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Abstract 

Background  Alzheimer’s disease (AD) is one of the neurodegenerative diseases and characterized by the appear-
ance and accumulation of amyloid-β (Aβ) aggregates and phosphorylated tau with aging. The aggregation of Aβ, 
which is the main component of senile plaques, is closely associated with disease progression. AppNL-G-F mice, a 
mouse model of AD, have three familial AD mutations in the amyloid-β precursor gene and exhibit age-dependent 
AD-like symptoms and pathology. Gut-brain interactions have attracted considerable attention and inflammatory 
bowel disease (IBD) has been associated with a higher risk of dementia, especially AD, in humans. However, the 
underlying mechanisms and the effects of intestinal inflammation on the brain in AD remain largely unknown. There-
fore, we aimed to investigate the effects of intestinal inflammation on AD pathogenesis.

Methods  Wild-type and AppNL-G-F mice at three months of age were fed with water containing 2% dextran sulfate 
sodium (DSS) to induce colitis. Immune cells in the brain were analyzed using single-cell RNA sequencing (scRNA-seq) 
analysis, and the aggregation of Aβ protein in the brain was analyzed via immunohistochemistry.

Results  An increase in aggregated Aβ was observed in the brains of AppNL-G-F mice with acute intestinal inflamma-
tion. Detailed scRNA-seq analysis of immune cells in the brain showed that neutrophils in the brain increased after 
acute enteritis. Eliminating neutrophils by antibodies suppressed the accumulation of Aβ, which increased because of 
intestinal inflammation.

Conclusion  These results suggest that neutrophils infiltrate the AD brain parenchyma when acute colitis occurs, and 
this infiltration is significantly related to disease progression. Therefore, we propose that neutrophil-targeted therapies 
could reduce Aβ accumulation observed in early AD and prevent the increased risk of AD due to colitis.
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Background
Alzheimer’s disease (AD), the most common form of 
dementia, is a progressive age-related neurodegenera-
tive disorder. The early stages of AD are characterized 
by amyloid-β (Aβ) production due to the abnormal 
cleavage of amyloid precursor protein (APP) by β- and 
γ-secretases, which oligomerize and aggregate into extra-
cellular Aβ plaques called senile plaques. The disease is 
characterized by senile plaques, neurofibrillary tangles, 
and neuroinflammation, including microgliosis and 
astrogliosis [1]. These pathological features propagate 
throughout the brain as the disease progresses, resulting 
in synaptic loss, neuronal death, and, ultimately, cogni-
tive decline [2].

Neurodegenerative diseases are closely related to 
the immune system [3], and the pathological impact of 
peripheral immune responses on AD has received con-
siderable attention [4]. Peripheral immune cells, such as 
T cells, B cells, monocytes, and neutrophils, have been 
found in the brains of patients with AD and correspond-
ing AD animal models. CD8+ T cells [5] and IFNγ+ 
CD4+ T cells [6] influence the pathogenesis of AD, and 
cytokines produced by immune cells alter the produc-
tion and clearance of Aβ [6, 7]. Neutrophils that invade 
the brain in AD release neutrophil extracellular traps 
(NETs), which are DNA fibers studded with histones 
and myeloperoxidase, around Aβ plaques [8]. Thus, AD 
is closely related to peripheral immunity, but whether 
these immune cells improve or worsen AD remains 
controversial.

Interactions between the gut microbiota and brain have 
been demonstrated, and the molecular mechanisms are 
beginning to be elucidated. These interactions are called 
the gut-brain axes and closely related to many diseases 
[9]. Inflammatory bowel disease (IBD) causes inflam-
mation in the intestine and is characterized by chronic 
symptoms with recurrent periods of flare-ups and remis-
sions. IBD is reportedly caused by neuroinflammation, 
activation of the hypothalamic-pituitary-adrenal axis, 
changes in the blood-brain barrier, and gut microbiota 
imbalance [10]. It has long been suggested that there 
is an association between IBD, Crohn’s disease (CD), 
and cognitive impairment [11, 12]. A large, long-term 
cohort study from Taiwan reported that patients with 
IBD are at increased risk for dementia, particularly AD 
[13]. Recent study has shown that dextran sulfate sodium 
(DSS)-induced colitis enhances Aβ plaque accumulation 
in AppNL-G-F mice, which may result from the decrease in 
phagocytosis by microglia [14]. However, little is known 
about the relationship between AD and the systemic 
immune responses induced by IBD.

In this study, we investigated the effects of intestinal 
inflammation on the pathogenesis of AD. Colitis was 

induced in wild-type and AppNL-G-F mice, and immune 
cells in their brains were analyzed by scRNA-seq analysis. 
We found that acute colitis increased neutrophil infiltra-
tion into the brain, resulting in the accumulation of Aβ. 
Our results suggest that neutrophil-targeted therapies 
could reduce Aβ accumulation observed in early AD and 
prevent the increased risk of AD due to colitis.

Materials and methods
Animal models
AppNL-G-F mice (RBRC06344) were obtained from Dr. 
Takaomi C Saido and Dr. Takashi Saito at the RIKEN 
BioResource Center, Japan. These knock-in mice carry 
the humanized Aβ sequences with the addition of Swed-
ish (NL), Arctic (G), and Iberian (F) mutations. This 
results in increased Aβ production as well as Aβ aggre-
gation and increases the Aβ42/Aβ40 ratio [15, 16]. 
Wild-type (WT) C57BL/6J mice purchased from Jack-
son Laboratory Japan (Yokohama, Japan) and AppNL-G-F 
mice were maintained under appropriate conditions, 
including a 12-h light:12-h dark cycle and free access to 
food and water at Laboratory of Embryonic and Genetic 
Engineering, Medical Institute of Bioregulation, Kyushu 
University. Animal experiments were performed in strict 
accordance with the recommendations in the Guidelines 
for Proper Conduct of Animal Experiments of the Sci-
ence Council of Japan. All experiments were approved 
by the Animal Research Committee and Ethics Com-
mittee of Kyushu University. Unless otherwise indicated, 
3-month-old male and female C57BL/6J and AppNL-G-F 
mice were used. It is important to consider gender differ-
ences when studying AD, as epidemiological studies have 
shown that females have a higher prevalence and inci-
dence of AD and that females have a greater Aβ plaque 
load in mouse models [17, 18]. However, the suscepti-
bility to inflammation induced by DSS is higher in male 
mice, causing severe and aggressive disease [19]. There-
fore, both male and female mice were used in this study.

Antibodies and reagents
For flow cytometric analysis, fluorescein isothiocyanate 
(FITC), phycoerythrin (PE), peridinin chlorophyll pro-
tein-cyanine 5.5 (PerCP-Cy5.5), allophycocyanin (APC), 
PE-Cy7, APC-Cy7, Brilliant Violet (BV421), and BV711-
conjugated antibodies were purchased from BD Bio-
sciences, (San Jose, CA, USA), BioLegend (San Diego, 
CA, USA) or eBioscience (Thermo Fisher Scientific, 
Waltham, MA, USA). The following antibodies were 
used: anti-mouse CD45 (30-F11), anti-mouse CD45.2 
(104), anti-mouse CD11b (M1/70), anti-mouse Gr1 
(RB6-8C5), anti-mouse Ly6C (HK1.4), anti-mouse Ly6G 
(1A8). Fixable Viability Dye eFluor 780 (FVD780) (eBio-
science) was used to remove dead cells.
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For immunohistochemistry, the following antibod-
ies were used: anti-human Aβ (1:200; 82E1, IBL), anti-
mouse IBA1 (goat polyclonal antibody, 1:100; 011-27991, 
WAKO), anti-mouse GFAP (rabbit polyclonal antibody, 
1:100 for cryosections, 1:500 for paraffin sections; G9269, 
Sigma), anti-mouse MRP8 (1:300; ab92331, abcam), 
Alexa Fluor 488-, 546-, or 633-conjugated goat anti-
rabbit, mouse, or rat IgG (H+L, 1:300; Thermo Fisher 
Scientific), and Alexa Fluor 488-conjugated donkey anti-
goat IgG (H+L, 1:300; Thermo). Anti-mouse Ly6G (1A8, 
BioXcell, Lebanon, NH, USA) (1 mg/kg), anti-rat kappa 
immunoglobulin light chain (MAR18.5, BioXcell) (1 mg/
kg), and rat IgG2a isotype control (2A3, BioXcell) (2 mg/
kg) were used as neutralizing antibodies. DNase I (Roche) 
(8 mg/kg), matrix metallopeptidase 9 (MMP-9) inhibi-
tor II (Calbiochem) (10 mg/kg), and N-acetyl-l-cysteine 
(NAC) (Wako) (100 mg/kg) were used by intraperitoneal 
injection.

DSS exposure
WT and AppNL-G-F mice were housed in cages according 
to experimental group. The control groups received only 
water, the acute colitis groups received DSS (2%, w/v, 
MW = 36–50 kDa; MP Biomedicals, LLS, Santa Ana, 
CA, USA) in their drinking water for one week, and the 
chronic colitis group received three cycles of alternating 
2% DSS then only water, each for 5 days. To determine 
if colitis was induced, body weight was measured at the 
timing of the 2% DSS and drinking water exchanges and 
for one week prior to the day of mouse dissection. Weight 
loss was calculated as a ratio of the weight on each spe-
cific day over the weight on day 0. The photographs of the 
colons were taken, and the lengths were measured using 
ImageJ software (National Institutes of Health).

Food allergy
Ovalbumin (OVA) (Sigma) were used as allergens. OVA 
was used as the food allergen only for the single-cell RNA 
sequencing experiments. WT and AppNL-G-F mice were 
intraperitoneally administered 0.1 mL of the allergen 
(0.5 mg/mL in PBS) mixed with 0.1 mL of Alum adju-
vant. This was administered once per week for a total of 
three times. For 7 consecutive days after the above sensi-
tization, 250 mg/mL of allergen was administered orally 
using a sonde at a dose of 0.2 mL per animal.

Immunohistochemistry
Mice were anesthetized by inhalation with isoflurane and 
perfusion was performed by injecting PBS into the left 
ventricle followed by perfusion fixation via administra-
tion of 4% paraformaldehyde (PFA). After decapitation, 
the heads were immersed in 4% PFA and fixed at 4 °C for 
24 h while the skin was cut and the skull was exposed. For 

frozen sections, the brains were removed and transferred 
in turn to 10%, 20%, and 30% sucrose solutions until 
completely submerged. The brains were then embedded 
in O.C.T. compound (Sakura Finetek) and rapidly frozen 
on dry ice and stored at – 20 °C. Frozen sections (10 μm) 
were prepared using a cryostat. For paraffin-embedded 
sections, coronal slices from the brain in cassettes were 
prepared by the Laboratory for Research Support, Medi-
cal Institute of Bioregulation, Kyushu University.

Brain cryosections and paraffin-embedded sections 
were treated on slides for 1 h at room temperature (25 °C) 
using Blocking One Histo (nacalai tesque). The sections 
were incubated with primary antibody in 5% BSA/PBS 
overnight at 4 °C, washed twice with PBS containing 0.1% 
Triton X-100 (PBS-T) and once with PBS, and incubated 
with the secondary antibody for 1 h at room temperature. 
The brain sections were sealed with cover glasses using 
a mounting agent. The images were taken with BZ-X700 
(Keyence) and image analysis was performed using Key-
ence software.

H&E staining
The cecum to distal colon was dissected and removed 
from the mice that had been perfused with PBS and 
stored in PBS. After fat and muscle were removed and 
photographs were taken side by side for each treat-
ment group, the cecum was removed and washed inter-
nally with PBS. The colon was opened and rolled before 
immersion in 4% PFA. The Laboratory for Research Sup-
port of the Institute of Bioregulatory Medicine processed 
the tissue samples up to paraffin permeabilization. The 
samples were then paraffin-embedded and cut into 5 μm 
sections using a microtome, placed on glass slides, and 
then stretched using a paraffin stretching machine. The 
glass slides were placed in a staining basket and deparaffi-
nized with xylene and ethanol. After staining with Mey-
er’s hematoxylin solution for 3 min and eosin solution for 
1 min, they were dehydrated with ethanol and xylene and 
sealed with Paramount D (FALMA, Tokyo, Japan).

ELISA
Mice were anesthetized by inhalation with isoflurane, 
blood in the heart was collected with a 26-G needle and 
1 mL syringe and left at room temperature for 30 min. 
After centrifugation at 7000×g for 5 min the superna-
tant was collected and stored at − 80 °C. Enzyme-linked 
immunosorbent assay (ELISA) kits (Thermo Fisher Sci-
entific) were then used according to the manufacturer’s 
instructions to measure IL-6 levels.

Flow cytometry
Mice were anesthetized by inhalation with isoflu-
rane, and blood from the hearts of mice was placed in 
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heparin-coated tubes and treated with RBC lysis buffer. 
The following monoclonal antibodies were used for flow 
cytometric analysis at a dilution of 1/400: anti-CD45, 
anti-CD11b, anti-Ly6G, anti-Ly6C, anti-Ly6G/Ly6C 
(Gr-1) antibodies. For intracellular staining, after stain-
ing with antibodies against cell surface proteins, cells 
were washed three times with MACS buffer, fixed with 
eBioscience™ IC Fixation Buffer (Thermo Fisher Scien-
tific), permeabilized with eBioscience™ Permeabiliza-
tion Buffer, and then stained with an antibody against an 
intracellular marker. Cells not stained with FVD780 were 
categorized as live cells. Data were acquired with LSR-
Fortessa (BD Biosciences, San Jose, CA, USA) and ana-
lyzed with FlowJo. The gating strategies of neutrophils 
(CD45+CD11b+Ly-6Gintra+) are shown in Supplementary 
Figure S4.

Single‑cell RNA sequencing (scRNA‑seq)
Cell isolation
Three-month-old WT and AppNL-G-F mice were sub-
jected to acute enteritis, chronic enteritis, and food 
allergy treatments described above. The CD45-PE anti-
body was injected intravenously 3 min before perfusion 
to label the immune cells in the blood vessels. Mice were 
anesthetized by inhalation with isoflurane, and after 
PBS perfusion, the brain parenchyma was removed and 
homogenized in 2% FBS/RPMI solution containing glu-
cose and HEPES [20]. After straining and centrifugation 
at 400×g for 5 min, the pellet was resuspended in 37% 
Percoll (Cytiva), cells were isolated by centrifugation with 
slow acceleration/deceleration 800×g for 20 min and 
resuspended with filtered 0.5% BSA/PBS. Staining was 
performed with anti-CD45.2 and anti-CD11b antibod-
ies. Totalseq-Hashtag antibody (BioLegend) was incu-
bated with each sample, and CD45.2+ cells were sorted 
by FACSMelody (BD Biosciences).

Library preparation and NGS
Libraries were prepared according to the protocol of 
the Chromuim Next GEM Single Cell 5’ Reagent Kits v2 
(Dual Index, 10x Genomics, Pleasanton, CA, USA) using 
a Chromium controller (10× Genomics). Briefly, GEMs 
were prepared by loading barcoded Single Cell VDJ 5’ Gel 
Beads, master mix containing cells and RT enzymes, and 
Oil onto Chromium Next GEM Chip K. Barcoded cDNA 
was then generated from the GEM. This cDNA was 
amplified by PCR reaction to generate V(D) J, 5’ Gene 
Expression and Feature Barcode libraries. Sequencing 
was then performed using Novaseq 6000 (Illumina, San 
Diego, CA, USA) at the Laboratory for Research Sup-
port of the Institute of Bioregulatory Medicine, Kyushu 
University.

Preprocessing
FASTQ files were generated from the NGS data by Cell 
Range (v6.1.2) (10× Genomics). Feature barcode matri-
ces were created from the FASTQ data by Cell Ranger 
Multi (mouse genome; Genome Reference Consortium 
Mouse Build 38, mm10), and then converted to Seurat 
objects.

Data analysis
Analysis was performed using Seurat (v4.0.0) in r 
(v.4.1.3)   (R Foundation for Statistical Computing, 
Vienna, Austria). Seurat objects for each dataset were 
created with the CreateSeuratObject function (min.cells 
= 3, min.genes = 200). Cells with more than 5% of mito-
chondrial genes and cells with nFeature_RNA less than 
200 were filtered out. Expression data were normalized 
with the normalizeData function (scale.factor = 10,000) 
and scaled with the ScaleData function. Highly variable 
genes in each dataset were identified using the FindVar-
iableFeatures function. Principal component analysis 
(PCA) was performed on the identified highly variable 
genes using the RunPCA function. Enrichment of each 
PC was calculated using the JackStraw and ElbowPlot 
functions, and enriched PCs were selected for clustering 
and dimensionality reduction analysis. Clustering was 
performed using the FindClusters function (resolution 
= 0.5) and dimensionality reduction was performed 
using the RunUMAP function. Uniform manifold 
approximation and projection (UMAP) was used for 
dimensionality reduction and visualization. Statistically 
significant marker genes for each cluster were identified 
using the FindAllMarkers function (only.pos = TRUE, 
min.pct = 0.25, logfc.threshold = 0.25). Each identified 
cluster was then manually annotated with marker genes 
that have been previously reported as marker genes for 
defining cell subsets [21, 22]. Trajectory analysis of Seu-
rat objects was performed using Monocle3 [23] package 
(v1.2.7) in R. Gene ontology (GO) analysis was per-
formed using Metascape (v3.5) [24].

Antibody and inhibitor treatment
This protocol was based on that from a previously 
reported study [25]. Three-month-old AppNL-G-F mice 
were treated with 2% DSS for 7 days and anti-Ly6G 
antibody and anti-rat kappa light chain antibody or 
isotype control were administered starting on day 3 
of DSS treatment. Anti-Ly6G antibody (1 mg/kg) and 
anti-rat kappa immunoglobulin light chain (anti-rat 
κIgL antibody) (1 mg/kg), or rat IgG2a isotype control 
(2 mg/kg) were injected intraperitoneally. These anti-
bodies were administered daily (anti-Ly6G and IgG2a 
isotype control) or every other day (anti-rat κIgL) over 
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a 4-day period. For inhibitor treatment, DNase I (8 
mg/kg), MMP-9 inhibitor II (10 mg/kg), and NAC (100 
mg/kg) were administered intraperitoneally daily for 4 
days starting on day 3 of DSS treatment.

Statistics analyses
Data are expressed as mean  ± s.e.m. Statistical sig-
nificance was determined by one-way analysis of 
variance (ANOVA) followed by post hoc Tukey’s 

Fig. 1  Changes of Aβ accumulation in the brains of AppNL-G-F mice with induced colon inflammation. A Schematic diagram of inducing acute DSS 
colitis, chronic DSS colitis, and food allergies. B Body weight of colitis-induced AppNL-G-F F mice. In acute colitis model, DSS treatment was started 
on day 20, indicated by the red arrow. C, D Images (C) and length (D) of colons from AppNL-G-F mice on day 27. E, F Immunohistochemical staining 
of glial cell activation and Aβ plaques. Representative images of Aβ, GFAP, and Iba1. Scale bar = 100 μm (E). The number of Aβ plaques per mm2 
in cortex (F). Data points are individual mice from one representative experiment. P values were determined by one-way ANOVA (D, F). Data are 
shown as the mean ± s.e.m
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multiple-comparisons tests to analyze differences among 
three or more groups, and by unpaired Student’s t test 
or Mann-Whitney U test to analyze differences between 
two groups. P < 0.05 was considered to represent a signif-
icant difference (*P < 0.05; **P < 0.01; ***P < 0.001; ****P 
< 0.0001; ns not significant). Statistical analysis was per-
formed using Prism 9.0 (GraphPad Software)

Results
Colon inflammation is induced by DSS and changes Aβ 
accumulation in the brains of AppNL‑G‑F mice
To investigate the effects of intestinal inflammation 
on the pathogenesis of AD, we established acute and 
chronic models of intestinal inflammation induced by 
DSS administration and food allergy to ovalbumin (OVA) 
in 3-month-old AppNL-G-F and WT mice (Fig. 1A). Both 
WT and AppNL-G-F mice showed similar levels of weight 
loss after DSS treatment (Fig. 1B, Supplementary Figure 
S1A). As colitis is known to shorten the colon length, the 
large intestines were harvested from the mice, and their 
lengths were measured. Acute and chronic DSS colitis 
showed obvious shortening of the colon. (Fig.  1C, D). 
Histological staining of the colon showed severe inflam-
mation and loss of crypts in both AppNL-G-F and WT 
mice in the acute colitis model and colon wall thicken-
ing and inflammation in the chronic colitis model (Sup-
plementary Figure S1B, C). In addition, to assess IBD-like 
enteritis [26], IL-6 in the serum was measured by ELISA 
and was highly detected in the acute and chronic enter-
itis models but not in the control group or food allergy 
model (Supplementary Figure S1D).

To examine brain changes during acute colitis, 
chronic colitis, and food allergy, immunostaining for 
Aβ in the brain parenchyma of AppNL-G-F mice was per-
formed. Compared to the control group, the number 
of Aβ plaques in the cortex was slightly higher in the 
acute colitis model, lower in the food allergy model, 
and comparable to that in the chronic colitis model 
(Fig. 1E, F). These data indicate that a systemic immune 
response to acute colitis can enhance Aβ accumulation 
in the brain.

Neutrophils are increased in the brain of acute 
colitis‑induced AppNL‑G‑F mice
To gain insight into the changes in immune cells in the 
brain induced by colitis, we induced colitis in WT and 
AppNL-G-F mice and performed a scRNA-seq analysis of 
CD45+ cells in the brain. Uniform manifold approxi-
mation and projection (UMAP) revealed the presence 
and heterogeneity of various immune cells (Fig.  2A). A 
plot of the marker gene characteristics of each cluster is 
shown in Fig. 2B. Compared to WT mice, AppNL-G-F mice 
showed a trend toward an increase in infiltrating immune 
cells, especially neutrophils, macrophages, monocytes, 
and T cells (Fig. 2C). These were roughly classified into 
four major subsets: T cells, B cells, myeloid cells, and 
ILC2 (Fig. 2D). A comparison of the percentages of these 
subsets by treatment group showed an increased per-
centage of myeloid lineage cells in the acute colitis model 
(Fig.  2D). Conversely, the percentage of T cells in the 
brain was increased in the chronic colitis and food allergy 
model mice compared to that in control mice (Fig.  2D, 
E). A more detailed analysis of myeloid cells revealed an 
increased proportion of neutrophils in the acute colitis 
model (Fig. 2E, F). Furthermore, immunostaining of the 
cortex confirmed an increased number of neutrophils in 
the brains of the acute colitis (Fig.  2G, H). Neutrophils 
accumulated only in areas of Aβ distribution, such as the 
cerebral cortex and hippocampus, but not in the cerebel-
lum (data not shown). These data suggest that various 
immune cells are present in the brain, and that neutro-
phils are increased in the brain during acute colitis.

Immature neutrophils are increased in AppNL‑G‑F mice 
with acute colitis
Only neutrophil clusters were extracted from the scRNA-
seq of immune cells in the brain for sub-clustering analy-
sis. Data from scRNA-seq of neutrophils in the brain 
revealed three sub-clusters of neutrophils (Fig.  3A) and 
their sequential developmental trajectories (Fig.  3B). 
Neutrophils in cluster 2 expressed markers of cell cycle 
and immature neutrophils and showed high expression 
of Mki67 and low expression of Ly6g. As indicated by 

(See figure on next page.)
Fig. 2  ScRNA-seq analysis of immune cells in the brain and increased neutrophils with acute colitis. A Uniform manifold approximation and 
projection (UMAP) visualization of scRNA-seq data of all samples. The immune cells in the brain were isolated by cell sorter and scRNA-seq analysis 
was performed. B Dot plots for selected differential expressed genes (DEG) and cell-type specific markers for the indicated clusters. C UMAP of 
control WT and AppNL-G-F mice. (WT, n = 4; AppNL-G-F, n = 4) D Bar plot of percentage of myeloid cells, T cells, ILCs, B cells, in all immune cells in the 
brain. P value (control myeloid vs acute myeloid) was determined by Chi-square test. E UMAP of AppNL-G-F mice under different treatments. F Bar 
plot of indicated cells as percentage of myeloid cells in the brain. P value (control neutrophil vs acute neutrophil) was determined by Chi-square 
test. (D-F; AppNL-G-F Control, n= 4; Acute colitis, n = 4; Chronic colitis, n = 2; Allergy; n = 4). G Immunohistochemical staining of S100a8 (neutrophils) 
and Aβ plaque. Scale bar = 500 μm. White arrows indicated neutrophils. H The number of S100A8+ cells in the cerebral section. Data from single 
experiment (A-F). Representative images of three independent experiments (G, H). P values were determined by chi-square test (G), or two-tailed 
Mann-Whitney U-test (H). Data are shown as the mean ± s.e.m
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Fig. 2  (See legend on previous page.)
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the trajectory analysis, it was predicted that neutrophil 
differentiation would start from cluster 2 and differenti-
ate into cluster 0, which is similar  to the neutrophils in 
the bone marrow [27]. These neutrophils transitioned to 
express cluster 1 genes associated with mature neutro-
phils, such as Il1b, Ccl6, and Ifitm1 (Fig.  3C, D). Gene 
ontology (GO) analysis of differential expressed genes 
(DEGs) neutrophils belonging to cluster 2 showed that 
genes involved in cell division (GO:0051301), mitotic 
spindle organization (GO:0007051), chromosome con-
densation (GO:0030261), and cytoplasmic division 
(GO:0000910) (Fig. 3E). We had found that the number 
of neutrophils was increased in acute colitis; however, 
there were no remarkable differences in the rate of neu-
trophils between treatments in clusters 0 or 1 (Fig.  3F). 
In contrast, the percentage of cluster 2 (Mki67+ neutro-
phils) was found to be increased in both the acute and 
chronic colitis models (Fig. 3G).

Flow cytometric analysis of blood neutrophils was per-
formed in 3-month-old WT and AppNL-G-F mice treated 
with 2% DSS for 1 week to examine systemic neutro-
phil changes during colitis induction. The number of 
neutrophils in CD45+CD11b+ cells in the blood tended 
to increase in acute colitis (Fig.  3H). Newly produced 
immature neutrophils exhibit low Ly6G expression on 
the surface of the plasma membrane [8]. We defined 
neutrophils as intracellular Ly6G-positive cells and ana-
lyzed their surface Ly6G expression among them. The 
percentage of Ly6Gintra+Ly6Ghi neutrophils (mature 
neutrophils) did not change, but the percentage of 
Ly6Gintra+Ly6Gint/lo neutrophils (immature neutrophils) 
increased in AppNL-G-F mice with acute colitis (Fig.  3I). 
These data indicate that acute colitis increases neutro-
phils, especially immature neutrophils, in the brains and 
blood of AppNL-G-F mice.

Neutrophil depletion reduces Aβ plaques in the brains 
of AppNL‑G‑F mice with acute colitis
Anti-Ly6G antibody, but not anti-Gr-1 antibody, was 
used to eliminate neutrophils without killing Ly6C-posi-
tive cells. Anti-Ly6G antibody is a rat IgG2a isotype that 
mediates neutrophil killing by Fc-dependent macrophage 
opsonization. The combination of anti-Ly6G and the 
kappa light chain of rat IgG2b activates both classical and 

alternative complement systems, resulting in rapid and 
efficient neutrophil elimination [25]. To confirm the role 
of neutrophils in the increased accumulation of Aβ dur-
ing acute colitis, three-month-old AppNL-G-F mice were 
treated with 2% DSS for 7 days, and anti-Ly6G antibody 
and anti-rat κIgL antibody (neutrophil depletion: Neu-) 
or isotype control (isotype: iso) were administered start-
ing on day 3 of DSS treatment (Fig.  4A). First, we con-
firmed that the neutrophil removal group showed a 
97–98% reduction in neutrophils in the blood (Fig. 4B). 
DSS treatment resulted in similar levels of weight loss in 
both control and neutrophil-depleted groups (Fig.  4C). 
The length of the colon was significantly shorter in acute 
colitis, and neutrophil depletion did not affect the colon 
length (Fig. 4D, Supplementary Figure S2A). Acute coli-
tis increased the accumulation of Aβ in the brain; how-
ever, this increase was reversed by depleting neutrophils 
at three months of age (Fig. 4E, F). A similar trend was 
observed in 12-month-old mice with acute colitis (Sup-
plementary Figure S2B).

Neutrophil‑derived MMP‑9 is involved in the accumulation 
of Aβ
Neutrophils can release several inflammatory media-
tors, such as reactive oxygen species (ROS) and cyto-
toxic enzymes contained in granules including several 
matrix metalloproteinases (MMPs), which can cause 
tissue injury [28]. As MMP-9 expression correlates 
with the presence of neutrophils in models of brain 
injury [28], neutrophils are considered the main source 
of MMP-9. Furthermore, in transgenic models of AD, 
neutrophils have been reported to infiltrate and reside 
in areas of Aβ deposition in the brain, releasing NETs 
[8]. To identify factors involved in the accumulation of 
Aβ released from these neutrophils, we administered 
DNase, an inhibitor of NETs [29], MMP-9 inhibitor 
[30], or N-acetyl-l-cysteine (NAC, an inhibitor of ROS), 
to mice with DSS-induced colitis (Fig. 5A). The weight 
loss and shortened colon length with DSS administra-
tion were alleviated by ROS inhibition. However, no 
differences were observed with the other inhibitors 
(Fig.  5B, C). Under these conditions, the increased 
accumulation of Aβ in the brain caused by DSS colitis 
was suppressed by the MMP-9 inhibitor. Despite the 

Fig. 3  Increase in immature neutrophils in AppNL-G-F mice with acute colitis. A UMAP visualization of scRNA-seq data of neutrophils. B 
Developmental trajectory displayed on UMAP and colored by slingshot pseudotime. C Gene expression heatmap of the top 10 signature genes 
per cluster. D Violin plot of the expression levels of Ly6G, Il1b, and Mki67 in the different cell clusters. E Gene Ontology (GO) analysis of DEGs of 
neutrophils in cluster2. F UMAP of neutrophils from AppNL-G-F mice under different treatments. G The percentage of Mki67+ cells in neutrophils in 
cluster 2. H, I Flow cytometric analysis of cells in the blood from WT or AppNL-G-F mice. The percentage of neutrophils in CD11b+ cells (H), and the 
percentage of neutrophils with high or intermediate/low expression of surface Ly6G (I). Data points are individual mice from one representative 
experiments. P values were determined by chi-square test (G), one-way ANOVA (H), or two-tailed Mann-Whitney U test (I). Data are shown as the 
mean ± s.e.m

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  Reduction of Aβ plaques in the brains of AppNL-G-F mice with acute colitis by neutrophil depletion. A Schematic diagram of the experimental 
design to induce acute DSS colitis and deplete neutrophils. AppNL-G-F mice given water or 2% DSS were injected with anti-Ly6G antibody plus anti-rat 
kappa light chain antibody or isotype control antibody. B Flow cytometric analysis of cells in the blood. C The body weight of the mice. D The 
colon length of the mice. E Immunohistochemical staining of glial cell activation and Aβ plaques. Representative images of Aβ, and GFAP staining. 
Scale bar = 1 mm. F The percentage of Aβ plaque area in cortex and hippocampus. Data points are individual mice from one representative of two 
independent experiments (B–E), and in pooled data of two individual experiments (F). P values were determined by two-tailed Mann-Whitney U 
test (D, F). Data are shown as the mean ± s.e.m
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alleviation of colitis by treatment with ROS inhibitor, 
Aβ accumulation was not reduced (Fig.  5D). Analy-
sis of MMP-9-expressing cells from scRNA-seq  data 
showed that neutrophils, which also expressed Ly6g 
and S100a8, were the immune cells with the highest 
MMP-9 expression in the brain during acute colitis, 
suggesting that neutrophils were the primary source of 
MMP-9 (Fig. 5E, F). Mmp9 is expressed in all clusters, 
but the expression level of Mmp9 was particularly high 
in cluster 1, the mature neutrophils (Fig. S3). These 
results suggest that MMP-9 secreted by neutrophils 
may contribute to Aβ accumulation.

Discussion
Three main pathways are assumed to transmit signals 
between the gut to the brain: the endocrine, immune, 
and nervous systems. Furthermore, the influence of the 
immune system can be divided into cellular and humoral 
factors by cytokines and other factors [9]. In this study, 
we identified a mechanism for immune system-medi-
ated signaling from the gut to the brain during intesti-
nal inflammation. Our data suggest a link between brain 
Aβ and the infiltration of immature neutrophils into the 
brain induced by colon inflammation in AppNL-G-F mice 
(Fig. 6). The impact of colitis on AD is supported by the 
following findings from our study: (1) Aβ accumulation 
in the brain is exacerbated by acute colitis, unchanged by 
chronic colitis, and tends to decrease with food allergy-
induced enteritis; (2) acute colitis alters the percentage 
and number of immune cells in the brains of AD mice, 
particularly by increasing neutrophils in the blood and 
brain; and (3) removal of neutrophils and inhibition 
of MMP-9 suppressed the accumulation of Aβ in the 
brains of AD mice induced by acute colitis. Collectively, 
these data suggest  that acute colitis increases neutro-
phils in the blood followed by increased neutrophils in 
the brain resulting in increased MMP-9 activity and Aβ 
accumulation.

Our insights into DSS-induced colitis and Aβ accumu-
lation are supported by a recent study that showed that 
DSS can induce a moderate colitis in AppNL-G-F mice, 
resulting in increased Aβ accumulation with decreased 
microglial motility and phagocytosis [14].  Since our 
acute colitis model  did not confirm the decreased 
CD68 expression shown by Sohrabi et  al [14], dif-
ferent mechanisms  may be involved rather than the 

phagocytic capacity of microglia. Since the one of the 
aims of this  study is to examine the effects of systemic 
inflammation on the early accumulation of Aβ, we uti-
lized 3-month-old mice, which correspond to the late 20s 
and 30s in humans. The peak onset of ulcerative colitis is 
known to be in the 20s, and the age of onset is earlier in 
familial Alzheimer’s disease (40~50s)  and Aβ accumu-
lation is assumed to begin before onset [31]. A chronic 
colitis model is used to mimic the pathogenesis of human 
ulcerative colitis, but unexpectedly an increase in Aβ 
accumulation is  found only in the acute colitis, not the 
chronic model. Previous reports show that peripher-
ally  inflammatory stimuli induce acute immune training 
and tolerance in the brain and epigenetic  reprogram-
ming of brain microglia [32]. In a mouse model of Alz-
heimer’s disease, immune training  with a single dose of 
LPS exacerbates amyloid-beta accumulation in the brain, 
while immune  tolerance with continuous intraperito-
neal administration of LPS alleviates it [32]. We specu-
late that  the once increased Aβ decrease by the similar 
mechanism in our chronic colitis. For allergic models and 
AD, intracerebral injection of interleukin-4/13 amelio-
rates cognitive deficits in AD mice by inhibiting Aβ accu-
mulation through increased Aβ clearance by M2-like 
activation of microglia [33].  Microglia treated with 
interleukin-4 may play a protective role against AD by 
increasing the uptake and degradation of Aβ in a process 
partially mediated by autophagy [34].

Previous studies have also shown that neutrophil 
depletion via the administration of Ly6G or Gr-1 anti-
bodies in the 3xTg-AD mouse model improves cognitive 
symptoms, increases soluble Aβ, and reduces micro-
gliosis compared to WT mice [8]. Another study, using 
a microfluidic platform, demonstrated that neutrophils 
activated by microglia can cross the blood-brain barrier 
and interact with Aβ-reactive microglia, resulting in the 
production of inflammatory cytokines [35]. Although 
this group showed that neutrophils stimulation by micro-
glia increases neutrophil motility [35], the factors that 
activated neutrophils in our study are unclear.

The origin of neutrophils that infiltrate the brain dur-
ing acute colitis is unclear. It is possible that humoral 
factors, such as granulocyte-colony stimulating fac-
tor, stimulate the production of neutrophils in bone 
marrow which then migrate to the brain via the blood. 
Neutrophils in the dura mater have also been reported 

Fig. 5  Involvement of MMP-9 in Aβ accumulation during acute colitis. A Schematic diagram of the experimental design to induce acute DSS colitis 
and administration of inhibitors. AppNL-G-F mice given water or 2% DSS were injected with DNase, MMP-9 inhibitor, or NAC. B The body weight of 
the mice. C The colon length of the mice. D The percentage of Aβ plaque area in cortex and hippocampus by immunohistochemical staining of 
Aβ plaques. E Feature plot of the expression levels of Ly6g, A100a8, and Mmp9 in immune cells in the brain with acute colitis. F Violin plot of the 
expression of Mmp9 in the different cell clusters in the brain with acute colitis. Data points are individual mice in one experiment. P values were 
determined by two-tailed Mann-Whitney U test (C, D). Data are shown as the mean ± s.e.m

(See figure on next page.)



Page 12 of 15Kaneko et al. Inflammation and Regeneration           (2023) 43:20 

Fig. 5  (See legend on previous page.)
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to originate from the bone marrow in the skull [22] and 
also could be the source of the increased number of neu-
trophils in the brain due to acute colitis. Mouse models 
of AD have been shown to have more neutrophils in the 
brain, even in the absence of intestinal inflammation [8]. 
Distinguishing between these neutrophils and neutro-
phils proliferated by acute intestinal inflammation will 
help to elucidate the mechanism in more detail.

Neutrophil removal by anti-Ly6G antibody adminis-
tration does not deplete newly generated neutrophils of 
bone marrow origin [25], and anti-Gr-1 antibody admin-
istration also recognizes Ly6C and may remove mono-
cytes and macrophages [36]. In a previous study, it was 
shown that neutrophils newly generated after anti-Ly6G 
antibody administration had low expression of surface 
Ly6G. However, these could also be removed by dual-
antibody neutrophil depletion [25]. Studies using Ly6G 
antibodies have also demonstrated that neutrophil adhe-
sion in brain capillaries reduces cortical blood flow and 
memory function in a mouse model of Alzheimer’s dis-
ease but does not affect Aβ accumulation [37]. To clarify 
the mechanism by which neutrophils increase Aβ accu-
mulation, it is necessary to manipulate neutrophils spe-
cifically in the brain, rather than systemic treatments like 
the method used in our study.

Although increased Aβ accumulation by neutrophils has 
been reported to be caused by neutrophil-derived NETs [8], 
removal of NETs by DNase had no inhibitory effect on Aβ 
accumulation in our experiments. Alternatively, we found 
that MMP-9 inhibition suppressed Aβ accumulation. Sev-
eral studies have reported the relationship between MMPs 
and AD. While MMP-2 has been expressed in neurons 
under steady state, MMP-9 is not but it is highly expressed 
in astrocytes in 2- to 6-month-old AD mouse models [38]. 
In  situ experiments have shown that MMP-9 can degrade 
compact plaques of Aβ fibrils [39]. In addition, the increase 
in steady-state soluble Aβ in MMP-9 KO mice indicates that 

MMP-9 contributes to the degradation of small Aβ aggre-
gates [40]. However, for insoluble Aβ, no change or a trend 
toward a decrease was observed with MMP-9 KO, suggest-
ing that MMP-9 may promote the formation of large Aβ 
plaques. Overexpression of MMPs in HEK cells carrying 
the human APP Swedish mutation strongly increases the 
levels of β-secretase-derived C-terminal APP fragment and 
Aβ levels [38]. In our experiment, we systemically adminis-
tered MMP-9 inhibitors, which also may inhibit astrocyte-
derived MMP-9; therefore, the neutrophil-specific deletion 
of MMP-9 would be interesting.

Since this study only examined effects via the immune 
system, future studies should also include endocrine and 
nervous system-mediated signals between the gut and the 
brain to further understand the mechanisms in the crosstalk 
between AD and colitis. In addition, examining the contri-
bution of neutrophils to Aβ plaque formation by specifically 
removing neutrophils from the brain is critical to under-
standing the role of neutrophils in enteritis and AD, as well 
as developing future therapeutic strategies targeting them.

Conclusion
These results suggest that neutrophils infiltrate the 
brain parenchyma of AD during acute colitis and that 
neutrophil infiltration is significantly related to the 
progression of the disease. We also propose a strategy 
whereby neutrophil-targeted therapies could reduce 
Aβ accumulation observed in early AD and prevent the 
increased risk of AD due to colitis.
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Fig. 6  The schematic diagram of Aβ accumulation during acute colitis. Acute colitis induces weight loss, shortening of the colon and upregulation 
of inflammatory cytokines (such as IL-6). Neutrophils, especially immature neutrophils, increase in the blood from AppNL-G-F mice. The increase in 
neutrophils in the brain following an increase in the blood is associated with acute colitis-induced Aβ accumulation via increased MMP-9 activity in 
the brain
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Additional file 1: Supplementary Figure S1. The confirmation of induc-
tion of colitis. A Body weight of colitis-induced WT mice. In acute colitis 
model, DSS treatment was started on day 20, indicated by the red arrow. 
B, C H&E staining of colon from WT (B) or AppNL-G-F mice (C) induced acute 
DSS colitis, chronic DSS colitis, and food allergies. D The protein levels of 
IL-6 in the serum of AppNL-G-F mice with colitis. Data points are individual 
mice from one representative of two independent experiments (A, D). 
P values were determined by one-way ANOVA. Data are shown as the 
mean ± s.e.m. Supplementary Figure S2. Reduction of Aβ plaques in 
the brains of AppNL-G-F mice with acute colitis by neutrophil depletion. 
AppNL-G-F mice drinking with fresh water or 2% DSS water were injected 
with anti-Ly6G antibody plus anti-rat kappa light chain antibody or 
isotype control antibody. A The photos of colon of AppNL-G-F mice on day 
7. B The percentage of Aβ plaques area in cortex and hippocampus by 
immunohistochemical staining. Data points are individual mice in one 
experiment. Supplementary Fig. S3. Cluster-specific gene expression 
in neutrophils. Dot plots for selected differential expressed genes (DEG) 
and cell-type specific markers for the indicated clusters. Supplementary 
Figure S4. Gating strategy for neutrophils in the blood. Gating strategy 
to analyze young and adult neutrophils in the blood by flow cytometry 
analysis as shown in Fig. 3 H-I, and Fig. 4B.
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