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Abstract
Background: Neuroin�ammation is a major driver of age-related brain degeneration and concomitant
functional impairment. In patients with Alzheimer’s disease, the most common form of age-related
dementia, factors that enhance neuroin�ammation may exacerbate disease progression, in part by
impairing the glymphatic system responsible for clearance of pathogenic beta-amyloid. In�ammatory
bowel diseases (IBDs) induce neuroin�ammation and exacerbate cognitive impairment in the elderly. The
NACHT-LRR and pyrin (PYD) domain-containing protein 3 (NLRP3) in�ammasome have been implicated
in neuroin�ammation. We therefore examined if the NLRP3 in�ammasome contributed to glymphatic
dysfunction and cognitive impairment in an aging mouse model of IBD.

Methods: Sixteen-month-old C57BL/6J and NLRP3 knockout (KO) mice received 1% wt/vol dextran
sodium sulfate (DSS) in drinking water to model IBD. The Morris water maze was used to examine spatial
cognition, in vivo two-photon imaging to examine glymphatic clearance, and immuno�uorescence
staining and western blotting to detect markers of neuroin�ammation.

Results: Administration of DSS induced colitis, impaired spatial cognition, activated microglia and
increased A1-like astrocyte numbers. In addition, DSS treatment impaired glymphatic clearance,
aggravated amyloid plaque accumulation, and induced neuronal loss in cortex and hippocampus. These
neurodegenerative responses were associated with increased NLRP3 in�ammasome expression and
accumulation of gut-derived T lymphocytes along meningeal lymphatic vessels. Conversely NLRP3
depletion protected against cognitive dysfunction, neuroin�ammation, and neurological damage induced
by DSS.

Conclusions: Colitis can exacerbate age-related neuropathology, while suppression of NLRP3
in�ammasome activity may protect against these deleterious effects of colitis.

Introduction
Neuroin�ammation is strongly implicated in the pathogenesis of age-related cognitive decline, including
that associated with Alzheimer’s disease (AD), the most common form of dementia in older adults [1].
Patients with AD show progressive accumulation of misfolded amyloid-beta (Aβ) protein within plaques,
and plaque load is directly associated with the severity of neurodegeneration and eventual functional
de�cits. However, some plaques may be observed 10–20 years before the onset of cognitive decline [2], so
there is a substantial therapeutic window for curtailing disease progression Indeed, numerous strategies
have been examined to reduce Aβ accumulation and prevent or slow down AD progression [2], but there
are currently no widely effective treatments. Growing evidence indicates that accumulation of misfolded
Aβ results from an imbalance between production and clearance [3], and that impairment of Aβ clearance
is responsible for the most common type of AD [4] Thus, treatments that enhance Aβ clearance may be
among the most broadly effective treatment strategies for AD.
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The glymphatic pathway is a critical mechanism for amyloid beta clearance [5] and is markedly disrupted
by neuroin�ammation in aged brain [6, 7]. There is growing evidence for a regulatory role of the gut-brain
axis in neuroin�ammation and cognition. For example, in�ammatory bowel diseases (IBDs) increase the
incidence of cognitive impairment [8], while germ-free rearing and antibiotic treatment reduce cerebral Aβ
pathology and neuroin�ammation in AD model mice [9, 10]. Nevertheless, it is unclear if intestinal
homeostasis regulates glymphatic function during the aging process.

Recent work has demonstrated that glymphatic clearance is dependent on meningeal lymphatic function
[6]. However, it is unclear how meningeal lymphatic vessel function is regulated by the gut-brain axis in the
elderly. The NACHT, LRR, and pyrin (PYD) domain-containing protein 3 (NLRP3) in�ammasome are
implicated in both gut immune homeostasis and neuroin�ammation [11], and activation was found to
exacerbate Aβ deposition and cognitive impairment in AD [12].

In the present study, we investigated possible contributions of the NLRP3 in�ammasome to exacerbation
of neurological dysfunction by colitis in aging mice. Oral administration of dextran sodium sulfate (DSS)
for 4 weeks to model colitis increased NLRP3 in�ammasome activity and gut-derived T cell numbers
along meningeal lymphatic vessels (mLVs), activated microglia and astrocytes, impaired glymphatic
clearance of Aβ, and aggravated cognitive decline, responses not found in NLRP3 knockout (KO) mice.
Collectively, these results identi�ed the NLRP3 in�ammasome as a potential therapeutic target for AD and
other neuroin�ammatory disorders exacerbated by colitis.

Materials And Methods

Animals
The study was approved by the Animal Research Committee of Laboratory Animal Monitoring Institute of
Guangdong Province (Guangzhou, China; committee’s reference number: [2013]97). All efforts were made
to minimize the number and suffering. NLPR3 KO mice were obtained from the Jackson laboratory
(B6.129S6-Nlrp3tm1Bhk/J, Catalog number: 021302) and bred in the Laboratory Animal Monitoring
Institute of Guangdong Province, they were founded on a C57BL/6J background. WT mice were provided
from the Laboratory Animal Monitoring Institute of Guangdong Province. Male animals were used at
sixteen months of age and were housed under a 12:12 h light: dark cycle (light on from 07:00 to 19:00 h),
with controlled temperature and humidity. WT and NLRP3 KO mice were randomly divided into two
groups: Control (Ctrl) and DSS group. In control group, mice received distilled water without DSS for 28
days. In DSS group, mice were treated with multiple-cycle administration of 1% wt/dextran sodium
sulfate (DSS, (molecular weight 30,000 to 50,000, MP Biomedicals, CANADA) in drinking water on days 1
to 5, 8 to 12, 15 to 19, and 22 to 26, which was replaced by drinking water with fresh DSS solutions on
day 6 to 7, 13 to 14, 20 to 21 and 27 to 28.

Open �eld
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Wu used an open �eld arena to evaluate the anxiety and exploratory activities, which allowed the mice to
freely explore for 5 min. The testing apparatus was a classic open �eld (a square arena, 50 × 50 cm, with
walls 40 cm high), surmounted by a video camera. Each mouse was placed in the center of the arena,
their performances were monitored and the time spent in the center (Region of interest, ROI) were
recorded and analyzed.

Detection of lymphocytes migrated from the gut to the
meninges
After �nish of the DSS administration, we microinjected the �uorescent-cell-staining dyes CM-Dil (5µM in
2 µl of PBS per PP) (Life Technologies) cells in Peyer’s patches (PPs) and paracolic nodes [13, 14].

Morris water maze task
Water maze tasks were performed after �nish of the DSS administration as described previously (Fig. 1A)
[15]. Brie�y, mice received four trials (up to 60 s) on �ve consecutive training days, and then received a
single 60 s probe trial on day 6. The latency to reach the platform during training days, the times crossing
the target area (former platform position) and the time spent in the target quadrant during the probe trial
were recorded.

In vivo two-photon imaging of glymphatic clearance
The e�ciency of glymphatic clearance was evaluated using in vivo two-photon imaging [7]. Brie�y, mice
were anesthetized and a thin cranial window was created at parietal. Fluorescein isothiocyanate (FITC)-
dextran (70 kDa; Sigma-Aldrich) was dissolved in arti�cial cerebrospinal �uid at a concentration of 1%, 10
µl of FITC was injected into the cisterna magna using a microsyringe connected with a syringe pump
controller. 0.2 ml of 1% rhodamine B (Sigma) in saline was injected intravenously to show the brain
vascular before imaging. Two-photon imaging was performed using a two-photon laser scanning
microscope (Leica) equipped with a water immersion objective (25×). To monitor the clearance of FITC-
dextran injected into the brain parenchyma, three-dimensional (3D) xyz stacks (512 × 512 pixels, 2 µm
resolution) were taken up to 300 µm below the cortical surface at 5, 15, 30, 45, and 60 min after the
injection of the FITC-dextran, the overall �uorescence intensities were analyzed. Besides, images 100 µm
below the cortical surface were obtained and the �uorescence intensities in the paravascularv space were
analyzed to examine the e�ciency of glymphatic clearance.

Histology
Mice were perfused with 50 ml ice-cold phosphate buffer saline (PBS) and 50 ml of 4% (w/v)
paraformaldehyde in PBS. For immuno�uorescence staining, intact meninges were peeled off, and
coronal brain slices 10 µm thick at interval of 100 µm or consecutive 40 µm were sectioned. Meninges or
brain sections were boiled in citric acid buffer for 5 min in a microwave oven and were treated with 0.3%
Triton X-100 and 10% goat serum for 1 h at room temperature and then incubated overnight at 4 ℃ with
primary antibody [1:300 rabbit anti-ionized calcium binding adapter molecule 1 (Iba1) antibody, Wako,
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Japan; 1:100 mouse anti-NLRP3 antibody, Thermo Fisher; 1:100 mouse puri�ed anti-β-amyloid, 1–42
antibody, BioLegend; 1:100 mouse puri�ed anti-β-amyloid, 1–40 antibody, BioLegend; 1:100 rabbit anti-
CD31 antibody, Abcam; 1:300 rat anti-MAP2 antibody, Abcam; 1:300 mouse anti-GFAP, Sigma-Aldrich;
1:200 rabbit anti-AQP4, Peptide, USA; 1:100 rabbit anti-C3 antibody, Abcam; anti-NeuN, Millipore; 1:100
rabbit anti-LYVE1, Abcam] and then incubated with a secondary antibody [1:300 Anti-mouse IgG (H + L),
F(ab')2 Fragment (Alexa Fluor® 488 Conjugate); 1:300 Anti-rabbit IgG (H + L), F(ab')2 Fragment (Alexa
Fluor® 594 Conjugate), Cell signaling; 1:300 Anti-rat IgG (H + L), (Alexa Fluor® 488 Conjugate)] in PBS
containing 10% normal goat serum at room temperature for 1 h.

Histological Scoring of Intestinal In�ammation
Body weight was monitored daily during the DSS administration, colitis model was con�rmed by
hematoxylin and eosin (H&E) staining and histological scorings were analyzed. Speci�cally, sections (2
cm) of the distal colon were cut, and then were sectioned (10-µm thick) at interval of 100µm using a
frozen microtome (Leica, Germany). Colon sections were stained with hematoxylin and eosin (H&E) and
histological scores were assessed as described by Xiao et al. and Chen et al. [16, 17].

Western blotting
For Western blotting, 30 µg protein in each lane was subjected to SDS-PAGE using 4–12% precast poly
acrylamide gels (Novex, Invitrogen) at 200 V for 45 min. Then proteins were transferred to polyvinylidene
�uoride membranes (Millipore, Bedford, MA, USA) at 120 V for 1.5 h. Membranes were incubated in 5%
milk (R & D system) for 1 h and incubated with primary antibodies (mouse anti-NLRP3 antibody, Thermo
Fisher; rabbit anti-IL-1beta antibody, Abcam; rabbit anti-caspase-1 antibody, Abcam; rabbit anti-Apoptosis
associated speck (ASC), A�lity, rabbit anti-tubulin beta antibody, A�nity) overnight at 4℃, followed by
incubation with secondary antibody (anti-rabbit IgG, HRP-linked antibody, Cell Signaling Technology; anti-
rat IgG, HRP-linked antibody, Cell Signaling Technology) for 1 h in a dark room. Images were obtained
from a chemiluminescence imaging system.

Statistical Analyses
The 3D image overlays were visualized and analyzed with the Leica Application Suite (LAS) Advanced
Fluorescence Lite software (LAS AF Lite, 2.4.1 build 6384, Leica). The ImageJ software (National
Institutes of Health, Bethesda, MD, USA) was used to analyze the histological and western blotting
results. For histological scoring of colon and NLRP3 expression, independent-samples t test was used to
analyze. For other data, two-way repeated measures ANOVA with further turkey’s multiple tests were used
to analyze. A P value < 0.05 was considered statistically signi�cant (Prism 8.0, GraphPad software, La
Jolla, CA, USA). Data are expressed as means ± standard deviations of the means (SD).

Results
DSS administration induced colitis and activated the NLRP3 in�ammasome in the brain.
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We �rst compared histological signs of colitis, brain expression levels of the NLRP3 in�ammasome, and
accumulation of downstream proin�ammatory factors between WT and NLRP3 KO mice under control
conditions and following oral DSS administration for 4 weeks, then subjected groups of control and DSS-
treated WT and NLRP3 KO mice to a battery of additional immunohistological and behavioral analyses
(Fig. 1A). Oral DSS signi�cantly enhanced expression of the NLRP3 in�ammasome in wild type (WT)
mice brains as evidenced by western blotting (Fig. 1B), while no NLRP3 expression was detectable in
NLRP3 KO mice following DSS administration (t = 1.167, P < 0.001 vs. WTs by independent samples t-
test) (Fig. 1B & C). Furthermore, two-way ANOVA revealed signi�cant main effects of drug (F = 32.62, P < 
0.0001) and genotype (F = 26.20, P < 0.0001) on expression of cleaved caspase-1, as well as a signi�cant
drug × genotype interaction (F = 36.41, P < 0.0001). Post hoc Tukey’s tests further showed that DSS
administration increased cleaved caspase-1 expression in WT mice (P < 0.0001) but not NLRP3 KO mice
(P > 0.05), and post-DSS expression of cleaved caspase-1 was signi�cantly lower in NLRP3 KO mice than
DSS-treated WT mice (P < 0.0001) (Fig. 1B & C).

The NLRP3 in�ammasome drove the in�ammatory response in part by cleaving immature interleukin
(IL)-1β to yield the active form, and ANOVA revealed signi�cant main effects of drug (F = 310.10, P < 
0.0001) and genotype (F = 355.00, P < 0.0001) on brain IL-1β expression as well as a signi�cant drug ×
genotype interaction (F = 608.80, P < 0.0001) (Fig. 1D & E). In WT mice, brain expression of IL-1β was
signi�cantly greater following DSS treatment compared to WT controls (P < 0.0001), while no such
change was detected in NLRP3 KO mice (P > 0.05), and expression was signi�cantly lower in NLRP3 KO
mice compared to WT mice following DSS (P < 0.0001). Similarly, there were signi�cant main effects of
drug (F = 44.65, P < 0.0001) and genotype on expression of the in�ammasome adaptor protein ASC
oligomer (F = 45.47, P < 0.0001) (Fig. 1F & G) as well as a signi�cant drug × genotype interaction (F = 
66.36, P < 0.0001). Expression of the ASC oligomer was signi�cantly greater in DSS-treated WT mice
compared to control WT mice (P < 0.0001), while there was no difference in expression between control
and DSS-administered NLRP3 KO mice (P > 0.05), and expression was signi�cantly lower in NLRP3 KO
mice compared to WT mice following DSS (P < 0.0001). These results indicated that DSS administration
activated the NLRP3 in�ammasome in WT mice and increases the expression of the proin�ammatory
cytokine IL-1β.

NLRP3 depletion protected against colitis-induced neurological dysfunction.

Control and DSS-fed WT and NLRP3 KO mice were then compared for spontaneous behaviors and spatial
cognition in the open �eld and Morris water maze tests, respectively. Time spent in the center of the open
�eld, a behavioral index of anxiety, differed signi�cantly among groups (Fig. 2A), with main effects of
drug (F = 18.88, P < 0.0001) and genotype (F = 14.28, P < 0.01) as well as a signi�cant drug × genotype
interaction (F = 16.57, P < 0.0001). Post hoc analysis revealed a signi�cant decrease in time spent in the
central area among DSS-treated WT mice compared to control WT mice (P < 0.0001) but no such
difference between DSS-administered and control NLRP3 KO mice (P > 0.05). Compared to DSS-fed WT
mice, DSS-fed NLPR3 KO mice spent more time in the central area (P < 0.001).
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Morris water maze performance also indicated signi�cant cognitive dysfunction in DSS-fed WT mice but
not in NLPR3 KO mice. During the training phase to �nd a hidden platform (Fig. 2B), there was a main
effect of training day on latency as expected (F = 62.39, P < 0.0001), but no main effect of the group (F = 
2.20, P > 0.05), training day × group interaction (F = 0.93, P > 0.05), or group differences within training
days (all P > 0.05). However, in the probe trail for spatial memory in which the hidden platform was
removed (Fig. 2C), there were signi�cant main effects of the drug (F = 6.27, P < 0.05) and genotype (F = 
10.85, P < 0.01) on the number of former platform location crossings and a signi�cant drug × genotype
interactions (F = 6.26, P < 0.05). Administration of DSS signi�cantly reduced the number of former
platform crossings among WT mice (P < 0.01) but not NLRP3 KO mice (P > 0.05), and the number of
former platform location crossing was signi�cant greater among DSS-fed NLRP3 KO mice than DSS-fed
WT mice (P < 0.01) Similarly, there were signi�cant main effects of drug (F = 17.36, P < 0.001) and
genotype (F = 15.83, P < 0.001) on time spent in the target (former platform) quadrant and a signi�cant
drug × genotype interaction (F = 11.08, P < 0.001). Administration of DSS signi�cantly reduced target
quadrant time among WT mice compared to control WT mice (P < 0.0001) but had no effect on the
performance of NLRP3 KO mice (P > 0.05), and DSS-fed NKRP3 KO mice spent more time in the target
quadrant than DSS-fed WT mice (P < 0.0001). Collectively, these �ndings suggested that colitis induced a
NLRP3 in�ammasome-dependent spatial memory de�cit. Next, we con�rmed that the DSS administration
induced colitis by H & E staining (Fig. 2D), the histological score was signi�cantly decreased in NLRP3 KO
mice compared with WT mice (t = 2.46, P < 0.05). Furthermore, the body weight of WT mice received DSS
administration slightly decreased during the period of establishing the colitis model, whereas which was
increased in other groups.

NLRP3 depletion inhibited colitis-induced microglial activation and protected against neuronal loss.

We then analyzed the effect of DSS on neuronal survival and the potential protection conferred by NLRP3
depletion (Fig. 3A-D). Consistent with the cognitive dysfunction induced by DSS in WT but not NLRP3
mice, there were main effects of the drug (F = 13.68, P < 0.05) and genotype (F = 11.44, P < 0.05) on
neuron number in the cortex as well as a drug × genotype interaction (F = 10.97, P < 0.05). Furthermore,
Tukey’s tests showed that cortical neuron number was signi�cantly lower in DSS-fed WT mice than
control WT mice (P < 0.05) while there was no difference between DSS-fed and control NLRP3 KO mice (P 
> 0.05). The number of cortical neurons was greater in DSS-fed NLRP3 KO mice than DSS-fed WT group
(P < 0.05) (Fig. 3A), suggesting the suppression of NLRP3 in�ammasome activity protected against
colitis-induced neuroin�ammation and neurodegeneration. In hippocampus as well (Fig. 3B), there was a
main effect of drug on neuronal number (F = 8.43, P < 0.05) but no signi�cant main effect of genotype (F 
= 4.86, P > 0.05). Hippocampal neuron number was, however, signi�cantly lower in DSS-fed WT mice than
control WT mice (P < 0.01) but did not differ between DSS-fed and control NLRP3 KO mice (P > 0.05), and
hippocampal neuron number was signi�cant higher in DSS-fed NLRP3 KO mice than DSS-fed WT mice
(P < 0.05). These results indicated that DSS administration induced neuronal loss in hippocampus, and
that this neurodegenerative response was dependent on NLRP3.
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We also quanti�ed neuronal functional integrity by immunostaining for MAP2 in the cortex (Fig. 3C) and
hippocampus (Fig. 3D). Two-way ANOVA revealed the signi�cant main effects of drug (F = 23.02, P < 
0.01) and genotype (F = 29.29, P < 0.01), as well as a signi�cant drug × genotype interaction (F = 100.30,
P < 0.001) on cortical MAP2 expression. Furthermore Tukey’s multiple comparison test showed that mean
MAP2 expression intensity was lower in cortex of DSS-fed WT mice than control WT mice (P < 0.001), but
did not differ between control and DSS-fed NLRP3 KO mice (P > 0.05). Cortical MAP2 expression was also
signi�cantly higher in DSS-fed NLRP3 KO mice than DSS-fed WT mice (P < 0.001). In the hippocampus as
well, two-way ANOVA revealed a signi�cant main effect of drug (F = 16.87, P < 0.01) and genotype (F = 
66.06, P < 0.001) on MAP2 expression intensity as well as a signi�cant drug × genotype interaction (F = 
17.72, P < 0.01). Post hoc Tukey’s tests also indicated signi�cantly lower MAP2 expression intensity in
DSS-fed WT mice than control WT mice (P < 0.01) but no signi�cant difference between DSS-fed and
control NLRP3 KO mice (P > 0.05). Hippocampal MAP2 expression intensity was signi�cant greater in
DSS-fed NLRP3 KO mice than DSS-fed WT mice (P < 0.01).

NLRP3 depletion attenuated the colitis-induced amyloid beta deposition.

Among individuals destined to develop age-related mild cognitive impairment and AD, neuronal loss and
neuroin�ammation is associated with accumulation of Aβ, so we analyzed the effect of DSS
administration on deposition of pathogenic Aβ (Aβ1–40, Aβ1–42) and the potential protective e�cacy of
NLRP3 depletion (Fig. 4). Consistent with cognitive and histological evaluations, two-way ANOVA showed
signi�cant main effects of drug (F = 25.97, P < 0.01) and genotype (F = 15.66, P < 0.05) on Aβ1–40
immunoexpression intensity as well as a signi�cant drug × genotype interaction (F = 134.00, P < 0.0001)
(Fig. 4A & B). Administration of DSS signi�cantly increased Aβ1–40 expression in the cortex of WT mice
(P < 0.0001) but not NLRP3 KO mice (P > 0.05), and cortical Aβ1–40 expression was signi�cantly lower in
DSS-fed NLRP3 KO mice then DSS-fed WT mice (P < 0.0001). In hippocampus as well (Fig. 4A & B), there
was a main effect of drug on Aβ1–40 expression (F = 5.63, P < 0.05) but no main effect of genotype (F = 
18.00, P < 0.01). There was, however, a signi�cant drug × genotype interaction (F = 7.03, P < 0.05), and
post hoc analyses indicated that DSS administration signi�cantly increased Aβ1–40 deposition in the
hippocampus of WT mice (P < 0.05) but not NLRP3 KO mice (P > 0.05), and that Aβ1–40 expression was
signi�cantly lower in DSS-fed NLRP3 KO mice than DSS-fed WT mice (P < 0.05) (Fig. 4A & B). Similarly,
there were signi�cant main effects of drug (F = 56.97, P < 0.001) and phenotype (F = 29.92, P < 0.01) on
Aβ1–42 in the cortex (Fig. 4C & D) as well as a signi�cant drug × genotype interaction (F = 8.52, P < 0.05).
Administration of DSS also signi�cantly increased Aβ1–42 deposition in the cortex of WT mice (P < 0.05)
but not NLRP3 KO mice (P > 0.05), and Aβ1–42 expression was signi�cantly lower in DSS-fed NLRP3 KO
mice than DSS-fed WT mice (P < 0.05). Similarly, there were signi�cant main effects of drug (F = 71.24, P 
< 0.001) and phenotype (F = 9.95, P < 0.05) on Aβ1–42 in hippocampus, and a signi�cant drug × genotype
(F = 12.63, P < 0.05). Furthermore, post hoc pair-wise comparisons revealed that DSS administration
signi�cantly increased hippocampal Aβ1–42 deposition in WT mice (P < 0.01) but not NLRP3 KO mice (P 
> 0.05), and that Aβ1–42 intensity was signi�cantly lower in DSS-fed NLRP3 KO mice than DSS-fed WT
mice (P < 0.05). Thus, colitis induced NLRP3-dependent Aβ accumulation in cortex and hippocampus,
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possibly by suppressing glymphatic clearance, consistent with the observed neuropathology,
neuroin�ammation, and impaired spatial cognition.

NLRP3 depletion decreased astrocytic activation induced by colitis.

We then examined the effects of colitis and NLRP3 KO on astrocyte density and polarization of astrocytic
AQP4 in cortex and hippocampus as measures of astrocytic activation and function. Two-way ANOVA
analysis revealed signi�cant main effects of drug (F = 27.96, P < 0.0001) and genotype (F = 25.61, P < 
0.0001) on astrocyte density in cortex as well as a signi�cant drug × genotype interaction (F = 15.04, P < 
0.001) (Fig. 5A & B), while post hoc analyses revealed increased astrocyte density in DSS-fed WT mice
compared to control WT mice (P < 0.0001) but no signi�cant difference between DSS-fed and control
NLRP3 KO mice (P > 0.05). Astrocyte density was signi�cantly lower in DSS-fed NLRP3 KO mice
compared to DSS-fed WT mice (P < 0.0001), suggesting that NLRP3 KO protected against
neuroin�ammation and reactive transformation of astrocytes.

There were no main effects of drug (F = 0.40, P > 0.05) or genotype on AQP4 expression (F < 0.01, P > 
0.05) and no drug × genotype interaction (F = 3.149, P > 0.05) (Fig. 5A & B). There were also no signi�cant
pair-wise differences in AQP4 immunoexpression intensity among the four treatment groups (all P > 0.05)
(Fig. 5A & B). Alternatively, there were signi�cant main effects of drug (F = 13.68, P < 0.01) and genotype
(F = 11.45, P < 0.01) on AQP4 distribution polarity in cortical astrocytes as well as a signi�cant drug ×
genotype interaction (F = 9.08, P < 0.01) (Fig. 5A & B), and AQP4 polarity was signi�cantly lower in DSS-
fed WT mice than control WT mice (P < 0.001). Conversely, there was no difference in polarity between
DSS-fed and control NLRP3 KO mice (P > 0.05) (Fig. 5A & B). Polarity was signi�cantly higher in DSS-fed
NLRP3 KO mice compared to DSS-fed WT mice (P < 0.001).

In the hippocampus as well (Fig. 5C & D), there were signi�cant main effects of drug (F = 28.40, P < 
0.0001) and genotype (F = 20.48, P < 0.0001) on astrocyte density, and a signi�cant drug × genotype
interaction (F = 24.39, P < 0.0001). According to post hoc analyses, astrocyte density was signi�cantly
higher in DSS-fed WT mice compared to control WT mice (P < 0.0001), but not signi�cantly different
between DSS-fed and control NLRP3 KO mice (P > 0.05). The density of hippocampal astrocytes was
signi�cantly lower in DSS-fed NLRP3 KO mice than DSS-fed WT mice (P < 0.0001).

As in the cortex, there was no main effect of drug (F = 1.35, P > 0.05) or genotype (F = 0.87, P > 0.05) on
hippocampal AQP4 expression, nor a signi�cant drug × genotype interaction (F = 0.97, P > 0.05). There
were also no pair-wise differences in expression among the four groups (all P > 0.05). In contrast to the
cortex, there was no main effect of genotype on AQP4 polarity (F = 3.81, P > 0.05), although there was a
signi�cant main effect of drug (F = 9.12, P < 0.01) and drug × genotype interaction (F = 7.41, P < 0.05). The
polarity of AQP4 in hippocampus was also signi�cantly lower in DSS-fed WT mice than control WT mice
(P < 0.001) and did not differ between DSS-fed and control NLRP3 KO mice (P > 0.05). Polarity was
signi�cantly greater in DSS-fed NLRP3 KO mice compared to DSS-fed WT mice (P < 0.05). These �ndings
suggested that DSS induced neuroin�ammation and impaired astrocytic function through enhanced
NLRP3 in�ammasome activity.
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NLRP3 depletion decreased the elevation in A1-like astrocyte numbers induced by colitis.

We investigated the effect of DSS administration on astrocyte phenotype by GAFP and C3
immuno�uorescence staining (Fig. 6). There was no signi�cant main effects of genotype on astrocytic
C3 expression in cortex (F = 4.81, P > 0.05), but there was a signi�cant main effect of drug (F = 44.06, P < 
0.01) and a signi�cant drug × genotype interaction (F = 14.48, P < 0.05). Administration of DSS
signi�cantly increased cortical C3 expression in WT mice (P < 0.05) but not NLRP3 KO mice (P > 0.05),
and cortical C3 expression was signi�cantly lower in DSS-fed NLRP3 KO mice than DSS-fed WT mice (P 
< 0.05). Similarly, there was no main effect of genotype on C3-positive astrocyte number in cortex (F = 
4.22, P > 0.05), but there was a main effect of drug (F = 14.50, P < 0.01) and a signi�cant drug ×
phenotype interaction (F = 14.48, P < 0.05). Administration of DSS increased C3-positive astrocyte
numbers in the cortex of WT mice (P < 0.001) but not NLRP3 KO mice (P > 0.05), and C3-positive astrocyte
number was signi�cantly lower in the cortex of DSS-fed NLRP3 KO mice compared to DSS-fed WT mice
(P < 0.01) (Fig. 6A & B).

In the hippocampus (Fig. 6C & D), there were signi�cant main effects of drug (F = 12.21, P < 0.05) and
genotype (F = 10.95, P < 0.05) on C3 expression, and a signi�cant drug × genotype interaction (F = 10.29,
P < 0.05). Hippocampal C3 expression was signi�cantly higher in DSS-fed WT than control WT mice (P < 
0.05) but did not differ between DSS-fed and control NLRP3 KO mice (P > 0.05). Hippocampal expression
was also signi�cantly lower in DSS-fed NLRP3 KO mice than DSS-fed WT mice (P < 0.05) (Fig. 6C & D).
Consistent with C3 expression levels, there were signi�cant main effects of drug (F = 89.34, P < 0.001) and
genotype (F = 142.50, P < 0.0001) on hippocampal C3-positive astrocyte number, and a signi�cant drug ×
genotype interaction (F = 85.07, P < 0.001). The number of C3-positive astrocytes in hippocampus was
signi�cantly higher in DSS-fed than control WT mice (P < 0.001) but did not differ between DSS-fed and
control NLRP3 KO mice (P > 0.05). The number of C3-positive hippocampal astrocytes was also
signi�cantly lower in DSS-fed NLRP3 KO mice than DSS-fed WT mice (P < 0.001) (Fig. 6C & D). These
results indicated that DSS administration promoted the A1-like transformation of astrocytes and that this
effect was dependent on NLRP3 activation.

NLRP3 depletion rescued the impairment in glymphatic clearance induced by colitis.

To directly examine the effect of colitis on glymphatic function, we measured FITC-dextran clearance in
vivo using two-photon imaging (Fig. 7). Following intracisternal injection, FITC tracer moved along the
cerebral vasculature and entered the cortical parenchyma. Three-dimensional analysis revealed a
progressive rise in FITC �uorescence intensity for 30 min before decreasing in WT control and both
NLRP3 groups, while the tracer signal continued to increase for 60 min in DSS-fed WT mice, suggesting
impaired glymphatic clearance. Two-way ANOVA and post hoc analysis showed no signi�cant main
effect of drug (F = 1.55, P > 0.05) or genotype (F = 0.95, P > 0.05) at 5 min after tracer injection, no drug ×
genotype interaction (F = 1.3450, P > 0.05), and no signi�cant pair-wise differences among groups (all P > 
0.05). At 60 min after tracer injection, however, there were signi�cant main effects of drug (F = 14.61, P < 
0.01) and genotype (F = 8.81, P < 0.01) on FITC intensity, and a signi�cant drug × genotype interaction (F 
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= 35.98, P < 0.0001). Tracer �uorescence intensity was signi�cantly greater in DSS-fed than control WT
mice (P < 0.001) but did not differ between NLRP3 KO groups (P > 0.05), and signal intensity was
signi�cantly lower in DSS-fed NLRP3 KO mice compare to DSS-fed WT mice at 60 min (P < 0.0001).

To examine the e�ciency of interstitial �uid �ow, we then analyzed FITC-dextran movement in the
paravascular space at 100 µm below the cortical surface (Fig. 7C & D). In DSS-fed WT mice, FITC signal
intensity kept increasing from 5 to 45 min postinjection, and then gradually decreased, while all other
group demonstrated decreases in signal intensity staring 5 min following injection. At 5 min following
injection, there was no signi�cant main effects of drug (F = 0.27, P > 0.05) or genotype (F = 0.30, P > 0.05)
on paravascular FITC intensity, and no signi�cant drug × genotype interaction (F = 1.61, P > 0.05). Further
post hoc Tukey’s test also indicated no signi�cant differences in FITC intensity among the four groups at
5 min post-injection (all P > 0.05). At 60 min following FITC-dextran injection, however, there were
signi�cant main effects of drug (F = 6.68, P < 0.05) and genotype (F = 48.83, P < 0.001) as well as a
signi�cant drug × genotype interaction (F = 87.95, P < 0.001), and FITC intensity was signi�cantly higher
in DSS-fed WT mice than control WT mice (P < 0.001) but did not differ between NLRP3 KO groups (P > 
0.05). Signal intensity was signi�cantly lower in DSS-fed NLRP3 KO mice compared to DSS-fed WT mice
(P < 0.001). Collectively, these results indicated that DSS-induced colitis and neural NLRP3
in�ammasome activity impaired glymphatic clearance, while NLRP3 in�ammasome suppression
mitigated this effect.

NLRP3 depletion inhibited meningeal accumulation of gut-derived T cells.

A previous study reported that the neuroin�ammation associated with colitis was enhanced by migration
of activated γδ T cells from the gut to the meninges [18], so we examined if the differences in
neuroin�ammation and functional de�cits among groups re�ected meningeal gut-derived T cell
accumulation (Fig. 8). There were signi�cant main effects of drug (F = 156.3, P < 0.0001) and drug ×
genotype interaction (F = 129.0, P < 0.0001) on CD3-positive cells in mLVs (Fig. 8A & C), and a
signi�cantly greater number of CD3-positive cells in the mLVs of DSS-fed WT mice than control WT mice
(P < 0.0001) but not in the mLVs of DSS-fed NLRP3 KO mice compared to control NLRP3 KO mice (P > 
0.05). Meanwhile, there were signi�cant main effects of drug (F = 150.60, P < 0.0001) and phenotype (F = 
148.80, P < 0.0001) on CM-Dil-positive (gut-derived) cell number in mLVs, and a signi�cantly greater
number of CM-Dil-positive cells in the mLVs of DSS-fed WT mice than control WT mice (P < 0.0001) but
not in the mLVs of DSS-fed NLRP3 KO mice compared to control NLRP3 KO mice (P > 0.05). Moreover,
CM-Dil-positive cell number was signi�cantly lower in the mLVs of DSS-fed NLRP3 KO mice compared to
DSS-fed WT mice (P < 0.0001) (Fig. 8B & C), suggesting that recruitment of gut-derived lymphocytes to
the meninges was dependent on NLRP3 in�ammasome activity.Immuo�uorescence staining for the
lymphatic endothelial cell marker LYVE1 revealed the presence of lymphocytes distributed along mLVs
(Fig. 8D), there was no obvious NLRP3 in�ammasome activity in the meninges of NLRP3 KO mice, while
DDS feeding signi�cantly enhanced NLRP3 in�ammasome activity in WT mice (t = 6.68, P < 0.0001), but
there was no signi�cant main effect of drug (F < 0.01, P > 0.05) or genotype (F < 0.15, P > 0.05), no drug ×
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genotype interaction (F = 1.09, P > 0.05), and no difference in LYVE1 staining intensity among groups (all
P > 0.05) (Fig. 8D & E).

Discussion
There is compelling evidence that the gut-brain axis (GBA) regulates the progression of
neurodegenerative diseases, including AD [19, 20], and that intestinal lesions even decades before AD
diagnosis may accelerate the underlying neuropathological processes [2]. Consistent with this notion that
intestinal lesions can exacerbate early AD-like pathology, intestinal in�ammation induced by DSS
disrupted glymphatic clearance, increased Aβ deposition, triggered neuroin�ammation, and even impaired
spatial cognition among aging mice. Furthermore, these pathological effects were dependent on the
NLRP3 in�ammasome as all were suppressed by NLRP3 knockout, underscoring the therapeutic potential
NLRP3 in�ammasome blockade for early treatment of AD.

Microglial activation by the NLRP3 in�ammasome may be a critical contributor to increased Aβ
deposition. First, microglia are the resident macrophages and primary immune cells in the central nervous
system responsible for the phagocytosis and clearance of Aβ [21] and NLRP3 activation was found to
promote pro-in�ammatory responses of microglia and dampen Aβ clearance [22–24]. Moreover, microglial
activation induced A1-like astrocyte transition, resulting in a phenotype that can no longer promote
neuronal survival or synaptogenesis [25, 26]. Consistent with these �ndings, DSS-induced colitis increased
microglial activation and A1-like astrocyte numbers, and these responses were inhibited by NLRP3
depletion. In addition to possible loss of neurotrophic functions, astrocytes from DSS-fed WT mice
demonstrated reduced AQP4 polarity, which is essential for glymphatic clearance e�cacy [7]. Dysfunction
of glymphatic clearance has been shown to enhance Aβ deposition [27], and indeed DSS-fed WT mice
showed greater Aβ accumulation concomitant with reduced glymphatic clearance of a dextran tracer as
well as multiple additional signs of glymphatic impairment such as loss of AQP4 polarity.

Accumulation of gut-derived T cells in mLVs is another potential contributor to age-related
neuropathology and cognitive decline [18]. Meningeal LVs alter the accessibility of immune
neuromodulators to the brain parenchyma, thereby potentially exacerbating in�ammation [28]. In addition,
CD4 + T cells in meanings were reported to enter the CSF [29], mediate microglial activation, and enhance
local pro-in�ammatory cytokine production [18, 30, 31]. Using in vivo CM-Dil cell tracing, we found that CD4 
+ T cells in the paracolic lymph nodes migrated to the meninges. Furthermore, brain cytokines have been
demonstrated to promote T cell in�ltration [14]. The reduced neuropathology observed in NLRP3 KO mice
following DSS-induced colitis may have resulted from lower mature IL-1β production and ensuing
in�ltration of fewer gut-derived T cells.

Dysfunction of mLVs due to DSS treatment may also contribute to Aβ plaque accumulation [32]. However,
LYVE1 staining indicated that meningeal lymphatic endothelial cells were unaffected by colitis or NLRP3
depletion. Indeed, mLVs express a unique transcriptional signature, and meningeal lymphatic endothelial
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cells do not undergo expansion during in�ammation [32, 33]. There is a limitation in this study, which will
be explored in the future. We cannot exclude the possibility that the protection conferred by NLRP3
depletion was due to attenuation of in�ammation from experimental colitis [34, 35], as depletion also
decreased the histological colitis score.

Conclusion
Our results demonstrated that intestinal in�ammation triggered neuroin�ammation and decreased
glymphatic clearance e�cacy in aging mice, resulting in increased Aβ deposition and ultimately in
neuronal death and cognitive impairment. We further demonstrated that these effects were mediated in
part by migration of gut-derived CD4 + T cells and activation of the NLRP3 in�ammasome. These
mechanisms linking gut to brain in�ammation are potential therapeutic targets for treatment of
neurodegenerative diseases such as AD.
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Figure 1

Induction of colitis by addition of dextran sodium sulfate (DSS) to drinking water (1% vol/vol) for 4 weeks
induced the Colitis and increased NLRP3 activation in the brain of WT mice. A. Schematic diagram of the
experimental design. B. Chemiluminescence imaging of NLRP3, caspase-1, and β-tubulin
immunoexpression on western blots. C. Comparisons of NLRP3/β-tubulin and cleaved caspase 1/β-
tubulin ratios among control WT, DSS-fed WT, control NLRP3 KO, and DSS-fed NLRP3 KO mice. D.
Chemiluminescence image of IL-1β and β-tubulin immunoexpression by western blot. E. Comparisons of
IL-1β/β-tubulin among treatment groups. F. Chemiluminescence image of ASC and β-tubulin
immunoexpression by western blot. G. Comparisons of ASC oligomer/β-tubulin among treatment groups.
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Figure 2

Induction of colitis by addition of dextran sodium sulfate (DSS) to drinking water (1% vol/vol) for 4 weeks
altered spontaneous motor behavior and impaired spatial memory in aged (16-month-old) wild type (WT)
mice but not age-matched NLRP3 KO mice. A. Representative movement tracks in the open �eld test
showing less time spent in the central area by DSS-fed WT mice compared to untreated control (Ctrl) WT
mice but no difference between DSS-fed and control NLRP3 KO mice. B. Latencies to the platform during
the 5 days of Morris water maze training. C. Representative swim paths during the probe trial for spatial
memory showing that DSS-fed WT mice made fewer crossings over the former platform location and
spent less swim time in the target quadrant than control WT mice, indicating spatial memory impairment,
while these values did not differ between DSS-fed and control NLRP3 KO mice. D. Hematoxylin and eosin
(H & E) staining of the colon and comparison of histological scores among WT, DSS-fed WT, NLRP3 KO,
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and DSS-fed NLRP3 KO mice. E. The line diagram shows the changes in body weight during the
establishment of colitis.

Figure 3

NLPR3 knockout protected against neuroin�ammation and neurodegeneration from DSS administration.
A. Immuno�uorescence staining and comparison of neurons and microglia in cortex (25× water
immersion objective) among control WT, DSS-fed WT, NLRP3 KO, and DSS-fed NLRP3 KO mice (average
of four �elds/slice, �ve slices per mouse, 6 mice per group). B. Immuno�uorescence staining and
comparison of neurons and microglia in hippocampus (CA1 area, 25× water immersion objective) among
treatment groups (CA1 area, average of two �elds/slice, �ve slices per mouse, 6 mice per group). C.
Immuno�uorescence staining of MAP2 (25× water immersion objective) and omparison of MAP2
staining intensities in cortex among treatment groups (average of four �elds/slice, �ve slices per mouse,
6 mice per group). G. Immuno�uorescence staining of MAP2 in hippocampus (CA1 area, 25× water
immersion objective) and comparison of MAP2 staining intensities in hippocampus among treatment
groups (average four �elds/slice, �ve slices per mouse, 6 mice per group).
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Figure 4

Colitis increased Aβ accumulation in WT mice but not NLRP3 KO mice. A. Representative images of Aβ1-
40 fragment immunoexpression in cortex and hippocampus (40× objective). B. Comparison of Aβ1-40
expression intensity in cortex and hippocampus among control WT, DSS-fed WT, NLRP3 KO mice and
DSS-fed NLRP3 KO mice. C. Representative images of Aβ1-42 fragment immunoexpression and neurons
in cortex and hippocampus (40× objective). D. Comparison of Aβ1-42 expression intensity in cortex and
hippocampus among treatment groups.
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Figure 5

Colitis disrupted the polarity of astrocytic AQP4 distribution in WT but not NLRP3 KO mice. A.
Representative images of astrocytes and AQP4 expression in cortex (Left 3 rows: 25× water immersion
objective; right row: expanded images (3×) of regions in the white boxes). B. Comparison astrocyte
number, AQP4 expression intensity, and AQP4 polarity in cortex among control WT, DSS-fed WT, NLRP3
KO, and DSS-fed NLRP3 KO mice. C. Representative images of astrocytes and AQP4 expression in
hippocampus (Left three rows: 25× water immersion objective; right row: expanded images (3×) of
regions in the white boxes). D. Comparison of astrocyte number, AQP4 expression intensity, and AQP4
polarity in hippocampus among treatment groups. Each dataset is expressed as mean ± SD.
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Figure 6

Colitis promoted transformation to the A1-like astrocyte phenotype in WT mice but not NLRP3 KO mice.
A. Representative images of C3 immunoexpression and astrocyte in cortex (63× oil immersion objective).
B. Comparison of C3-positive (A1-like) astrocyte number in cortex among control WT, DSS-fed WT, NLRP3
KO, and DSS-fed NLRP3 KO mice. C. Representative images of C3 immunoexpression and astrocytes in
hippocampus (63× oil immersion objective). D. Comparison of C3-positive (A1-like) astrocyte number in
hippocampus among treatment groups.
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Figure 7

Colitis impaired the glymphatic clearance in WT mice but not NLRP3 KO mice. A. Representative images
of three-dimensional images at 5min, 15min, 30min, 45min and 60min after infusion of FITC-dextran in
cisterna magna (25× water immersion objective). B. Linear and histogram analysis of overall FITC-detran
intensity at different time points after infusion among control WT, DSS-fed WT, control NLRP3 KO mice
and DSS-fed NLRP3 KO mice. C. Representative images of two-dimensional images 100 μm below the
cortical surface at 5min, 15min, 30min, 45min and 60min after infusion of FITC-dextran in cisterna
magna (25× water immersion objective). B. Linear and histogram analysis of the FITC-detran intensity in
the paravascular space at different time points among control WT, DSS-fed WT, control NLRP3 KO mice
and DSS-fed NLRP3 KO mice.
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Figure 8

Colitis increased NLRP3 in�ammasome expression and accumulation of gut-derived cells in meninges of
WT mice but not NLRP3 KO mice. A. Representative images of CD3 immunoexpression in meninges (25×
water immersion objective). B. Representative images of CM-Dil-positive (gut-derived) cells and NLRP3
expression in meninges (25× water immersion objective, magni�ed 3×). C. Comparison of CD3-positive
cell number and CM-Dil-positive cell number in meninges of WT and NLRP3 KO mice. D. Representative
images of NLRP3 in�ammasome and LYVE1 immunoexpression in meninges (25× water immersion
objective). E. Comparison of NLRP3 in�ammasome and LYVE1 intensities in meninges of WT and NLRP3
KO mice.


