, open-field test, and 
the forced swimming test. These tests were performed between 8:00 to 
11:00 AM, in a silent and dimly lit room. 

2.6.1. Open-field test (OFT) 
OFT is one of the most frequently used animal behavior tests, 

employed to assess anxiety in rodents, including septic mice (Michels 
et al., 2015; Xu et al., 2019). The open field was 60 × 60 × 25 cm in size, 
divided into sixteen equal squares by lines. For the training session, mice 
were placed in the left corner of the apparatus and allowed to explore for 
10 min. After 30 min, the animals underwent a test session in the same 
open field. A video camera was placed approximately 250 cm above the 
center of the field and recorded the sessions. The following parameters 
were analyzed: locomotion (line crossing), wall-leaning and rearing 
(standing upright with or without touching the walls with the forepaws), 

Fig. 5. FTY720-treated septic mice present prolonged inflammation in the brain and plasma. Mice were treated with 0.03% DMSO-PBS or FTY720 on day 5 after the 
induction of sepsis and then administered every 2 days until day 30. Thirty days after the induction of sepsis, the mice were sacrificed and the distribution of the glial 
cells and inflammatory cytokine levels were evaluated (A). The mRNA levels of interleukin (IL)-1β and IL-6 (B) and the number of glial cells, microglia, astrocytes, 
and oligodendrocytes (C) were measured in the cerebral cortex. The data are expressed as the mean ± S.D (Control; n = 6, CS; n = 8, CS + FTY; n = 8). Tukey-Kramer 
test, * p < 0.05, **p < 0.01, vs. Control. # p < 0.05, ## p < 0.01, vs. CS. 
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stretching, immobility, and grooming. All test sessions were performed 
for 5 min. 

2.6.2. Marble burying test (MBT) 
MBT is often used to assess mice anxiety (Njung’e and Handley, 

1991; Elaine et al., 2007; Thomas et al., 2009), depression (Pandey et al. 
2009), and post-traumatic stress disorder (Kedia and Chattarji, 2014). A 
modified procedure based on Njung’e K and Handley SL was performed 
(Njung’e and Handley, 1991). For acclimatization, mice were individ-
ually placed in plastic cages (25 × 15 × 17 cm) for 30 min, and 12 glass 
marbles were placed on approximately 5 cm of bedding material. After 
30 min, the marble burying period was terminated by removing the 
mice, and the number of marbles covered by more than two-thirds with 
bedding material was counted. 

2.6.3. Forced swimming test (FST) 
FST was performed using a plastic bucket (diameter 25 cm and depth 

50 cm). The mice were individually placed into the bucket, filled with 
water to a height of approximately 40 cm. The protocol of FST was 
carried out following Aricioglu et al. and little modified. The experi-
mental trial consisted of two sessions: training and test sessions (Ari-
cioglu et al., 2020). During the training session, mice were gently placed 
in water (24 ± 2 ◦C) for 15-min. After 24 h, the test session was con-
ducted. In the test session, they were gently placed in the water again for 
6 min, and their activity was recorded during the last 5 min. The anxiety 
of mice was evaluated based on the total immobility time and latency to 
the first immobility. 

2.7. Flow cytometry analysis 

All samples were analyzed using FACS Verse (BD Biosciences, San 
Jose, CA, USA). The proportion of the designated cell fraction was 
determined by recording >30,000 events, and data files were analyzed 
using the FlowJo software (Tree Star, OR, USA). The gating strategy of 
cell distribution is described in supplemental Fig. 1. 

2.7.1. Blood 
Mice were anesthetized using isoflurane inhalation. Blood samples 

were drawn from the inferior vena cava into heparinized tubes using a 
23G needle (Terumo, Tokyo, Japan). Blood samples were diluted with 
0.1% BSA containing PBS (BSA/PBS) and layered on Histopaque 1119 to 
isolate the murine peripheral blood mononuclear cells (PBMCs). After 
centrifugation (at 2,000 rpm at room temperature for 20 min), the 
collected PBMCs were incubated at 37 ◦C for 10 min in a hemolysis 
buffer containing 139.5 mM NH4Cl and 1.7 mM Tris-HCl (pH 7.65). 
Following washing with 0.1% BSA/PBS, the separated murine PBMCs 
were incubated with Abs mixture for 20 min at 4 ◦C after treatment with 
mouse Fc-blocker (Miltenyi Biotec, Bergisch Gladbach, Germany) to 
block non-specific binding sites. Then, stained cells were analyzed using 
FACS Verse. 

2.7.2. Brain 
The methodology used to isolate brain cells was based on that 

described by Ito et al., with few modifications (Ito et al., 2019). Briefly, 
mice were sacrificed under anesthesia using isoflurane. Immediately 
thereafter, the brain was harvested, and the olfactory bulb, cerebellum, 
and hippocampus were isolated and removed. The brain was minced 
using a sterile syringe pump and passed through a 70-µm nylon mesh cell 
strainer (Falcon, Bedford, MA, USA). After centrifugation (at 1,500 rpm 
for 4 ◦C for 5 min), the supernatant was discarded, and the minced brain 
samples were enzymatically digested using 1.0 mg/mL collagenase D 
and 1.0 mg/mL DNase I in RPMI-1640 for 1 h at 37 ◦C. The digested 
brain samples were centrifuged (at 1,500 rpm for 4 ◦C for 5 min) and 
resuspended in 35% Percoll, diluted with HBSS, layered on 70% Percoll, 
and centrifuged at 2,000 rpm, at room temperature for 20 min. Then, the 
cells were collected from 35 to 70% of the interface. Following washing 

with 0.1% BSA/PBS, these samples were incubated with Abs mixture for 
20 min at 4 ◦C after treating with mouse Fc-blocker to block non-specific 
binding sites. The stained cells were then analyzed using FACS Verse. 

2.7.3. Spleen and other lymph nodes 
The harvested spleen and peripheral lymph nodes were minced and 

passed through a 70-µm nylon mesh cell strainer. After centrifugation at 
1,500 rpm for 5 min, the supernatant was discarded, and the minced 
samples were treated with a hemolysis buffer for 10 min at 37 ◦C. Then, 
to stop the reaction, approximately three times the volume of ice-cold 
0.1% BSA/PBS was added to the samples followed by incubation with 
mouse Fc-blocker for 10 min at 4 ◦C. Next, the samples were incubated 
with Abs mixture for 20 min at 4 ◦C and analyzed using FACS Verse. 

2.8. Cytometric bead array (CBA) 

In murine plasma, cytokine levels were analyzed using BDTM Cyto-
metric bead array (CBA) Mouse Flex Set (BD Biosciences, San Jose, CA, 
USA) according to the manufacturer’s protocol. Sample data were ac-
quired using FACS Verse, and the FCAP ArrayTM software v 3.0.1 (BD 
Bioscience, USA) was used to generate results. 

2.9. Analysis of gene expression by quantitative real-time PCR (qRT- 
PCR) 

RNA samples were extracted using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) from frozen tissues according to the manufacture’s 
protocol, reverse transcribed into complementary DNA (cDNA) using 
High-Capacity cDNA Reverse Transcription kit (Applied Biosciences, 
Foster City, CA, USA). Quantitative real-time PCR (qRT-PCR) was per-
formed using KOD SYBR qPCR Mix (Toyobo, Osaka, Japan) and specific 
primers (shown in Supplemental Table 2), with the Takara Thermal 
Cycler Dice Real-time System (Takara Bio Inc., Kusatsu, Japan), allow-
ing the real-time quantitative detection of the PCR product by measuring 
the increase in fluorescence caused by SYBER Green binding to double- 
strand DNA. The thermal cycling conditions composed an initial dena-
turation step at 95 ◦C for 30 s, and 40 cycles of 95 ◦C for 5 s and 60 ◦C for 
30 s. The detected levels of target mRNAs were calculated by the ΔΔCt 
method and normalized to Gapdh in arbitrary units. 

2.10. Fluorescent immunohistochemistry (F-IHC) 

For F-IHC analyses, mice brain samples were frozen in Tissue-Tek 
OCT compound (Sakura Fine Technical, Tokyo, Japan). A 10-µm sec-
tion was cut at − 20 ◦C using Leica CM 1950 cryomicrotome (Schweiz) 
and was mounted on a silane-coated glass slide (Matsunami Glass, 
Osaka, Japan). The sections were stored at − 80 ◦C until use. Mice brain 
T cells were detected using Alexa 488 conjugated anti-mouse CD3 
antibody. Briefly, after washing 3 times with 1% BSA/PBS, the speci-
mens were incubated in 37 ◦C for 1 h using 10% BSA/PBS for blocking, 
followed by overnight incubation at 4 ◦C with the antibody (1;500, 
diluted with 10% BSA/PBS). After washing 3 times with 1% BSA/PBS 
the specimens were then stained with 0.1 µg/mL DAPI (blue) for DNA 
staining, performed at room temperature for 20 min in the dark. Finally, 
specimens were imaged using a KEYENCE BZ-710 microscope (Keyence 
Corporation, Osaka, Japan). 

2.11. Colony-forming assay 

Twenty-four hours after injecting 15% glycerol or CS i.p. (Supple-
mental Fig. 2A), murine brains were harvested and washed with 0.2 µm 
filtered 0.1% BSA/PBS. The minced brains were sonicated with sterile 
ice-cold PBS on ice and centrifuged at 1,500 rpm for 5 min. Then, the 
supernatants were collected and 100 µL of the brain extract was sub-
jected to the colony formation assay on brain–heart infusion agar for 24 
h at 37 ◦C. 
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2.12. Statistical analysis 

Data are presented as mean ± SD. For comparison between the 
control and CS mice group, the Mann-Whitney U test was performed. 
The data were analyzed by one-way ANOVA followed by a Tukey- 
Kramer test to compare each group. A p-value of<0.05 was considered 
statistically significant. 

3. Results 

3.1. Brain-blood barrier was disrupted in CS injected mice after 24 h 

During the preliminary experiments, no mortality was observed 
following a 1.0 mg/g bodyweight CS injection (Supplemental Fig. 2A). 
Singer and colleagues have shown that gut-associated bacteria were 
detected in septic patients and mice (Singer et al., 2018). Thus, we first 
performed the colony-forming unit assay in the brain extract 24 h post- 
CS injection. As shown in Supplemental Fig. 2B, four to six colonies were 
detected in the brain extract obtained from CS-injected mice (described 
as white arrows), suggesting that the blood–brain barrier (BBB) was 
disrupted within 24 h. 

3.2. Septic mice presented increased anxiety-like behaviors during the 
acute/subacute phase 

First, we examined a cohort of animals in the OFT, MBT, and FST, 
commonly used to assess stress- and anxiety-like behaviors in mice, on 
day-6 or day-8 after the onset of sepsis (Fig. 1A). In the OFT, the time 
spent in the central area significantly decreased in the CS group when 
compared with the control group (Fig. 1B). Additionally, locomotor 
activity and the number of grooming, wall-leanings, and rearing were 
notably decreased in the CS group when compared with control mice 
(Fig. 1B). However, compared with control mice, a significant increase 
was observed in stretching and immobility in septic mice (Fig. 1B). Next, 
in the MBT, the number of buried glass marbles was significantly 
increased in the CS group when compared with control mice (Fig. 1C); 
nevertheless, the locomotor activity in OFT was significantly reduced in 
CS group mice when compared with control mice (Fig. 1B). Finally, in 
the FST, compared with control mice, the resting time was significantly 
increased in CS group mice (Fig. 1D). In the present study, we carried out 
these behavior tests in septic female mice, and they also exhibited 
exacerbation of anxiety-like behaviors (data not shown). These results 
suggest that the CS injection could induce severe anxiety-like behaviors 
in mice. 

3.3. CS-injection induced neuroinflammation and neutrophil infiltration 
in the brain of septic mice during the acute/subacute phase 

To determine whether an association exists between the severity of 
sepsis and the level of inflammation in the brain, we administered 
different concentrations of CS i.p. 

Notably, mouse body weight was significantly reduced in the CS 
groups in a dose-dependent manner (Supplemental Fig. 3A). Addition-
ally, in the CS injected groups, the absolute weight of the whole brain in 
mice was significantly reduced in a dose-dependent manner (Table 1). 

To investigate the cell distribution and inflammation in the brain of 
septic mice in the acute/subacute phase, the mice were sacrificed on day 
10 (Fig. 2A). In the brain, neutrophil infiltration represents a hallmark 
event in SAE during the acute phase (Andonegui et al., 2018); therefore, 
we analyzed the neutrophil infiltration in the brain. As we anticipated, 
infiltrated neutrophils were significantly increased in the cerebral cortex 
of septic mice in a CS-dose dependent manner (Fig. 2B). Consistently, IL- 
1β and IL-6 mRNA levels were substantially elevated in the cerebral 
cortex of septic mice (Fig. 2C). Collectively, these results indicate that 
the CS injection induces neuroinflammation in mice, and the sepsis 
severity correlates with the severity of SAE. 

3.4. CS-injection induced an increase in microglia and a decrease in 
astrocytes in mice during the acute/subacute phase 

As activated microglia trigger SAE and cognitive impairment 
(Michels et al., 2015; Xu et al., 2019), we examined the distribution of 
glial cells. In the cerebral cortex, the number of microglia significantly 
increased in the CS-High group when compared with control mice, 10 
days after sepsis induction (Fig. 2D). Conversely, in the cerebral cortex, 
the number of astrocytes tended to decrease in the CS-High group 
(Fig. 2D). Additionally, in the hippocampus, astrocytes tended to 
decrease (Fig. 2D). 

3.5. Brain T cell accumulation in septic mice during the acute/subacute 
phase 

Interestingly, we observed that lymphocytes accumulated in the 
cerebral cortex in CS-treated mice both of CS-Low and CS-High and F- 
IHC revealed that CD3+ T cells were accumulated 10 days after sepsis 
induction (Fig. 3A and 3B, described as white arrows). Moreover, in 
septic mice, FACS analysis revealed that both CD4+ and CD8+ T cells 
were markedly increased in the cerebral cortex in the septic mice 
(Fig. 3B). Furthermore, accumulated T cells in the brain of septic mice 
were predominantly naive T cells, rather than effector memory T cells 
(Supplemental Fig. 3D). Conversely, we observed a marked T cell 
reduction in the peripheral blood and spleen in a CS dose-dependent 
manner (Fig. 3C and 3D), which is a well-known feature of sepsis- 
induced immunosuppression (Hotchkiss and Karl, 2003; Inoue et al., 
2010; Saito et al., 2020). 

3.6. FTY720 treatment delayed the recovery of anxiety-like behavior 
during the chronic phase of sepsis 

Reportedly, a recent study has indicated that brain infiltrated T cells 
contribute to the recovery of depressive symptoms in TBI via the reso-
lution of neuroinflammation (Ito et al., 2019). However, the role of the T 
cells in the pathogenesis of SAE and mental impairments remains 
elusive. Therefore, to investigate how brain accumulated T cells influ-
ence the development of SAE and mental impairments, we treated septic 
mice with FTY720 to inhibit recruitment. In our preliminary experi-
ments, we observed that the survival of FTY720-treated mice, injected 6 
h after sepsis induction, was markedly reduced (Supplementary Fig. 4A 
and 4B). Hence, we established treatment with FTY720 on day 5 after 
sepsis induction (Fig. 4A), confirming a severe reduction in circulating T 
cells on day 10 in FTY720-treated mice (Supplemental Fig. 4C). Addi-
tionally, reduced lymphocytes were observed on day-30 in the brain of 
CS + FTY mice (Supplemental Fig. 4D). 

We first performed three kinds of animal behavioral tests 20 days 
after sepsis induction (Fig. 4A). In the OFT, no difference was observed 
between control and septic mice in any of the observed behavioral 
patterns 20 days after sepsis induction (Fig. 4B). Furthermore, we 
observed no statistical differences between the control and CS mice in 

Table 1 
Measurements of mouse tissue weight following the administration of three 
different cecal slurry (CS) concertations after 10 days of sepsis induction.  

Group Treatment Brain Spleen 

mg % mg % 

Control 15% glycerol 
ip. 

453.4 
(±8.9) 

1.9 
(±0.1) 

59.4 (±4.1) 0.3 
(±0.0) 

CS-Low 0.2 mg/g BW 
ip. 

444.7 
(±10.6) 

1.9 
(±0.1) 

74.5 (±1.9) 0.3 
(±0.0) 

CS- 
High 

1.0 mg/g BW 
ip. 

423.5 
(±15.8)* 

1.8 
(±0.1) 

186.7 
(±30.1)** 

0.8 
(±0.1)** 

The data are expressed as the mean ± S.D (n = 4 per group). Tukey kramer, * p 
< 0.05, **p < 0.01, vs. Control. 
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FST, as well as MBT (Fig. 4C, D), suggesting that SAE-induced anxiety 
spontaneously recovered after 20 days in our model. Conversely, in the 
OFT, CS + FTY mice demonstrated a significant decrease in the number 
of spontaneous movements when compared with the control group, and 
the number of stretches was significantly increased (Fig. 4B). Addi-
tionally, the latency time in CS + FTY mice tended to decrease (Fig. 4B). 
In the MBT, the number of buried glass marbles was significantly 
increased in the CS + FTY group when compared with the control mice 
(Fig. 4C). In the FST, compared with control mice, the resting time was 
significantly increased in the CS + FTY group (Fig. 4D). In OFT and FST, 
FTY720 administration did not any affect the behavior of a healthy 
mouse (data not shown). Collectively, these findings suggest that 
FTY720 delayed recovery of anxiety-like behaviors and sustained neu-
roinflammation in the brain of CS + FTY mice. 

3.7. Brain infiltrated Treg and Th2 cells promoted resolution of 
neuroinflammation in septic mice 

To confirm the role of T cells in the septic brain, we sacrificed and 
examined pro-inflammatory cytokine levels in the cerebral cortex and 
blood, in CS + FTY mice at day-30 after sepsis onset (Fig. 5A). As 
anticipated, in both the cerebral cortex and blood, IL-1β and TNF-α 
demonstrated increased expression levels in CS + FTY mice (Fig. 5B). 
Additionally, we analyzed the distribution of glial cells in the cerebral 
cortex, observing an increase in microglia and a decrease in astrocytes in 
the CS + FTY mice (Fig. 5C). Furthermore, in the cerebral cortex, the 
percentage microglial expression of CX3C chemokine receptor 1 
(CX3CR1), a receptor allowing communication between neurons and 
microglia (Corona et al., 2010; Milior et al., 2016), was significantly 
lower in CS + FTY mice than control mice (Supplemental Fig. 4E). These 
results indicate that neuroinflammation and brain homeostasis 
remained intact following FTY720 administration in septic mice until 
day-30. 

As Treg and Th2 cells are the subsets of T cells with anti- 
inflammatory activity and can potentially repair damaged tissue (Pan-
duro et al., 2016), we evaluated the distribution of accumulated T cells 
in the brain. FACS analysis revealed that the number of CD4+ T cells was 
increased in the cerebral cortex of CS mice (Fig. 6A), and Treg and Th2 
cells were markedly increased in the brain of the CS group mice at day- 
30 (Fig. 6B). However, FTY720 administration reduced both CD4+ and 
CD8+ T cells counts in the brain of septic mice (Fig. 6A). Accordingly, 
the numbers of Tregs and Th2 cells were significantly decreased in CS +
FTY mice when compared with CS mice in the brain on day-30 (Fig. 6B). 
Interestingly, in FTY720-treated septic mice, brain T cells skewed to-
ward Th17 cells at day-30 (Supplemental Fig. 4F). Consistent with these 
observations, the levels of anti-inflammatory cytokines, IL-4, and IL-10, 
derived from Th2 cells and Treg, respectively, were substantially lower 
in the cerebral cortex of this mouse group (Fig. 6C). These results suggest 
that Treg and Th2 cells may contribute to the attenuation of SAE and 
recovery of anxiety-like behavior after sepsis. 

3.8. Treg increased in the cervical lymph nodes in septic mice 

Ito and colleagues have shown that brain infiltrated Tregs are 
derived from cervical lymph nodes (CLN) in a TBI mouse model (Ito 
et al., 2019). Thus, we finally examined the number of Tregs in sec-
ondary lymphoid tissues such as PBMC, spleen, CLN, and mesenteric 
lymph nodes, to determine the source of brain Tregs during sepsis. FACS 
analysis revealed that increased Tregs were observed only in CLNs 
among the above-listed tissues (Fig. 6A and Supplemental Fig. 6A), 
indicating that Tregs proliferated in CLNs before brain infiltration dur-
ing sepsis, and CLNs, rather than the spleen, might be an important 
source of Tregs to recover from severe depression after sepsis. Based on 
these collective data, we propose a mechanistic model for the develop-
ment and recovery of the SAE and associated symptoms (Fig. 7). 

4. Discussion 

Using the CS-induced septic mouse model, we demonstrated that 
severe neuroinflammation with reduced astrocytes in the cerebral cor-
tex, as well as anxiety-like behaviors, were induced in septic mice during 
the acute phase. Furthermore, we demonstrated that not only neutro-
phils but also T cells infiltrated the brain during sepsis. Infiltrated T cells 
included Treg and Th2 cells, predominantly during the chronic phase of 
sepsis. By inhibiting T cell migration into the brain using FTY720, septic 
mice presented sustained anxiety-like behavior. These results suggest 
that the T cell infiltration into the brain is crucial for the recovery of SAE 
and mental impairments in septic mice during the chronic phase. 

During the acute or subacute phase of sepsis, infiltrated T cells in the 
brain are considered to promote inflammatory responses to eliminate 
pathogens. During sepsis, cytotoxic CD8+ T cells and inflammatory cy-
tokines, IL-1β and IL-6, were dose-dependently increased by CS 
administration in the mouse cerebral cortex. Interestingly, a phenotypic 
analysis revealed that the infiltrated CD4+ T cells were predominantly 
CD44-CD62L+, defined as a naive T cells. It is well known that naive T 
cells differentiate into effector T cells such as Th1 Th2, Th17, and Tregs, 
manifested in the surrounding cytokine milieu. Ten days after the onset 
of sepsis, increased levels of IL-6 and transforming growth factor (TGF)-β 
were observed in the cerebral cortex of septic mice, and remains well 
established that these cytokines skew naive T cells toward to Th17 cells 
(Bettelli et al., 2006), promoting pro-inflammatory responses. Although 
we were unable to investigate the distribution of the CD4+ T cell 
phenotype in the cerebral cortex of septic mice, the percentage presence 
of Th17 cells in CD4+ T cells was the highest in the cerebral cortex of CS 
+ FTY mice among the three groups, 30 days after sepsis onset. Notably, 
recent studies have revealed that Th17 cells involved in the development 
of mental impairment result in aberrant neuroinflammation (Beurel 
et al., 2013; Beurel and Lowell, 2017). These results indicate that the 
increased naïve T cells differentiated into Th17 cells in the brain, 
contributing to the pathogenesis of SAE and mental impairments during 
the acute phase of sepsis. 

In the chronic phase of sepsis, brain infiltrated T cells promote the 
resolution of neuroinflammation, as well as tissue repair. Furthermore, 
these effects contribute to the attenuation of SAE and alleviation of 
mental impairment, and “brain infiltrated T cells” might be a crucial to 
alleviate these symptoms. In this study, findings in experiment #3, the 
administration of FTY720 in septic mice supports this hypothesis. In the 
CS + FTY group, we observed delayed recovery of anxiety-like behavior 
when compared with CS mice untreated with FTY720. Additionally, the 
number of Treg and Th2 cells, both T cells promoting anti-inflammatory 
effects, as well as the expression of IL-4 and IL-10, were significantly 
reduced in the cerebral cortex of CS + FTY mice when compared with CS 
mice. Similarly, in FTY720 and DEREG (depletion of Tregs) mice, Tregs 
play a critical role in improving astrogliosis and neurological scores 
during the chronic phase of TBI (Ito et al., 2019). Therefore, in the brain, 
Tregs and Th2 cells play an important role in attenuation of SAE and 
alleviation of mental impairment, as well as in TBI. Interestingly, in the 
cerebral cortex, the number of CD4+ T cells was nearly unchanged be-
tween CS + FTY mice and control mice, suggesting that resident T cells 
in the brain do not actively proliferate despite SAE. Anatomically, the 
brain is connected to the deep cervical lymph nodes through the 
lymphatic vessels (Cserr et al., 1992; Louveau et al., 2015; Aspelund 
et al., 2015; Engelhardt et al., 2017; Hsu et al., 2019), and activated T 
cells can cross the BBB with the help of adhesion molecules, including 
intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 
(Gimenez et al., 2004). Based on our investigation, an increase in Tregs 
was observed only in the CLNs during the chronic phase of sepsis, 
implying that increased Tregs in the brain of septic mice are of CLN 
origin. 

In the present study, we demonstrated that the microglia were 
significantly increased in CS-High mice when compared with control 
mice during the acute phase of sepsis. In the cerebral cortex of septic 
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Fig. 6. Th2 and Tregs increased in the mouse cerebral cortex 30 days after sepsis onset Mice were treated with 0.03% DMSO-PBS or FTY720 on day 5 after the 
induction of sepsis and then administered every 2 days until day 30. Thirty days after the induction of sepsis, the mice were sacrificed and the distribution of the brain 
T cells was examined. Both CD4+ T and CD8+ T cells were measured (A) and the phenotype of CD4+ T cell, Th2, and Tregs (B) was evaluated in the cerebral cortex. 
The mRNA levels of Th2- and Treg-derived cytokines, interleukin (IL)-4 and ILl-10, respectively, were measured in the cerebral cortex (C). The data are expressed as 
the mean ± S.D (Control; n = 6, CS; n = 8, CS + FTY; n = 8). Tukey-Kramer test, * p < 0.05, **p < 0.01, vs. Control. # p < 0.05, ## p < 0.01, vs. CS. 
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mice, astrocytes tended to decrease, and this reduction was the baseline 
level during the chronic phase. Furthermore, we demonstrated that, 
along with these glial cell fluctuations, the anxiety-like behaviors in 
septic mice were improved, suggesting that the balance between 
microglia and astrocytes is crucial for the maintenance of homeostasis. 
Although several studies have demonstrated an association between 
microglia and the development of SAE or SAE-induced mental impair-
ment, only a few have investigated the role of astrocytes. Notably, as-
trocytes are regarded as morphological and metabolic support cells; 
however, recent studies have revealed that astrocytes respond to most 
neurotransmitters and neuromodulators (Volterra and Meldolesi., 2005; 
Haydon and Carmignoto., 2006; Rial et al., 2016). Furthermore, astro-
cytes control neuronal functions via intracellular Ca2+-dependent 
signaling in diverse species (Bazargani and Attwell., 2016; Shigetomi 
et al., 2016), and dysfunctions can lead to behavioral deficits in loco-
motor activity, as well as repetitive self-grooming (Yu et al. 2018). In the 
present study, spontaneous locomotor activity and grooming frequency 
were reduced in CS and CS + FTY mice, along with a reduction in as-
trocytes. Interestingly, a significant reduction in astrocytes was also 
observed in CS + FTY mice during the chronic phase of sepsis, implying 
that brain infiltrated T cells influence astrocyte recovery. Interestingly, 
reduced astrocytes were also observed in CS + FTY mice during the 

chronic phase of sepsis, implying that brain infiltrated T cells influence 
astrocyte recovery. Several studies have reported that astrocytes and 
derived cytokines could drive T cell differentiation under neuro-
inflammatory conditions (Geyer et al., 2019); however, a few reports 
elucidate how T cells affect astrocyte proliferation or functional alter-
ation. Future research should examine the T cell-astrocyte interaction 
under septic conditions. 

This study has several limitations. First, we were unable to perform 
experiments using CD4-depleted septic mice. Additionally, the role of B 
cells in the development of SAE and depression remains unclear. As 
FTY720 is a sphingosine 1-phosphate receptor (S1PR) agonist, it inhibits 
lymphocyte efflux from lymph nodes. In addition to T cells, B cells also 
express this receptor on their surface (Allende et al., 2010), implying 
that this lymphocyte cannot infiltrate the brain following FTY720 
administration during sepsis. Therefore, further research is warranted to 
better define the role of Tregs in the recovery of SAE and mental im-
pairments, employing a CD4-deleted septic mouse model or a DEREG 
septic mouse model. 

In conclusion, infiltrated Treg and Th2 cells contribute to the 
attenuation of SAE and alleviate SAE-induced mental impairments by 
resolving neuroinflammation during the chronic phase of sepsis. 

Fig. 7. Treg and Th2 cells contribute to recovery from septic encephalopathy and post-septic depression. Schematic illustration presenting the contribution of Tregs 
and Th2 cells in the attenuation of sepsis-associated encephalopathy (SAE) and alleviation of anxiety-like behavior in septic mice. SAE, sepsis-associated enceph-
alopathy; BBB, blood–brain barrier; BCSF, blood-cerebrospinal fluid barrier. 
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