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Abstract

The imbalance between production and clearance of amyloid-beta (Aβ) is a key 
step in the onset and development of Alzheimer’s disease (AD). Therefore, reducing 
Aβ accumulation in the brain is a promising therapeutic strategy for AD. The 
recently discovered glymphatic system and meningeal lymphatic vasculature have 
been shown to be critical for the elimination of interstitial waste products, especially 
Aβ, from the brain. In the present study, ligation of deep cervical lymph nodes 
was performed to block drainage of this system and explore the consequences on 
Aβ-related pathophysiology. Five-month-old APP/PS1 mice and their wild-type lit-
termates received deep cervical lymphatic node ligation. One month later, behavioral 
testing and pathological analysis were conducted. Results demonstrated that ligation 
of dcLNs exacerbated AD-like phenotypes of APP/PS1 mice, showing more severe 
brain Aβ accumulation, neuroinflammation, synaptic protein loss, impaired polariza-
tion of aquaporin-4 and deficits in cognitive and exploratory behaviors. These results 
suggest that brain lymphatic clearance malfunction is one of the deteriorating factors 
in the progression of AD, and restoring its function is a potential therapeutic target 
against AD.

INTRODUCTION
Alzheimer’s disease (AD) is a common neurodegenerative 
disorder. Unfortunately, there are no effective drugs to 
reverse or even slow the progress of this disease (11,28). 
Therefore, it is crucial to determine valuable therapeutic 
targets against the progression of AD.

The imbalance between production and clearance of 
amyloid-beta (Aβ) is a key step in the onset and develop-
ment of both early and late forms of AD. To date, restor-
ing Aβ clearance function is regarded as a promising 
strategy for treating AD (43,44). Several mechanisms, such 
as enzymatic degradation and cellular uptake, transport 
across the brain–blood barrier (BBB) and blood–cerebro-
spinal fluid barrier are involved in clearance of extracel-
lular Aβ from the brain (9,45,48,56). However, despite 
considerable efforts devoted to target at these Aβ clearance 
systems, the scientific community has thus far be ineffec-
tive in determining ways to reduce excess Aβ deposits 
and prevent AD onset.

Recent findings suggest that the brain lymphatic sys-
tem contributes to clearing the majority of extracellular 
Aβ from the brain (31,38,50,61,64,67). The cerebral lym-
phatic system consists of two parts: glymphatic system 

in the brain parenchyma and lymphatic networks located 
in the dura mater (31,32,41). Glymphatic clearance is 
dependent on perivascular astrocyte aquaporin-4 (AQP4), 
which mediates rapid transport of water from the para-
arterial spaces into the brain parenchyma, before finally 
entering the para-venous spaces (31). Meningeal lymphatic 
vasculatures are connected to deep cervical lymph nodes 
(dcLNs), draining both macromolecules and immune 
cells from the CSF into the peripheral circulation (1,42). 
These two systems seem to play a synergetic role in 
driving Aβ out of the brain, with each alteration poten-
tially inf luencing the AD process (50). Suppression of 
glymphatic f luid transport has been observed in APP/
PS1 transgenic AD model mice, with glymphatic mal-
function seen prior to presence of substantial Aβ deposits 
(50,67).

In the present study, we examined whether meningeal 
lymphatic drainage is also impaired in APP/PS1 mice, and 
whether blocking its drainage aggravates glymphatic dys-
function, in turn promoting AD-like progress. The results 
suggest that alleviating brain lymphatic clearance deficits 
could potentially be a therapeutic target to slow the onset 
and progression of AD.
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MATERIALS AND METHODS

Animals

Male APP695/PS1-dE9 (APP/PS1) transgenic mice with C57/
BL6 background, and their wild type (WT) littermates, 
were used in this experiment. Mice were housed under 
standard conditions (room temperature 18 °C ~ 22 °C, 
humidity 30% ~ 50%, well-ventilated, a 12-h light-dark 
cycle) until 5  months of age. Animals were randomly 
divided into four groups (n  =  16 per group): WT-sham, 
WT-ligation, APP/PS1-sham and APP/PS1-ligation. The 
experimental design is available in Figure S1. Animal 
experiments were approved by Nanjing Medical University 
(NMU), Animal Ethical and Welfare Committee (Approval 
No. IACUC-1601106) and conducted in accordance with 
the recommendations in the Guide for the Care and Use 
of Laboratory Animals of NMU.

Ligation of dcLNs

Mice were anesthetized and fixed on cardboard with abdo-
men upwards. Following shaving and disinfection with 
iodophor, a longitudinal incision was made on the neck 
from the mandible to the sternum. The muscles and fascia 
were carefully separated along the trachea using a blunt 
tip tweezer under the stereomicroscope. dcLNs were located 
below the sternothyroid muscle and their afferent and 
efferent vessels were carefully ligated using 8-0 nylon suture 
(1). Sham-operated mice were only surgically exposed dcLNs 
without ligation. After the animals became conscious, they 
were returned to their cages and fed for 1 month, followed 
by behavioral testing.

Open field test

The open-field test was used to assess autonomous and 
exploration behaviors in a novel environment. The appa-
ratus consists of the open field experiment box 
(60  cm  ×  60  cm  ×  25  cm) with an outlined center area 
(30  cm  ×  30  cm). At the start of the experiment, mice 
were placed in the middle of the bottom. They were allowed 
to move freely for 5  minutes within the box and the time 
spent and distance traveled in, as well as the number of 
entrances into the center area, were recorded. After each 
test, the box was cleaned to avoid odors of the last mice 
which may affect the next animal (29).

Y-maze test

The Y-maze test was carried out one day after the open 
field test to evaluate short-term working memory (4). The 
maze is randomly defined as three arms, including the 
novel arm (NA), the starting arm and other arm. This 
test contains two 5-minute stages with an interval of 2  h. 
During the training period, a baffle with the same color 
as the maze was used to block the NA, and mice were 
placed in the starting arm to explore activities freely in 
the SA and OA for 5  minutes. During the second stage, 

the NA was opened, allowing the mouse to move freely 
throughout 3  arms for 5  minutes. The percentage of time 
traveled in the NA and the number of entries into NA 
were recorded and analyzed.

Intracisternal injection of fluorescent tracer

Deeply anesthetized mice were fixed in a stereotaxic instru-
ment. 5  μL Texas Red-dextran-3 (TR-d3) (ThermoFisher, 
Cat. No. D3328) was injected at a concentration of 5  mg/
mL into the cisterna magna using a microinjection needle. 
Injection speed was 1 μL/min, and the needle was retained 
for 10  minutes after the injection to prevent leakage of 
the tracer (31). After 30  minutes, the brain and dcLNs 
were quickly dissected and fixed with 4% paraformaldehyde 
(PFA) for 12  h. Sections were cut on a vibratome at 
100  μm and mounted onto poly-l-lysine-coated slides in 
sequence.

Brain section preparation

After deep anesthesia, mice were transcardially perfused 
with 0.9% saline, followed by 4% PFA for 15  minutes. 
The forebrain was dissected from the skull and post fixed 
overnight at 4℃. Brain tissues were dehydrated in a series 
of graded ethanol solutions and embedded in paraffin, 
which were serially cut at 5  μm using a paraffin slicing 
machine (Leica, RM2135, Germany).

Cerebral dura mater stripping

The skull was separated into the upper half and lower 
half utilizing microsurgical scissors. Brain tissue was 
removed and complete skull was obtained. After placement 
in 20% sucrose solution for 3  days, the skull was placed 
into sterilized water for 2 days. Under a stereomicroscope, 
the dura mater was carefully dissected from the skull using 
a pair of ophthalmic forceps, then unfolded on glass slide 
covered with poly-l-lysine for immunofluorescence.

Immunohistochemistry

Immunohistochemical staining was performed as previously 
described (66). Briefly, sections were deparaffinized in xylene 
and rehydrated in a series of graded ethanol solutions. 
After inactivating endogenous peroxidase and blockage of 
antigens, brain sections were incubated overnight at 4°C 
with the following primary antibodies directed against 
6E10 (1:1000; Covance, Cat. No. 803001), glial fibrillary 
acidic protein (GFAP) (1:1000; Millipore, Cat. No. MAB360), 
ionized calcium binding adaptor molecule 1 (Iba-1) (1:1000; 
Wako, Cat. No. 019-19741), AQP4 (1:500; Santa, Cat. No. 
sc9887) and caspase-3 (1:1000, Cell Science Technology, 
Cat. No. 9662S). Following incubation with biotinylated 
IgG and ABC at 37°C for 60  minutes, the reaction was 
visualized with DAB (Sigma-Aldrich, Cat. No. D8001). 
Partial AQP4 stained sections were counterstained with 
Congo red (Sigma-Aldrich, Cat. No. C6767).
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Immunofluorescence

For immunofluorescence, the tissue sections were prepared 
by adding 0.3% PBST with 5% serum blocking solution 
at room temperature for 1  h. Sections were incubated in 
a mixture of a polyclonal rabbit anti-6E10 antibody (1:1000, 
Covance, Cat. No. 803001) and a monoclonal mouse anti-
lymphatic vessel endothelial hyaluronan receptor 1 (lyve-1) 
antibody (1:1000, Abcam, Cat. No. ab33682) at 4°C over-
night. Subsequently, sections were incubated for 2  h at 
room temperature in a mixture of Texas Red-conjugated 
goat anti-mouse IgG (1:200; Invitrogen, Cat. No. A32732) 
and FITC-conjugated goat anti-rabbit IgG (1:200; 
Invitrogen, Cat. No. 31635). After PBS washing, the sec-
tions were incubated for 5  minutes at room temperature 
in 1.5 μM 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen, 
Cat. No. D1306) and sealed with buffered PBS/glycerol.

Thioflavin-S staining

Deparaffinized sections were stained with 1% Thioflavin-S 
(Sigma-Aldrich) for 5 minutes. After a running water wash, 
70% alcohol was used to differentiate for 2  minutes. The 
sections were rinsed with PBS and cover-slipped with buff-
ered PBS/glycerol.

Image analysis

All sections were visualized using a digital microscope 
(Leica Microsystems, Wetzlar, Germany) and captured 
with constant exposure time, offset and gain for each 
staining marker. The cerebral cortex and hippocampal 
areas in each section were manually delineated and the 
area of positive signal was measured by Image J (NIH) 
using the interest grayscale threshold analysis with con-
stant settings for minimum and maximum intensities for 
each staining marker. The positive signal percentage area 
of TR-d3, 6E10, Thioflavin-S, GFAP and Iba-1 were cal-
culated by dividing the area of positive signal to the 
total area in the region of interest. For analysis of AQP4 
polarization, images at 400× magnification were randomly 
captured from the superficial layers of the cortex and 
the lacunosum moleculare layer of the hippocampus on 
each brain section. The mean integrated optical density 
of AQP4 immunoreactivity at the domains immediately 
abutting vessels and adjacent parenchyma was measured, 
and their ratio was calculated and termed as the polarity 
of AQP4 (66). In addition, caspase-3 positive apoptotic 
neurons in the DG region of hippocampus were counted 
and the percentage of neuronal apoptosis was expressed. 
Five sections per mouse, and four mice per group, were 
averaged to provide a mean value for each group. All 
quantification was done blind to animal genotype and 
operation.

Western blotting

Forebrain tissues including hippocampus and cortex were 
homogenized and centrifuged at 4°C and 12  000  rpm for 

15  minutes. The extracts were then loaded onto 10%–16% 
Tris/tricine SDS gels and protein was transferred to PVDF 
membranes. After blocking in 5% non-fat milk/TBST for 
1  h, membranes were incubated overnight with one of 
the following primary antibodies directed against Aβ1–42 
(1:1000, Abcam, Cat. No. ab201060), Aβ1–40 (1:1000, Abcam, 
Cat. No. ab20068), total Tau (1:1000, Abcam, Cat. No. 
ab32057), finger protein 1 (PHF-1) (1:1000, Abcam, Cat. 
No. ab80042), glial fibrillary acidic protein (GFAP) (1:1000; 
Millipore, Cat. No. MAB360), ionized calcium-binding 
adaptor molecule 1 (Iba-1) (1:1000; Wako, Cat. No. 019-
19741), interleukin 1 beta (IL-1β) (1:1000, Millipore, Cat. 
No. AB1832P), interleukin 6 (IL-6) (1:1000, abcam, Cat. 
No. ab83339), tumor necrosis factor-α (TNF-α) (1:1000, 
Abcam, Cat. No. ab9739), aquaporin-4 (AQP4) (1:1000; 
Santa, Cat. No. sc9887), caspase-3 (1:1000, Cell Signaling 
Technology, Cat. No. 9662S), a disintegrin and metallo-
proteinase domain-containing protein 10 (ADAM10) 
(1:1000, Millipore, Cat. No. AB19026), β-site amyloid pre-
cursor protein–cleaving enzyme 1 (BACE1) (1:2000, 
Millipore, Cat. No. MAB5308), presenilin1 (PS1) (1:1000; 
Sigma-Aldrich, Cat. No. PRS4203), neprilysin (NEP) 
(1:1000, Millipore, Cat. No. AB4348), insulin degrading 
enzyme (IDE) (1:1000, Abcam, Cat. No. ab32216), synap-
tophysin (SYN) (1:1500, Abcam, Cat. No. ab64581), post-
synaptic density protein 95 (PSD-95) (1:1000; Abcam, Cat. 
No. ab18258), β-actin (1:500, Boster, Cat. No. BM0627). 
Horseradish peroxidase-conjugated secondary antibodies 
(Vector Laboratories) were used for incubation for 1  h at 
room temperature. Bands were visualized using ECL plus 
detection system. β-actin was used as an internal reference 
for protein loading.

Enzyme-linked immunosorbent assay (ELISA)

Forebrain tissues including hippocampus and cortex were 
homogenized and sonicated in ice-cold TBS buffer con-
taining 0.5  mM PMSF, 0.5  mM benzamidine, 1.0  mM 
DTT, 1.0  mM EDTA, 1% Triton × 100 and 0.6% SDS, 
followed by centrifugation at 350  000 × g for 20  minutes. 
Supernatants were used for measurements utilizing total 
Aβ1–40 and Aβ1–42. The above indexes were quantified with 
ELISA kits according to the manufacturer’s instructions 
(Biolegend Corporation, USA).

Flow cytometry

Mice were perfused from the left cardiac ventricle with 
cold PBS for 10 minutes. Forebrains were quickly removed, 
dissociated in DMEM containing 10% fetal calf serum. 
Tissue was homogenized in RPMI, and then a cell sus-
pension was gently made. After filtering with 70-µm filters 
and adding 70% and 30% SIP into the suspension, brain 
homogenate was centrifuged for 30  minutes at ×500  g at 
18°C. Suspension containing cells was removed from the 
centrifuge tube and washed twice to be pelleted (3). 
Meninges were dissected with fine forceps and digested 
in RPMI + 1.4  U/mL Collagenase VIII (Worthington) + 
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1  mg/mL DNase1 (Sigma-Aldrich) for 15  minutes at 37°C. 
DcLNs were removed and smashed in DMEM containing 
10% fetal calf serum. Digested meninges and smashed 
dcLNs were dissociated using pipetting, and were passed 
through 70-µm filters. Cells were washed twice before the 
next step (14,27). For surface staining, the anti-CD3 anti-
body (1:400, Bioscience, Cat. No. 145-2C11) was used 
according to the manufacturer’s instructions. Data were 
acquired on an LSRII cytometer (BD Biosciences) and 
analyzed using the Flowjo Pro software (FlowJo, LLC). 
The number of cells used for analysis each time was 
10  000 for dura mater and 50  000 for brain and dcLNs. 
The absolute number together with the percentage of 
CD3+ T cells in the lymphocyte population were also 
recorded.

Statistical analysis

All data were expressed as means ± SEM. Using GraphPad 
Prism, version 5.02 software (GraphPad software, San 
Diego, CA, USA), data were analyzed by two-way ANOVA, 
followed by Tukey’s post hoc test or Student’s t-test. P < 0.05 
was considered to have statistical significance.

RESULTS

Ligation of dcLNs blocks brain lymphatic 
drainage

We first verified whether dcLNs ligation would block 
brain lymphatic drainage, then investigated its effect on 
ISF bulk flow by intracisternal injection of TR-d3. As 
shown in Figure 1A, TR-d3 fluorescent signal was clearly 
observed in the dcLNs of WT-sham mice, while virtually 
no signal was present in the ligated dcLNs of WT mice 
and APP/PS1 mice. Notably, the percentage of TR-d3 
positive area in the dcLNs of APP/PS1-sham mice was 
significantly lower than that of WT-sham controls 
(P  =  0.0401; Figure 1C), indicating impaired extracranial 
lymphatic drainage in this AD model. Consistent with 
previous studies (40,50), APP/PS1-sham mice showed 
reduced glymphatic influx of intracisternal TR-d3 to the 
brain parenchyma (P  =  0.0428, APP/PS1-sham vs. 
WT-sham). Impairment of extracranial lymphatic drainage 
was further exacerbated after ligation of dcLNs in APP/
PS1 mice (P  =  0.0292, APP/PS1-ligation vs. APP/PS1-
sham; Figure 1B,D). Furthermore, 6E10 immunoreactive 
products consisting of APP and its hydrolysis products, 

Figure 1.  Ligation of dcLNs blocks peripheral drainage of intracisternally injected TR-d3 and decreased its influx into the rain parenchyma. A, B. 
Representative images showing TR-d3 fluorescence within dcLNs and forebrain 30 minutes after injection into cisterna magna. C, D. The percentage 
of TR-d3 fluorescent area of dcLNs and forebrain, respectively. Data represent mean ± SEM from four mice per group. Data in Figure 1C were 
analyzed by paired-student t test, #P < 0.05, WT vs. APP/PS1. Data in Figure 1D were analyzed by the two-way ANOVA with Tukey’s post hoc test. 
Ligation: F1,12 = 15.792, P = 0.002; Genotype: F1,12 = 5.396, P = 0.039; Interaction: F1,12 = 3.052, P = 0.106; #P < 0.05, WT vs. APP/PS1; *P < 0.05, 
sham vs. dcLNs. 
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including Aβ, were significantly increased within the lyve-l 
positive meningeal lymphatic vessels in APP/PS1 mice 
after ligation of dcLNs (Figure 2A). Quantitative data 
revealed a synergistic effect of the genotype and ligation 
on enhancing the percentage of 6E10 positive area within 
meningeal lymphatic vessels (P  =  0.0034, APP/PS1-sham 
vs. WT-sham; P = 0.0039, APP/PS1-ligation vs. WT-ligation; 
Figure 2B).

Ligation of dcLNs exacerbates brain Aβ load 
and phosphorylated tau accumulation

We further observed the consequences of blocking the 
brain lymphatic pathway on brain Aβ, Tau and phospho-
rylated tau aggregation (62). Both 6E10-immunopositive 
diffuse plaques and thioflavin-S positive fibrillar plaques 
noticeably increased in the cerebral cortex and hippocam-
pus of APP/PS1-ligation mice, compared with APP/

Figure 2.  Analysis of APP and its hydrolysis products within the meningeal lymphatic vessels. A. Representative images showing immunoreactive 
products of 6E10 antibody that can detect APP and its hydrolysis products within the meningeal lymphatic vessels of mice with four groups. B. The 
percentage of 6E10 positive area within the meningeal lymphatic vessels. Data represent mean ± SEM from four mice per group and analyzed by the 
two-way ANOVA with Tukey’s post hoc test. Ligation: F1,12 = 6.084, P = 0.030; Genotype: F1,12 = 41.405, P = 0.000; Interaction: F1,12 = 0.896, 
P = 0.362; #P < 0.05, ##P < 0.01, WT vs. APP/PS1. 
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PS1-sham mice (6E10: cortex, P  =  0.0489; hippocampus, 
P = 0.0488; thioflavin-S: cortex, P = 0.0443; hippocampus, 
P  =  0.0189; Figure 3A–C). No plaque formation was 

observed in the brain of WT mice regardless of whether 
or not dcLNs were ligated. ELISA analysis revealed higher 
levels of Aβ1-40 and Aβ1-42 in the forebrain samples of APP/

Figure 3.  Analysis of brain Aβ and Tau accumulation. A. Representative images showing deposit of Aβ plaques in the cortex and hippocampus of 
APP/PS1 mice after ligation of dcLNs. B, C. The percentage of positive area of 6E10 and Thioflavin-S in the cerebral cortex and hippocampus of APP/
PS1 mice, respectively. D. Levels of souble Aβ1-40 and Aβ1-42 in the forebrain were quantified by ELISA. E, F. Representative Western blot bands and 
densitometry analysis of Aβ1-40, Aβ1-42, Tau and PHF-1 from the forebrain samples. Data represent mean ± SEM from four mice per group. Data in 
Figure 3B and C were analyzed by the paired-student t test. *P < 0.05, sham vs. dcLNs. Data in Figure 3D and F were analyzed by two-way ANOVA 
with Tukey’s post hoc test. Figure 3D: Ligation: Aβ1-40, F1,12 = 5.520, P = 0.037; Aβ1-42, F1,12 = 6.267, P = 0.028; Genotype: Aβ1-40, F1,12 = 23.743, 
P = 0.000; Aβ1-42, F1,12 = 23.941, P = 0.000; Interaction: Aβ1-40, F1,12 = 1.073, P = 0.321; Aβ1-42, F1,12 = 0.815, P = 0.384. Figure 3F: Ligation: Aβ1-40, 
F1,12 = 4.778, P = 0.049; Aβ1-42, F1,12 = 5.025, P = 0.045; Tau, F1,12 = 16.323, P = 0.002); PHF-1, F1,12 = 13.371, P = 0.03; Genotype: Aβ1-40, F1,12 = 18.875, 
P = 0.001; Aβ1-42, F1,12 = 19.158, P = 0.001; Tau, F1,12 = 22.578, P = 0.000; PHF-1, F1,12 = 21.833, P = 0.001; Interaction: Aβ1-40, F1,12 = 1.273, P = 0.281; 
Aβ1-42, F1,12 = 0.692, P = 0.422; Tau, F1,12 = 0.002, P = 0.961; PHF-1, F1,12 = 0.735, P = 0.408. #P < 0.05, WT vs. APP/PS1; *P < 0.05, sham vs. dcLNs. 
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PS1-sham mice than WT-sham controls (P  =  0.0182, 
P  =  0.0222, respectively; Figure 3D). When APP/PS1 mice 
were subjected to ligation of dcLNs, brain Aβ1-40 and Aβ1-42 
levels were dramatically elevated (P  =  0.0103, P  =  0.0087, 
respectively, APP/PS1-ligation vs. WT-ligation; Figure 3D). 
Consistently, Western blot results demonstrated that APP/
PS1-ligation mice had high expression levels of Aβ1-40 and 
Aβ1-42, compared with WT-ligation mice (P  =  0.0113, 
P  =  0.0154, respectively; Figure 3E,F). Similarly, dcLNs 
also increased expression of total Tau and PHF-1 in both 
WT mice (P  =  0.0241, P  =  0.0456, respectively) and APP/
PS1 mice (P  =  0.0337, P  =  0.0348, respectively). APP/
PS1-ligation mice revealed high levels of total Tau and 
PHF-1, relative to WT-ligation mice (P = 0.0146, P = 0.0100, 
respectively; Figure 3E,F).

In addition, we found that ligation of dcLNs did not 
influence expression of APP secretases, including ADAM10, 
BACE1 and PS1 (53), or Aβ degradation enzymes includ-
ing, NEP, IDE and LRP-1, that mainly mediates efflux 
of Aβ across the BBB in the brain of WT and APP/PS1 
mice (20,54) (Figure S2).

Ligation of dcLNs aggravates glial activation 
and neuroinflammation in APP/PS1 mice

Reactive gliosis is one of the hallmarks of AD pathology. 
Activated astrocytes and microglia improve uptake and 
degradation of Aβ (5,19). Nevertheless, sustained activation 
of glial cells is a primary source of neuroinflammation, 
which exacerbates neurodegenerative progression (25,33,63). 
Both GFAP positive astrocytes and Iba-1 positive micoglia 
were in a resting state while activated in the cerebral 
cortex and hippocampus in the other three groups (Figure 
4A). Particularly, compared to WT-ligation controls, APP/
PS1-ligation mice showed high percentages of positive area 
for Iba-1 in the cortex (P  =  0.0445) and hippocampus 
(P = 0.0483) and for GFAP in the hippocampus (P = 0.0404; 
Figure 4B,C). Western blot also revealed an up-regulation 
of GFAP and Ibal-1 expression in the forebrain of APP/
PS1-ligation mice, compared with APP-PS1-sham mice 
(P  =  0.0249, P  =  0.0479, respectively) and WT-ligation 
controls (P = 0.0477, P = 0.0123, respectively; Figure 4D,E). 
Consistent with more severe reactive gliosis, forebrain 
samples of APP/PS1-ligation mice had higher levels of 
inflammatory factors including IL-1β and IL-6 than APP/
PS1-sham mice (P  =  0.0432, P  =  0.0464, respectively) and 
WT-ligation mice (P  =  0.0238, P  =  0.0231, respectively; 
Figure 4D,F).

Ligation of dcLNs impairs the polarized 
expression of AQP4 in the mPFC and 
hippocampus

Serving as the most abundant aquaporin in brain, AQP4 
is selectively expressed on the paravascular endfeet of 
astrocytes. The polarized expression pattern of AQP4 is 
impaired due to reactive astroglosis, subsequently resulting 
in glymphatic clearance malfunction (31,68). Therefore, we 

investigated effects of transgenic APP/PS1 and ligation of 
dcLNs on expression and polarization of AQP4. Consistent 
with the previous studies including from our laboratory 
(66), impaired AQP4 polarity was observed in the cerebral 
cortex and hippocampus of APP/PS1 mice (Figure 5A). 
Ligation of dcLNs increased the percentage of positive 
AQP4 area in the hippocampus of WT mice (P  =  0.0149, 
vs. WT-sham mice) and APP/PS1 mice (P  =  0.0325, vs. 
APP/PS1-sham) and the cortex of WT mice (P  =  0.0133, 
vs. WT-sham mice; Figure 5B). Blocking dural mater lym-
phatic drainage in both WT and APP/PS1 mice resulted 
in depolarization of AQP4 in the cortex (P  =  0.0233, 
WT-ligation vs. WT-sham; P  =  0.0113, APP/PS1-ligation 
vs. APP/PS1-sham) and hippocampus (P  =  0.0264, 
WT-ligation vs. WT-sham; P  =  0.0229, APP/PS1-ligation 
vs. APP/PS1-sham; Figure 5C). Notably, AQP4 expression 
was markedly increased at parenchymal domains surround-
ing Aβ plaques, as revealed by Congo red counterstain 
(P  =  0.0215, APP/PS1-sham vs. WT-sham; P  =  0.0406, 
APP/PS1-ligation vs. APP/PS1-sham; Figure 5A,D). Western 
blot consistently confirmed a synergistic effect of transfer-
ring of APP/PS1 gene and ligation of dcLNs on upregula-
tion of AQP4 expression in the forebrain (P  =  0.0256, 
WT-sham vs. APP/PS1-sham; P  =  0.0342, WT-ligation vs. 
APP/PS1-ligation) (Figure 5E,F).

Ligation of dcLNs exacerbates CD3+ T cells 
accumulation in the brain and dura mater of WT 
and APP/PS1 mice

It is now accepted that T cells routinely enter the central 
nervous system for immunosurveillance (12,13,26). The 
newly discovered lymphatic vessels in the dura mater offers 
a pathway for these immune cells to be transported out 
of the brain parenchyma and into the peripheral lymphatic 
system. In this study, we investigated the consequence of 
blocking dcLNs on excretion of CNS CD3+ T cells. Results 
showed that the percentage and absolute number of CD3+ 
T cells in the brain samples was no different between 
WT-sham mice and APP/PS1-sham mice (P  =  0.6987, 
P  =  0.2764, respectively). After ligation of dcLNs in both 
WT and APP/PS1 mice, accumulation of brain CD3+ T 
cells was observed in percentage and absolute number of 
T cells, respectively, (P  =  0.0021, P  =  0.0019, respectively, 
WT-ligation vs. WT-sham; P = 0.0002, P = 0.0005, respec-
tively, APP/PS1-ligation vs. APP/PS1-sham), although more 
significant in APP/PS1 mice (P  =  0.0035, P  =  0.0134, 
respectively, APP/PS1-ligation vs. WT-ligation; Figure 
6A,B,E). In addition, both WT and APP/PS1 mice, fol-
lowing ligation of dcLNs, showed accumulation of CD3+ 
T cells within the dura mater (P  =  0.0004, P  =  0.0144, 
respectively, WT-ligation vs. WT-sham; P  =  0.0008; 
P  =  0.0142, respectively, APP/PS1-ligation vs. APP/PS1-
sham; Figure 6A,C,F), while a decrease in the percentage 
and absolute number of CD3+ T cells within the dcLNs 
was seen (P = 0.0016, P = 0.0086, respectively, WT-ligation 
vs. WT-sham; P  =  0.0131, P  =  0.0141, respectively, APP/
PS1-ligation vs. APP/PS1-sham; Figure 6A,D,G).
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Figure 4.  Analysis of reactive gliosis and neuroinflammatory response in the brain. A. Representative images showing expression and distribution of 
GFAP-positive astrocytes and Iba-1 positive microglia in the cortex and hippocampus of mice. B, C. The percentage of GFAP (B) and Iba-1 (C) positive 
area in the cortex and hippocampus, respectively. D. Representative Western blot bands for GFAP, Iba-1, IL-1β, IL-6 and TNF-α in the brain of mice. E, 
F. Densitometry analysis of the expression levels of GFAP and Iba-1 (E), and IL-1β, IL-6 and TNF-α (F). Data represent mean ± SEM from four mice per 
group and analyzed by the two-way ANOVA with Tukey’s post hoc test. Figure 4B: Ligation: cortex, F1,12  =  14.871, P  =  0.002; hippocampus, 
F1,12 = 23.441, P = 0.000; Genotype: cortex, F1,12 = 8.336, P = 0.014; hippocampus, F1,12 = 15.396, P = 0.002; Interaction: cortex, F1,12 = 0.028, 
P = 0.871; hippocampus, F1,12 = 0.073, P = 0.790. Figure 4C: Ligation: cortex, F1,12 = 23.369, P = 0.000; hippocampus, F1,12 = 21.708, P = 0.001; 
Genotype: cortex, F1,12 = 12.752, P = 0.004; hippocampus, F1,12 = 19.618, P = 0.001; Interaction: cortex, F1,12 = 0.003, P = 0.955; hippocampus, 
F1,12 = 0.208, P = 0.656. Figure 4E: GFAP: Ligation (F1,12 = 14.982, P = 0.002); Genotype: (F1,12 = 10.334, P = 0.007); Interaction: (F1,12 = 0.413, 
P = 0.533); Iba-1: Ligation (F1,12 = 12.281, P = 0.004); Genotype: (F1,12 = 24.940, P = 0.000); Interaction: (F1,12 = 0.004, P = 0.952). Figure 4F: IL-1β: 
Ligation (F1,12 = 16.947, P = 0.001); Genotype: (F1,12 = 21.495, P = 0.001); Interaction: (F1,12 = 0.096, P = 0.762); IL-6: Ligation (F1,12 = 14.939, P = 0.002); 
Genotype: (F1,12 = 20.409, P = 0.001); Interaction: (F1,12 = 0.072, P = 0.793); TNF-α: Ligation (F1,12 = 14.141, P = 0.003); Genotype: (F1,12 = 11.330, 
P = 0.006); Interaction: (F1,12 = 0.018, P = 0.897). *P < 0.05, sham vs. LdcLNs; #P < 0.05, ##P < 0.01, WT vs. APP/PS1. 
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Figure 5.  Analysis of AQP4 polarity and expression in the brain. A. Representative immunohistochemical images showing expression and distribution 
of AQP4 in the cerebral cortex and hippocampus. Ligation of dcLNs resulted in abnormal localization of AQP4 at parenchymal domains, especially 
surrounding Congo red-positive Aβ plaques. B. Quantitative analyses of AQP4 polarization in the cerebral cortex and hippocampus. C. The percentage 
of AQP4 positive area in the hippocampus and cerebral cortex. D. The relative mean integrated optical density (MIOD) of AQP4 immunoreactivty at 
the parenchymal domains. E, F. Representative Western blot bands and densitometry analysis of Aβ1-40, Aβ1-42, Tau and PHF-1 from the forebrain 
samples. Data represent mean ± SEM from four mice per group. The two-way ANOVA with Tukey’s post hoc test. Figure 5B: Ligation: cortex: 
F1,12 = 21.317, P = 0.001; hippocampus: F1,12 = 17.706, P = 0.001; Genotype: cortex: F1,12 = 14.232, P = 0.003; hippocampus: F1,12 = 21.007, P = 0.001; 
Interaction: cortex: F1,12 = 0.007, P = 0.933; hippocampus: F1,12 = 0.019, P = 0.892. Figure 5C: Ligation: cortex: F1,12 = 13.991, P = 0.003; hippocampus: 
F1,12 = 18.548, P = 0.001; Genotype: cortex: F1,12 = 5.060, P = 0.044; hippocampus: F1,12 = 6.149, P = 0.029; Interaction: cortex: F1,12 = 1.324, 
P = 0.272; hippocampus: F1,12 = 0.018, P = 0.894. Figure 5D: Ligation: F1,12 = 9.198, P = 0.004; Genotype: F1,12 = 12.362, P = 0.001; Interaction: 
F1,12 = 0.044, P = 0.835. Figure 5F: Ligation: F1,12 = 12.913, P = 0.004; Genotype: F1,12 = 16.026, P = 0.002; Interaction: F1,12 = 0.004, P = 0.948. 
#P < 0.05, WT vs. APP/PS1; *P < 0.05, sham vs. LdcLNs. 
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Figure 6.  Analysis of CD3+ T cells distribution in the brain, dura mater and dcLNs of WT and APP/PS1 mice. A. Gating strategy and representative 
dot plots for CD3+ T cells in the brain, dura mater and dcLNs. B–D. Quantification of percentage of CD3+ T cells in the brain (B), dura mater (C) and 
dcLNs (D). E–G. Total number of CD3+ T cells per 10000 cells in the brain (E), dura mater (F) and dcLNs (G). All data represent mean ± SEM from 
four mice per group. The two-way ANOVA with Tukey’s post hoc test. (B-D) Brain, Ligation: F1,12 = 105.769, P = 0.000; Genotype: F1,12 = 19.259, 
P = 0.001; Interaction: F1,12 = 4.532, P = 0.055; Dura mater, Ligation: F1,12 = 86.871, P = 0.000; Genotype: F1,12 = 4.303, P = 0.060; Interaction: 
F1,12 = 0.008, P = 0.929; dcLNs, Ligation: F1,12 = 38.936, P = 0.000; Genotype: F1,12 = 5.456, P = 0.038; Interaction: F1,12 = 1.278, P = 0.280. (E-G) Brain, 
Ligation: F1,12 = 73.394, P = 0.000; Genotype: F1,12 = 11.760, P = 0.005; Interaction: F1,12 = 3.595, P = 0.082; Dura mater, Ligation: F1,12 = 23.236, 
P = 0.000; Genotype: F1,12 = 0.795, P = 0.390; Interaction: F1,12 = 0.012, p = 0.914; dcLNs, Ligation: F1,12 = 26.388, P = 0.000; Genotype: F1,12 = 0.465, 
P = 0.508; Interaction: F1,12 = 0.677, P = 0.427. #P < 0.05, ##P < 0.01, ###P < 0.001, WT vs. APP/PS1; *P < 0.05, **P < 0.01, ***P < 0.001, sham 
vs. LdcLNs. 
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Ligation of dcLNs exacerbates neuronal 
apoptosis and synaptic protein loss in the 
hippocampus of APP/PS1 mice

Caspase-3 is the key factor in the downstream cell apop-
totic  pathway and its expression level reflects apoptosis 
of neurons (34). We used immunohistochemical staining 
and western blot to detect and compare apoptosis of hip-
pocampal neuron among different groups. The ratio of 
caspase-3 positive apoptotic neurons in the hippocampus 
was no different in WT-sham mice vs. WT-ligation mice 

or APP/PS1-sham mice, but significantly increased in APP/
PS1-ligation mice when compared to APP/PS1-sham mice 
(P = 0.0393) or WT-ligation mice (P = 0.0376; Figure 7A,B).
Western blot also showed that both ligation and APP/PS1 
genotype had a synergistic effect on upregulation of cleaved 
caspase-3 levels (P  =  0.0490, APP/PS1-ligation vs. APP/
PS1-sham; P  =  0.0217, APP/PS1-ligation vs. WT-ligation; 
Figure 7C,D).

Previous studies have demonstrated that synaptic protein 
expression is decreased in APP/PS1 mice, and synaptic 

Figure 7.  Analysis of neuron apoptosis and synaptic protein expression in the forebrain. A. Immunohistochemical staining for caspase-3 in the DG 
region of the hippocampus. B. The percentages of caspase-3-positive apoptotic cells in the DG. C, D. Representative bands of Western blot and 
densitometry analysis of caspase-3 protein levels in the forebrain samples. E, F. Representative bands of Western blot and densitometry analysis of 
PSD-95 and SYN caspase-3 protein levels in the forebrain samples. Data represent mean ± SEM from 4 mice per group. The two-way ANOVA with 
Tukey’s post hoc test. Figure 6B: Ligation, F1,12 = 6.393, P = 0.026; Genotype, F1,12 = 9.095, P = 0.011; Interaction, F1,12 = 1.318, P = 0.273. Figure 
7D: Ligation, F1,12 = 5.752, P = 0.034; Genotype, F1,12 = 10.925, P = 0.006; Interaction, F1,12 = 1.892, P = 0.194. Figure 7F: SYN, Ligation: F1,12 = 6.949, 
P = 0.022; Genotype, F1,12 = 17.290, P = 0.001; Interaction, F1,12 = 0.226, P = 0.643; PSD-95: Ligation, F1,12 = 4.840, P = 0.048; Genotype, F1,12 = 13.798, 
P = 0.003; Interaction, F1,12 = 1.697, P = 0.217. #P < 0.05, WT vs. APP/PS1; *P < 0.05, sham vs. LdcLNs. #P < 0.05, WT vs. APP/PS1; *P < 0.05, 
sham vs. LdcLNs. 
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loss is highly correlated with cognitive impairment (23,44). 
We further determined whether ligation of dcLNs would 
aggravate synaptic protein loss in APP/PS1 mice. As 
expected, APP/PS1-ligation mice had low expression level 
of SYN and PSD-95 in the forebrain, when compared to 
APP/PS1-sham mice (P  =  0.0366; P  =  0.0236, respectively) 
and WT-ligation mice (P = 0.0134; P = 0.0176, respectively). 
Additionally, APP/PS1-sham mice showed decreases in SYN 
expression (P  =  0.0479), but not PSD-95 expression 
(P  =  0.1056), relative to WT-sham controls (Figure 7E,F).

Ligation of dcLNs impairs exploratory behavior 
and short-term working memory in APP/PS1 
mice

We assessed the exploratory  behavior of mice using the 
open field test. Results revealed that APP/PS1 genotype 
had a significant negative effect on exploratory  behavior. 
Ligation of dcLNs in both genotype mice exhibited 
decreased number of entrances into the center area 
(P  =  0.0429, WT-sham vs. WT-ligation; P  =  0.0066, APP/
PS1-sham vs. APP/PS1-ligation; Figure 8A). Meanwhile, 
for the percentage of time spent in the center area, the 
decreasing effect of dcLN ligation was only observed in 
APP/PS1 mice (P  =  0.0476, APP/PS1-sham vs. APP/PS1-
ligation) rather than WT mice (P  =  0.1201, WT-sham vs. 

WT-ligation; Figure 8B). Similarly, in the Y-maze test that 
used for evaluating short-term memory ability, APP/PS1 
mice were more vulnerable to ligation of dcLN than WT 
mice, as revealed by the percentage of time spent in and 
the number of entering into and the novel arm (P = 0.0034, 
P  =  0.0290, respectively, APP/PS1-ligation vs. APP/PS1-
sham; P  =  0.3658, P  =  0.2104, respectively, WT-ligation 
vs. WT-sham; Figure 8C,D).

DISCUSSION
Aβ and Tau aggregation triggers a series of pathological 
cascades in the early stages of AD. Finding effective clear-
ance mechanisms to eliminate aggregated Aβ and Tau is 
thus far the fundamental strategy to combat AD (21,22,65). 
In the present study, we systematically investigated an 
involvement of the cerebral lymphatic system in AD-like 
pathology of APP/PS1 mice. The results revealed that liga-
tion of dcLNs, a terminal site of the central lymphatic 
drainage, aggravates brain Aβ and Tau accumulation, and 
further disturbs AQP4 polarity due to reactive astrocytes, 
which in turn damages glymphatic clearance function 
(Figure 9). This vicious cycle exacerbates secondary patho-
logical cascades, including neuroinflammation, neuronal 
apoptosis, and synaptic protein loss in the hippocampus 

Figure 8.  Analysis of exploratory behavior and short-term working memory. A–C. The open field test. (A) Tracing of mouse movement during the 
5-minutes test period. (B) The percentage of time spent in the center area after tracing of mouse movement during the 10-minutes test period. (C) 
The number of entries into the center area. D, E. The Y-maze test. The percentage of time spent in the novel arm (D). The number of entries into the 
novel arm (E). Data represent mean ± SEM from 16 mice per group. The two-way ANOVA with Tukey’s post hoc test. Figure 8A: Ligation, F1,60 = 5.388, 
P = 0.024; Genotype, F1,60 = 12.068, P = 0.001; Interaction , F1,60 = 0.029, P = 0.865; Figure 8B: Ligation, F1,60 = 5.918, P = 0.018; Genotype, 
F1,60 = 13.504, P = 0.001; Interaction, F1,60 = 0.112, P = 0.739; Figure 8C: Ligation, F1,60 = 4.534, P = 0.037; Genotype, F1,60 = 7.035, P = 0.010; 
Interaction, F1,60 = 0.511, P = 0.477; Figure 8D: Ligation, F1,60 = 5.673, P = 0.020; Genotype, F1,60 = 12.313, P = 0.001; Interaction, F1,60 = 0.096, 
P = 0.758. #P < 0.05; ##P < 0.01, WT vs. APP/PS1; *P < 0.05, sham vs. LdcLNs.
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and cerebral cortex, worsening exploratory activity and 
memory deficits in APP/PS1 mice.

It is now known that the glymphatic system mediates 
the hydrostatic pressure driven clearance of metabolic 
macromolecules, including Aβ and Tau, from the brain 
parenchyma (30,31,61). ISF solutes within para-arterial 
space are transported into the parenchyma and para-venous 
space, then drained into the meningeal lymphatic vessels, 
eventually reaching the peripheral lymphatic system 
(31,32,41). In the present experiments, reduced glymphatic 
influx of intracisternal TR-d3 is observed in 6-month-old 
APP/PS1 mice. Fluorescein transported into the dcLNs of 
APP/PS1 mice also significantly decreases, compared with 
that of WT mice. Furthermore, Aβ aggregation is observed 
within dural lymphatic microvessels of APP/PS1 mice, and 
blocking its excretion further increases its deposition in 
the brain parenchyma and dural lymphatics. These results 
demonstrate that impaired brain lymphatic drainage is 
involved in AD-like pathology of APP/PS1 mice.

In agreement with the current results, previous experi-
ments have reported that the decline of glymphatic clear-
ance function already exists in the brain of young APP/

PS1 mice, even before the formation of the Aβ plaques 
(24,50). Previous studies have also indicated that glymphatic 
malfunction is associated with sustained exposure to Aβ. 
Aβ1-40 microinjected into the frontal cortex causes vaso-
constriction, and a decrease in the cerebral blood flow in 
the injected site (49). Furthermore, Aβ1-40 injected into the 
cisterna magna also decreases the metabolic rate of the 
glymphatic system significantly (50).

Suppressive effects of Aβ on glymphatic fluid transport 
could be associated with delocalization of AQP4 from the 
endfeet to the soma of reactive astrocytes. AQP4 is selec-
tively localized on the endfeet of astrocytes around brain 
microvessels. The AQP4 polarity facilitates ISF in the 
parenchyma to form bulk flow (31,47). Mislocalization of 
AQP4 disrupts the directional transport of ISF in the brain 
parenchyma, subsequently resulting in macromolecules not 
be expelled from the brain parenchyma in time (68). It is 
also reported that impaired perivascular AQP4 polarity 
occurs in either aged or APP/PS1 mouse brains and is 
closely related to damages of glymphatic clearance func-
tion (24,50). Previous studies from our laboratory have 
found that deletion of the AQP4 gene in APP/PS1 mice 

Figure 9.  Schematic diagram of aggravated brain Aβ accumulation of APP/PS1 mice after LdcLNs. A. Under basal condition, perivascular AQP4 
mediates active fluid transport from para-arterial to para-venous spaces facilitating drainage of wastes including Aβ from the brain parenchyma to the 
subarachnoid space and subsequently into the meningeal lymphatic vessels, eventually reaching the peripheral lymphatic system. B. In young APP/
PS1 mice, depolarization of AQP4 caused by activated astrocytes impairs the interstitial fluid drainage, resulting in glymphatic clearance dysfunction 
and brain Aβ accumulation. C. Ligation of dcLNs blocks meningeal lymphatic drainage and accelerates Aβ plaque deposit within the brain, in turn 
causing more extensive reactive astroglosis, glymphatic dysfunction and neuron degeneration. 
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aggravates Aβ deposition and vascular amyloidosis in the 
brain (66). In this experiment, we observed reactive astro-
cytes with impaired AQP4 polarity in the cortex and hip-
pocampus of 6-month-old APP/PS1 mice. These evidences 
have collectively revealed an involvement of impaired 
cerebral lymphatic drainage in the pathogenesis of AD. 
Further study is necessary to investigate the extent of 
impairment in this clearance route of human patients with 
different stages of AD, which would help to establish a 
new method for the early diagnosis of AD.

In the present study, we found that in WT mice block-
age of the central lymphatic pathway via dcLN ligation 
causes increases in the total Tau protein and phosphoryl-
ated Tau protein in the forebrain. Previous literature reports 
that K14-VEGFR3-Ig TG transgenic mice exhibit defective 
phenotypes of meningeal lymphatic vessels (1). The scav-
enging rate of injected fluorescent macromolecule tracer 
from the brain parenchyma significantly decreases in the 
transgenic mice, while the fluorescence tracer is completely 
absent in the dcLNs, suggesting an important role of the 
meningeal lymphatic vessels in brain macromolecular clear-
ance (1). However, dcLN ligation does not result in an 
increase in Aβ content in the WT mouse brain. This 
indicates that Tau and its phosphorylated derivatives are 
more dependent on the lymphatic clearance pathway, while 
Aβ has other clearance pathways, such as transporting 
through the brain–blood barrier or intracellular enzymolysis 
(9,45). Previous studies have stated that impairment of the 
glymphatic pathway causes increases in phosphorylated 
Tau levels after traumatic brain injury (changes in Aβ 
content have not been reported), and Tau pathology become 
more serious in AQP4 knockout mice (30,70).

Moreover, we demonstrated that dcLN ligation in WT 
mice causes activation of glial cells, accumulation of CD3+ 
T cells within the brain, and increases inflammatory fac-
tors. The recently identified meningeal lymphatic vessels 
offers a pathway for immune cells out of the brain paren-
chyma through the peripheral lymphatic system (42,43), 
acting as a potential site for beneficial T-cell interaction 
within the CNS (10). Several studies have highlighted key 
roles for T cells in healthy brain functions. For example, 
T cells have been shown to deliver a neuroprotective func-
tion via the production of neurotrophins (46,58). T cells 
area also capable of modulating glutamate release by 
astrocytes and microglia (15,59), protecting neurons from 
degeneration (37). Conversely, its accumulation may cause 
adverse effects. It is reported that removal of the dcLNs 
would interrupt the normal flow of meningeal T cells, 
thereby resulting in cognitive malfunction, including spatial 
learning difficulties and memory impairment in mice (55). 
Consistently, our experimental results show that chronic 
blockage of dcLNs causes accumulation of CD3+ T cells 
within the brain and dura mater, while reduced CD3+ T 
cell numbers within the dcLNs. Moreover, we have found 
that ligation of dcLNs mildly impairs the exploratory 
behavior of WT mice, revealed by decreased number of 
entering into the central area during open field testing. 
It has been reported that a loss of T cells in immuno-
compromised mice would likely influence other immune 

system cells that reside within the meninges (55). Meningeal 
myeloid cells acquire a pro-inflammatory phenotype in 
the absence of T cells, and these myeloid cells may pro-
duce cytokines such as IL-1β, IL-12 and TNF-α (8,35). 
The specific mechanism resulting in a negative effect of 
accumulated T cells in the brain still needs further 
investigation.

Apart from maintaining healthy brain functions, T cells 
seem to be involved in AD pathogenesis. Interestingly, 
early literature reported that AD patients with severe 
dementia showed improvement following transposition of 
the omentum to their brain (16‒18). Physiological charac-
teristics of the omentum include restoration of lymphatic 
continuity, improving blood vessels growth and secretion 
of biological substances, could result in beneficial effects 
on AD, although the exact mechanisms is not clear (17,18). 
Subsequent studies reported an increase in CD8+ cytotoxic 
T-cells and CD4+ T helper cells in the brain parenchyma 
of patients with AD (60). Furthermore, there is increasing 
evidence for a potential involvement of peripheral T cell 
subsets in AD (2,7,36,39,57). A decrease of CD4+CD25 
high T  cells, an increase in CD4+Foxp3+ Tregs, but no 
changes in CD8+ T cell subsets, have been observed in 
Alzheimer’s dementia (39,57). Recently, a case control study 
reported an increase in circulating T helper 17  cells in 
the early stages of AD and an association of CD4+ CD127 
low CD25+ regulatory T cells (Trges) with neurodegenera-
tion marker Tau (52). In animal experiments, Tregs are 
shown to slow the AD-like progression and restore cogni-
tive function of APP/PS1 mice (7). By contrast, in 5×FAD 
transgenic mice, the depletion of Foxp3+ Tregs increases 
Aβ clearance and greatly ameliorates cognitive decline (36). 
In the present study, we found that the percentage and 
absolute number of CD3+ T cells in brain samples was 
no different between WT mice and APP/PS1 mice under 
intact condition, but increased significantly in APP/PS1 
mice compared to WT controls after ligation of dcLNs. 
This indicates that in AD pathology, T cells flow back 
from the meninges to the parenchyma of the brain follow 
blockage of their drainage path into dcLNs. Disrupted 
BBB integrity is assumed to be a critical factor for periph-
eral T cells into the CNS parenchyma under certain patho-
logical conditions, including AD (51). However, a recent 
study reported that chronic, partial microglia depletion is 
sufficient for peripheral macrophages readily engrafting 
the brain, independent of the BBB opening after irradia-
tion (6). Taken together, further studies are necessary to 
precisely disclose the interplay between the CNS environ-
ment and the peripheral immune system, which could 
provide an effective new strategy to treat AD by targeting 
peripheral immune cell subsets.

In the present study, we systematically analyzed effects 
of blocking cerebral lymphatic drainage on the AD-like 
pathological process in APP/PS1 mice. The results show 
that accumulation of Aβ in both meningeal lymphatic 
vessels and brain parenchyma is more serious in dcLN 
ligated APP/PS1 mice, resulting with various pathophysi-
ological changes, including aggregated neuroinflammatory 
reaction, loss of synaptic protein and impairment of 
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exploratory behavior and working memory. We observed 
that after ligation of dcLNs, the percentage of positive 
area for GFAP increased, along with impaired AQP4 polar-
ity in the cortex and hippocampus of APP/PS1 mice. As 
mentioned above, accumulated Aβ and phosphorylated Tau 
disrupts selective expression pattern of AQP4 in micro-
vascular astrocyte processes (30,50,70), which in turn ham-
pers clearance of Aβ and phosphorylated Tau via the 
glymphatic system. The vicious cycle between abnormal 
aggregation of neurotoxic macromolecule and impairment 
of glymphatic clearance undoubtedly facilitates AD 
progression.

In summary, these results demonstrate an interaction 
of impairments between intracranial and extracranial lym-
phatic clearance components in promoting AD-like pathol-
ogy of APP/PS1 mice. These findings suggest protecting 
brain lymphatic clearance function will delay, and even 
prevent, abnormal aggregation of brain Aβ and Tau, thus 
serving a novel strategy for prevention and treatment of 
AD.
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