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Recent studies have revealed significant contributions of lymphatic vessels (LVs) to vital
functions of the brain, especially related to clearance of waste from the brain and immune
responses in the brain. These studies collectively indicate that enhancing the functions of
LVs may improve brain functions during brain aging and in Alzheimer’s disease (AD) where
LV functions are impaired. However, it is currently unknownwhether this enhancement can
be achieved using small molecules. We have previously shown that a widely used Chinese
herbal medicine Xueshuantong (XST) significantly improves functions and reduces
pathology in AD transgenic mice associated with elevated cerebral blood flow (CBF).
Here, we show that XST partially rescues deficits in lymphatic structures, improves
clearance of amyloid-β (Aβ) from the brain, and reduces the inflammatory responses in
the serum and brains of transgenic ADmice. In addition, we showed that this improvement
in the lymphatic system occurs independently of elevated CBF, suggesting independent
modulation and limited interaction between blood circulation and lymphatic systems.
Moreover, XST treatment leads to a significant increase in GLT-1 level and a significantly
lower level of MMP-9 and restores AQP4 polarity in APP/PS1 mice. These results provide
the basis for further exploration of XST to enhance or restore LV functions, which may be
beneficial to treat neurodegenerative diseases or promote healthy aging.
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INTRODUCTION

New drugs are urgently needed for Alzheimer’s disease (AD), especially those that do not target
amyloid-β (Aβ) and tau since a variety of those drugs have shown minimal effectiveness in the
clinical trials (Polanco et al., 2018; Zhu et al., 2019). Reduced cerebral blood flow (CBF) is reported in
both AD patients and mice and has been linked to various pathologies in AD (Kisler et al., 2017;
Kametani and Hasegawa, 2018; Vogelsang et al., 2018). Limited evidence suggests that improving
CBF leads to improved functions and reduced pathology in AD transgenic mice (Kisler et al., 2017;
Bracko et al., 2019). Recent studies also highlight the important contributions of lymphatic vessels
(LVs) to the impaired brain functions in aging and in AD (van der Kleij et al., 2018; Da Mesquita
et al., 2018a; DaMesquita et al., 2018b). Treating aged mice with vascular endothelial growth factor C
(VEGF-C) enhances meningeal lymphatic drainage of macromolecules from the cerebrospinal fluid
and improves brain perfusion and learning/memory functions (Karaman et al., 2018; Patel et al.,
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2019). Therefore, the ability to correct or compensate for the
deficits in LV structure and functions and restore the brain
clearance system is of great interest and importance for
promoting healthy aging and treating neurodegenerative
diseases (such as AD). No small molecule compound is known
to modulate the structure/function of LVs. Given the importance
of the lymphatic system, such small molecules may have
significant therapeutic potentials.

LVs runwithin dural leaflets, on the inside surface of the dura, or in
the subarachnoid space with the cortical veins (Thomas et al., 2019).
Extensive meningeal LV network serves to clear macromolecules and
regulate immune cell trafficking in the brain (Tarasoff-Conway et al.,
2016; Bálint et al., 2019). This LV system drains interstitial fluids
containing wastes from tissues and supports immune surveillance of
the brain via recirculating immune cells (Venero Galanternik et al.,
2016). In the lymphatic network, fluid, cells, and macromolecules are
first absorbed by blind-ended lymphatic capillaries (initial LVs) (Klotz
et al., 2015; Dave et al., 2018), proceed via collector LVs and lymph
nodes, and end in the thoracic duct and right lymphatic trunk where
lymphatic fluids are delivered into subclavian veins in the neck region
(Aspelund et al., 2016; Bálint et al., 2019). Cerebrospinal fluid (CSF)
enters the venous system via arachnoid granulations (Kortela et al.,
2017), while macromolecules and immune cells in the CSF are
transported along the dural LVs into the lymph nodes and
extracranial systemic circulation and may induce immune
responses (Shechter et al., 2013; Schläger et al., 2016). But how
exactly blood circulation and lymphatic functions may interact with
each other is poorly understood.

Function of LVs is compromised during aging and in
neurodegenerative diseases, such as AD (Mesquita et al., 2018; Da
Mesquita et al., 2018b; Sun et al., 2018b). Impaired meningeal
lymphatic function slows down the perivascular influx of
macromolecules into the brain and efflux of macromolecules from
the interstitial fluid and induces cognitive impairment in mice
(Guimaraes-Souza et al., 2019; Patel et al., 2019). Thus, LVs play
an essential role in regulating homeostasis in the brain by draining
macromolecules from cerebrospinal fluid (CSF) and interstitial fluid
(ISF) into the cervical lymph nodes (CLNs) (Brouillard et al., 2014).
Accumulation of Aβ inside LVs of meninges of AD patients or AD
transgenic mouse brains may contribute to AD progression (Da
Mesquita et al., 2018b; Sun et al., 2018b). Disruption of LVs in
transgenic AD mice promotes Aβ deposition in the meninges
which resembles human meningeal pathology, and this disruption
aggravates parenchymal Aβ accumulation (Kyrtsos and Baras, 2014;
Mesquita et al., 2018).

In our previous study, we showed that a widely used Chinese
herbal medicine Xueshuantong (XST) significantly elevates CBF,
improves memory functions, and reduces AD-relevant pathology
in AD transgenic mice (APP/PS1) (Huang et al., 2018). Injected
XST (lyophilized) (Supplementary Table S1) is a standardized
product extracted from the rhizome comminution of Panax
notoginseng [Araliaceae; Panax notoginseng (Burkill)
F.H.Chen] and has been approved in treating stroke by the
State Food and Drug Administration in China since 2002
(Wang et al., 2018). XST contains Notoginsenoside R1
(11.1%), Ginsenoside Rg1 (48.1%), Ginsenoside Re (5.5%),
Ginsenoside Rb1 (27.8%), and Ginsenoside Rd (1.3%)

(Supplementary Figure S1) (Yao et al., 2017; Wang et al.,
2018). It is reported that XST significantly reduces
inflammatory responses through NRF-2/Keap1 Pathway (Du
et al., 2015; Wang et al., 2018), but whether this effect is
mediated by elevated CBF is not known. In this study, we
examined whether the same XST treatment as we used
previously alters LV structure in APP/PS1 mice, and if so,
whether such changes are associated with improved brain
clearance of Aβ from the brain parenchyma. We also
examined whether XST affects inflammatory responses in AD
mice. Moreover, we examined whether enhanced CBF affects LVs
in order to understand potential interactions between blood
circulation and lymphatic system.

MATERIALS AND METHODS

Animals. APPswe/PSEN1dE9 mice with a C57BL/6 background
were obtained from the Jackson Laboratory. APP/PS1 mice and
wild-type littermate mice were genotyped by PCR analysis of
genomic DNA. All experiments have been approved by the
Peking University Shenzhen Graduate School Animal Care
and Use Committee (Permit Number: AP0011) and were in
accordance with the ARRIVE guidelines on the Care and Use
of Experimental Animals. Male and female animals were fed
separately and housed in a group of 4–5. The total number of
APP/PS1 mice is 72 and wild-type mice is 32. Males and females
were used equally in all studies. We also found no impact of sex
on the pathology of lymphatic drainage at baseline
(Supplementary Figure S4), consistent with previous studies
(Da Mesquita et al., 2018b). All mice were maintained under
standard laboratory conditions at 22 ± 2°C, with 50 ± 10% relative
humidity, and on a 12 h light/dark cycle, with food and water
available ad libitum. All mice were 11 months old.

Drugs. Xueshuantong (XST) (batch number: Z45021769) was
obtained from Wuzhou Pharmaceutical Co., Ltd., China. The
manufacturing technology was based on “Pharmacopoeia of
China 2005.” The rhizome comminution of Panax notoginseng
[Araliaceae; Panax notoginseng (Burkill) F.H.Chen] was extracted
by 60% ethanol under reflux three times (3 h per time). The
extracting solution was merged for decompressing concentration
till there was no alcohol taste and it was further subjected to a
D101 macroporous absorption resin column eluted with water,
80% ethanol. The 80% ethanol extract was dried under vacuum to
obtain XST (Wang et al., 2015). Previous studies have fully
studied the main compositions and contents of this
preparation (Yao et al., 2017; Zhang et al., 2020). The HPLC
fingerprint shows that it contains Notoginsenoside R1 (11.1%,
PubChem CID: 441934), Ginsenoside Rg1 (48.1%, PubChem
CID: 441923), Ginsenoside Re (5.5%, PubChem CID: 441921),
Ginsenoside Rb1 (27.8%, PubChem CID: 9898279), and
Ginsenoside Rd (1.3%, PubChem CID: 11679800) (Yao et al.,
2017). Freeze-dried powder of XST was dissolved in saline and
administrated intraperitoneally (100 mg/kg), and saline injection
was used as control. Dose and route of Xueshuantong
administration used in the present study were based on a
commonly used dosage of Xueshuantong in clinical practice
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and previous preclinical studies (Guo et al., 2018; Huang et al.,
2018; Li et al., 2020). For experiments with 30-day injection (i.p.),
15 daily injections with a break of days were used. For experiments
with 15-day injection (i.p.), daily injection was used. For examining
short-term (5 d) effects, one injection was used.

Ceftriaxone (Cef) (Sigma) was dissolved in saline and
administrated intraperitoneally (20 mg/kg), and saline injection
was used as control. For experiments with 15-day injection (i.p.),
daily injections were used. All tests were performed 24 h after the
end of the last treatment.

Meninge/Tissue Collection and Processing. Mice were
anesthetized with pentobarbital sodium (1%, 30 mg/kg, i.p.)
and perfused with 0.1 M PBS. After removing mandibles and
skull rostral to the maxillae, the top of the skull was removed with
surgical scissors. Whole-mount meninges were fixed while still
attached to the skull cap using 4% paraformaldehyde (PFA) for
24 h at 4°C. Fixed meninges (dura mater and arachnoid) were
carefully dissected from the skullcaps with #5 forceps (Fine
Science Tools) and kept in PBS at 4°C until further use. Fixed
brains were then washed with PBS, cryoprotected with 30%
sucrose, and frozen in Tissue-Plus OCT compound (Thermo
Fisher Scientific). Fixed and frozen brain sections (30 μm
thickness) were cut on a cryostat (Leica) and kept in PBS at
4°C. Frozen lymph nodes were sliced to 30 μm thickness and
collected onto gelatin-coated Superfrost Plus slides (Thermo
Fisher Scientific) and stored at −20°C.

Immunohistochemistry. Tissue was rinsed in PBS and washed
with PBS and 0.5% Triton X-100 for 10 min, followed by incubation
in PBS and 0.5% Triton X-100 containing 0.5% serum (goat or
chicken) and 0.5% bovine serum albumin (BSA) for 1 h at room
temperature. Then sections were incubated with primary antibodies:
anti-CD31 (eBioscience, clone 390, 1:100), anti-Lyve-1 (eBioscience,
clone ALY7, 1:200), anti-CD3e (eBioscience, clone 17A2, 1:500),
anti-Aβ (Abcam, ab10148, 1:500), anti-GFAP (Abcam, ab4674, 1:
500), and anti-Iba1 (Abcam, ab178847, 1:500), overnight at 4°C in
PBS containing 1% BSA and 0.5% Triton X-100.Whole mounts and
sections were then washed three times (5 min each) at room
temperature in PBS, followed by incubation with Alexa Fluor
488/594/647 chicken/goat anti-rabbit/goat IgG antibodies
(Invitrogen, 1:1,000) for 1 h at room temperature in PBS with 1%
BSA and 0.5% Triton X-100. After 5 min in DAPI (Invitrogen, 1:
10,000), whole-mount sections were washed with PBS and mounted
with Aqua-Mount (Lerner). Preparations were stored at 4°C for no
more than 1 week before images were acquired on a Nikon AR1
confocal system (Nikon Corporation).

Enzyme-Linked Immunosorbent Assay (ELISA). ELISAs were
performed to detect IL-10, IL-6, and IL-1β using specific kits
(Boshide Bio, China). All blood samples of APP/PS1 or C57 mice,
control, or XST-treated group were harvested and cryopreserved
at −80°C until analysis. All kits were used according to the
manufacturer’s suggested protocol.

Western Blot. As our previously described (Gao et al., 2019),
tissues were collected, homogenized in RIPA buffer (Beyotime
Biotechnology, China) containing 1 mM PMSF (Sigma), 25 μM
leupeptin (Sigma), and 1 μg/ml aprotinin (Sigma), and
centrifuged at 4°C for 0.5 h at 10,000 g, with the supernatant
collected. Total protein lysates made from hippocampus or entire

brain were mixed with SDS gel-loading buffer and heated for
5 min at 100°C. Samples (15 μg protein in each group) were
separated on 10% SDS-PAGE gels (Invitrogen, Carlsbad, CA,
United States) and transferred to polyvinylidene difluoride
membranes (Millipore, Bedford, MA, United States).
Membranes were blocked for 1 h at room temperature with
5% nonfat milk in TBST (TBS containing 0.05% Tween 20)
and then probed with a specific primary antibody (anti-AQP4,
1:1000, Cat. No. ab46182, Abcam, United Kingdom; anti-GLT1,
1:1000, Cat. No. ab41621, Abcam, United Kingdom; anti-MMP-
9, 1:500, Cat. No. ab38898, Abcam, United Kingdom; anti-
GAPDH, 1:10000, Cat. No. ab8245, Abcam, United Kingdom,
anti-α-Tubulin, 1:10000, Cat. No. 5335T, CST, United Kingdom)
overnight at 4°C. A horseradish peroxidase- (HRP-) conjugated
secondary antibody (anti-mouse or anti-rabbit, NeoBioscience)
was added for 2 h at room temperature. Immunopositive AQP4,
GLT1, MMP-9, and GAPDH bands were scanned and
densitometrically analyzed by automated ImageJ software
(NIH Image, Version 1.61), and their total protein densities
were expressed relative to GAPDH or α-Tubulin signals.

Image Analysis. Images were acquiredwith aNikonAR1 confocal
system (Nikon Corporation) using the LAS AF software. All images
were acquired with a 1,024 × 1,024 pixel resolution. Quantitative
analysis was performed using FIJI software (NIH). Diameters of LVs
and blood vessels (BVs) of the meninges were quantified using
ImageJ. A standard length (100 μm) was first marked on the images
to be analyzed, then the structures to be analyzed were selected, and
sizes of these identified structures were automatically measured by
ImageJ. Percentage of T-cells was determined by counting the
number of T-cells within the superior sagittal sinus (SSS) or
transverse sinus (TS). T-cell density was calculated by dividing
the number of T lymphocytes by the area of the field. The
density of Aβ was calculated by dividing the number of Aβ
plaques by the area of field.

AQP4 Expression Polarity Measurement. To calculate the AQP4
polarity for each image, each color channel was processed separately
with each image thresholded uniformly at two different levels, a
high- and a low-stringency threshold. The low-stringency threshold
defined the overall area of AQP4-immunoreactivity while the high-
stringency threshold defined the area of intense AQP4-
immunoreactivity that in control mice is localized to perivascular
endfeet. The ratio of low- and high-stringency area was used to
generate an arbitrary value defined as “AQP4 polarity”
(Supplementary Figure S3) (Wang et al., 2012). The higher the
AQP4 polarity was, the greater the proportion of immunoreactivity
was restricted to the perivascular regions, while the lower the
proportion, the more the evenly distributed immunoreactivity
was between the perivascular endfeet and the soma.

Two-Photon Time-Lapse Imaging of Blood Flow. As previously
described (Huang et al., 2018), mice were injected with Cef or
saline daily for 15 days, and microvessels were imaged on day 15
using two-photon imaging using Olympus BX 51 microscope. To
measure blood flow in the microvessels (diameter 7–15 μm or
40–60 μm), 25 μl of 10% fluorescein sodium salt (Sigma-Aldrich)
was injected through the mouse tail vein 1 h prior to imaging.
Several frame images with different zooms were collected to
facilitate the identification of the same set of vessels by using
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landmarks in these images. The speed of the movement of the
RBCs was calculated from the strips in the line scan images. The
instantaneous velocity of RBCs is calculated as V � Δy/Δt; flux �
1/Δt; linear density � 1/Δy.

Statistical Analysis. Data were analyzed using GraphPad Prism 8
software. Unpaired t-test, paired t-test, and two-way repeated measures
ANOVA followed by Bonferroni posttest were used. All results were
shown as mean ± SEM. p < 0.05 was considered statistically significant.

RESULTS

Altered Structures of LVs in APP/PS1 Mice
and Improvement by XST Treatment
By using immunostaining, we imaged the structure of LVs in both
APP/PS1 and WT mice, treated with XST or Vehicle (Veh). Two
regions were examined, SSS and TS (Figure 1A), where LVs have
been shown to be altered in both AD and during aging (Mesquita

FIGURE 1 | Effects of XST on lymphatic structures. (A) Schematic representation of the whole-mount dissection of the dura mater. SSS, superior sagittal sinus; TS,
transverse sinus. Scale bar, 2,000 μm. (B) Sample images of lymphatic vessels (LVs) (Lyve-1) and blood vessels (BVs) (CD31) in the SSS region, in wild-type and APP/
PS1mice treated with either XST or Vehicle (Veh). C57-Veh (n � 4mice), C57-XST (n � 4mice), AD-Veh (n � 6mice), AD-XST (n � 6mice). Scale bar, 200 μm. (C) Sample
images of lymphatic ducts (Lyve-1) and BVs (CD31) in the TS region, in wild-type and APP/PS1 mice treated with either XST or Veh. Scale bar, 200 μm. (D)
Quantification of the diameter of lymphatic ducts in mice treated with XST or Veh in the SSS region (F (1, 16) � 87.18, C57 vs. AD, p < 0.0001; AD-Veh vs. AD-XST, p �
0.034, two-way ANOVA with Bonferroni’s multiple comparisons). (E) Quantification of the area occupied by lymphatic ducts in mice treated with XST or Veh in the TS
region (F (1, 16) � 36.92, C57 vs. AD, p < 0.0001; C57-Veh vs. C57-XST, p < 0.001; AD-Veh vs. AD-XST, p � 0.0454, two-way ANOVA with Bonferroni’s multiple
comparisons). (F)Quantification of the diameter of BVs inmice treated with XST or Veh in the SSS region (F (1, 16) � 22.18, C57 vs. AD, p � 0.0002; C57-Veh vs. C57-XST,
p � 0.049; AD-Veh vs. AD-XST, p � 0.0303, two-way ANOVAwith Bonferroni’smultiple comparisons). (G)Quantification of the area occupied by BVs inmice treated with
XST or Veh in the TS region (F (1, 16) � 141.4, C57 vs. AD, p < 0.0001; two-way ANOVA with Bonferroni’s multiple comparisons). Data are mean ± SEM. *p < 0.05;
**p < 0.01.
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et al., 2018). In the SSS region, diameters of LVs in APP/PS1 mice
were significantly smaller than those in WT mice (Figure 1B;
Lyve-1+; Figure 1D; p < 0.01), consistent with previous results on
defected LVs in AD brains (Da Mesquita et al., 2018b). The XST-
treated APP/PS1 group, compared to the Veh-treated group, had
significantly larger LV diameters, a change not observed in WT
mice (Figure 1D; p < 0.05). Since LV diameters cannot be reliably
measured in the TS region, we measured areas positive for Lyve-1
in TS (% of entire field) (Patel et al., 2019). We found a significant
reduction in the Lyve-1+ area in the APP/PS1 mice compared to

WT mice (Figures 1C,E; p < 0.01), while these areas were
significantly larger in XST-treated mice (both APP/PS1 and
WT) (Figures 1C,E; p < 0.01).

In addition to LVs, we also measured BVs attached to the
meninges. In the SSS region of both APP/PS1 and WT mice
(Figure 1B; CD31+), we found a significant reduction in the
diameters of CD31+ BVs in APP/PS1 mice compared toWTmice
(Figures 1B,F; p < 0.05), while XST-treated group exhibited
significantly larger diameters in both APP/PS1 and WT mice
(Figures 1B,F; p < 0.05). In the TS region, there was a significant

FIGURE 2 | XST improves Aβ removal from brains of APP/PS1 mice. (A) Impact of XST on the removal of Aβ via the brain lymphatic ducts in APP/PS1 mice, in the
SSS and TS regions. Red, Aβ; green, Lyve-1. Scale bars, 100 μm. (B)Quantification of plaque area in the SSS region in XST- or Veh-treated group (p � 0.0056, t-test, n �
6 mice per group). (C) Impact of XST on Aβ removal via the brain lymphatic ducts in APP/PS1 mice, in the TS regions. Red, Aβ; green, Lyve-1. Scale bar, 100 μm. (D)
Quantification of plaque area in the TS region XST- or Veh-treated group (p � 0.0067, t-test, n � 4 mice per group). (E) Sample images if Aβ staining in the lymph
nodes of the neck. Red, Aβ; green, Lyve-1; blue, DAPI. Scale bar, 200 μm (low). Scale bar, 100 μm (high). (F)Quantification of plaque area in the lymph nodes of the neck
region in XST- or Veh-treated APP/PS1 mice (p � 0.0098, t-test, n � 4 mice per group). Data are mean ± SEM. *p < 0.05; **p < 0.01.
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FIGURE 3 | Effect of XST on inflammatory responses in the brains of APP/PS1 mice. (A) Sample images of lymphatic ducts (Lyve-1, green) and T-cells (CD3e, red)
in SSS region and TS region, in WT and APP/PS1 mice treated with either XST or Veh. Scale bar, 100 μm. (B) Quantification of T-cell density in lymphatic ducts of the
SSS region in WT and APP/PS1 mice treated with XST or Veh (F (1, 16) � 70.96, C57 vs. AD, p < 0.0001; AD-Veh vs. AD-XST, p � 0.0017, two-way ANOVA with
Bonferroni’s multiple comparisons). (C)Quantification of the T-cell density in lymphatic ducts of the TS region inWT and APP/PS1mice treated with XST or Veh
(F (1, 16) � 86.28, C57 vs. AD, p < 0.0001; AD-Veh vs. AD-XST, p � 0.0019, two-way ANOVAwith Bonferroni’s multiple comparisons). (D) Sample images of T-cells in
the lymph nodes of the neck. T-Cells (CD3e, red); lymph nodes (Lyve-1, green). Scale bar, 200 μm (low). Scale bar, 100 μm (high). (E) Quantification of T-cells
density in the lymph nodes of the neck region in XST- or Veh-treated APP/PS1 mice (p � 0.3483, t-test, n � 6 mice per group). Quantitative measurement of IL-1β (F)
(F (1, 12) � 232.5, C57 vs. AD, p < 0.0001; AD-Veh vs. AD-XST, p � 0.0279, two-way ANOVA with Bonferroni’s multiple comparisons); IL-6 (G) (F (1, 12) � 94.89, C57
vs. AD, p < 0.0001; AD-Veh vs. AD-XST, p � 0.014, two-way ANOVA with Bonferroni’s multiple comparisons); and IL-10 (H) (F (1, 12) � 22.63, C57 vs. AD,
p � 0.0005; AD-Veh vs. AD-XST, p � 0.0155, two-way ANOVA with Bonferroni’s multiple comparisons). Levels in serum in WT and APP/PS1 mice (n � 4 mice per
group). Data are mean ± SEM. IL: interleukin. *p < 0.05; **p < 0.01.
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reduction in the CD31+ area in APP/PS1 mice compared to WT
(Figures 1C,G; p < 0.01), but no difference was seen between
XST- and Veh-treated groups in either WT or APP/PS1 mice.
Thus, the impacts of XST on BVs are brain region-dependent.

Reduced Aβ Presence in LVs in
XST-Treated APP/PS1 Mice
Previous studies indicated enhanced clearance ability with
enlarged LVs (Da Mesquita et al., 2018a; Sun et al., 2018b).
To test whether this is the case with XST, we examined Aβ
clearance in the brain after XST or Veh treatment by staining Aβ
in brain sections containing either SSS or TS region. We found
that, in the XST-treated group, Aβ-positive areas are
significantly smaller (Figures 2A,B; p < 0.01), suggesting a
more effective removal of Aβ from LVs with XST treatment.
We also found a significantly smaller Aβ plaque area in the TS
region of XST-treated APP/PS1 mice (Figures 2C,D; p < 0.01).
Due to the absence of Aβ in WT mouse brains, this analysis was
not performed.

Macromolecules in CSF are transported mainly along the
dural LVs into lymph nodes of the neck and extracranial
systemic circulation (Kisler et al., 2017; Da Mesquita et al.,
2018b). It was reported that Aβ is drained from TS into the
lymph nodes along the side of the neck (Louveau et al., 2017). We
then examined Aβ plaques in regions where LVs merge with BVs
in the lymph node (Figure 2E). A significantly smaller Aβ area
was seen in the XST-treated compared to Veh-treated APP/PS1
mice (Figures 2E,F; p < 0.01). All together, these results indicate a
reduced Aβ plaque size consistent with our previous findings
(Huang et al., 2018) and suggest that XST enhances Aβ clearance
capacity in APP/PS1 mice.

Reduced Inflammatory Responses With
XST Treatment
Another reported consequence of enhanced LV structure/
function is an improved inflammatory response shown as
higher T-cell density in the SSS region (Kim and Song, 2017).
To examine this, we first counted the number of CD3e+ T-cells in
the SSS and TS regions (Figure 3A). Density of CD3e+ cells inside
LVs was significantly higher in the APP/PS1 mice compared to
WT mice (Figures 3A–C; p < 0.01 for both regions), suggesting
elevated immune responses in APP/PS1 mice (Toly-Ndour et al.,
2011; Zhu et al., 2019). A significantly higher density of CD3e+

cells was seen in APP/PS1 mice treated with XST, compared to
the Veh group (Figure 3B; p < 0.01), suggesting a further increase
in T-cell density and likely enhanced responses after XST
treatment. When the same measurement was repeated in the
TS region, we also found a significantly higher density of CD3e+

cells in APP/PS1 mice in the XST-treated group compared to the
Veh group (Figures 3A,C; p < 0.01). These results suggest that
XSTmay promote immune surveillance. However, the CD3e+ cell
density in neck lump node (CLNs) was not different between the
XST- and Veh-treated groups in the APP/PS1 mice (Figures
3D,E), suggesting that T-cell storage in CLNs is not affected
by XST.

The above results suggest an increased T-cell density which is
expected to reduce inflammation in the brain. We next examined
the serum level of IL-1β (a marker of anti-inflammatory
response) (Williams et al., 1999). A significantly lower level of
IL-1β was seen in APP/PS1 mice compared to WT mice
(Figure 3F; p < 0.01) and a significantly higher level in the
XST-treated APP/PS1 mice (compared to Veh-treated)
(Figure 3F; p < 0.05). Consistently, serum IL-10 level was
significantly higher in the XST-treated APP/PS1 mice than in

FIGURE 4 | Effect of XST on Aβ removal from the brains of APP/PS1
mice. (A) Sample images of amyloid plaques (Aβ, green) and astrocytes
(GFAP, red) in the cortex and hippocampus of WT or APP/PS1 mice. Scale
bar, 100 μm. (B) Quantification of GFAP+ area of in the brains of WT and
APP/PS1 mice treated with XST or Veh (F (1, 16) � 43.53, C57 vs. AD, p <
0.0001; C57-Veh vs. C57-XST, p � 0.038, two-way ANOVA with Bonferroni’s
multiple comparisons). (C) Quantification of Aβ density in the brains of APP/
PS1 mice treated with XST or Veh (F (1, 16) � 129.7, C57 vs. AD, p < 0.0001;
AD-Veh vs. AD-XST, p � 0.0028, two-way ANOVA with Bonferroni’s multiple
comparisons). (D) Quantification of the area of Iba1+ in the brain of WT and
APP/PS1 mice treated with XST or Veh (p � 0.0409, t-test, n � 4 mice per
group). (E) Sample images of amyloid plaque (Aβ, green) and microglia (Iba1,
red) in the cortex and hippocampus of WT or APP/PS1 mice. Scale bars,
100 μm. Data are mean ± SEM. *p < 0.05; **p < 0.01.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 6058147

Zheng et al. Xueshuantong Improves Functions of Lymphatic Ducts

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 5 | Time course of XST’s impact on microglia and astrocytes in APP/PS1 mice. (A) Sample images of microglia (Iba1, green) and astrocytes (GFAP, red) in
the cortex (S1) of APP/PS1 mice after treatment with XST for 5 days, 15 days, or 1 month. Scale bar, 100 μm. (B–D)Quantification of Iba1+ density after 5 days (B) (p �
0.0112, t-test, n � 4mice per group), 15 days (C) (p � 0.0233, t-test, AD-Veh, n � 5mice, AD-XST, n � 4mice), and 1 month (D) (p � 0.0487, n � 5mice per group) of XST
treatment in APP/PS1 mice. (E–G) Quantification of GFAP+ area after 5 days (E) (p � 0.0253, t-test, AD-Veh, n � 4 mice, AD-XST, n � 5 mice), 15 days (F) (p �
0.0798, t-test, AD-Veh, n � 6 mice, AD-XST, n � 9 mice), and 1 month (G) (p � 0.0291, t-test, n � 5 per group) of XST treatment in APP/PS1 mice. (H) Sample images of
microglia (Iba1, red) and astrocytes (GFAP, green) in the hippocampus of APP/PS1 mice after treatment with XST for 15 days. Scale bar, 100 μm. (I) Quantification of
GFAP+ area (p � 0.009, t-test, n � 5 mice per group) and Iba1+ area (p � 0.04, t-test, n � 5 mice per group) in APP/PS1 mice after treatment with XST for 15 days. Data
are mean ± SEM. *p < 0.05; **p < 0.01.
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Veh-treated APP/PS1 mice (Figure 3G; p < 0.05). On the other
hand, serum IL-6 level (a proinflammation cytokine) was
significantly higher in the APP/PS1 mice compared to WT
mice (Figure 3H; p < 0.01) and significantly lower in the
XST-treated APP/PS1 mice compared to Veh group
(Figure 3H; p < 0.05). In addition, we also found a
significantly lower IL-6 level in the brain in the XST-treated
APP/PS1 mice (Supplementary Figure S2C; p < 0.05) and a
significantly higher IL-10 level in the XST-treated APP/PS1 mice
than in Veh-treated APP/PS1 mice (Supplementary Figure S2D;
p < 0.01). Thus, these results suggest that the inflammation level is
significantly reduced by XST in APP/PS1 mice.

Cellular Markers of Inflammation in the
Brain With XST Treatment
Enhanced responsiveness of both microglia and astrocytes has
been widely reported in both AD patients and AD mice
(Fakhoury, 2018; Kaur et al., 2019). In the APP/PS1 mice, a
larger area occupied by astrocytes (GFAP+) was found in APP/
PS1 mice (compared to WT mice) (Figures 4A,B; p < 0.01), and
GFAP+ area was not different between XST- and Veh-treated
groups (Figures 4A,B). Interestingly, XST-treated WT mice
showed a small but significantly smaller GFAP+ area (Figures
4A,B; p < 0.05). In the same mice, the areas covered by Iba1+

cells were significantly larger in APP/PS1 mice (Figures 4C,E;
p < 0.01) and significantly smaller in APP/PS1 and WT mice
treated with XST [Figures 4C,E; p < 0.01 (APP/PS1), p < 0.05
(wt)]. In addition, we found a significantly smaller Aβ plaque
density in XST-treated APP/PS1 mice (Figures 4A,D; p < 0.05),
consistent with a reduced Aβ level in the previous experiments
(Figure 2). Together with the results in Figure 3, XST reduces
the activation of astrocytes and microglia which may underlie
the altered serum cytokine levels and enhanced clearance of Aβ
plaque.

Time Course of Changes in Astrocytes and
Microglia Density After XST Treatment
In the above analysis, we conducted experiments at one-time
point (15 days after XST treatment). To understand the time
course of changes in astrocytes and microglia, we analyzed
staining of GFAP and Iba1 at 5 days, 15 days, and 1 month in
APP/PS1 mouse brains treated with either XST or Veh
(Figure 5A). Interestingly, we found a significantly higher
density of Iba1 and bigger GFAP-positive area in mice treated
with XST for 5 days (Figures 5A,B for Iba1; p < 0.05; Figures
5A,E for GFAP; p < 0.05). In mice treated with XST for 15 days
and 1 month, we found a significantly lower density of Iba1
(Figures 5A,C,D, p < 0.05) and the trend towards reduced GFAP-
positive area (Figures 5A,F,G) in the cortex (S1). In addition, we
also found significantly smaller GFAP-positive and Iba1-positive
areas in the hippocampus of mice treated with XST for 15 days
(Figures 5H,I, p < 0.01, p < 0.05). Thus, XST treatment leads to
an initial increase in the density of both astrocytes and microglia,
which is followed by a decrease in density.

Elevating CBF Does Not Modulate LVs in
APP/PS1 Mice
The meningeal lymphatic system is necessary for effective
clearance of macromolecules from the brain ISF and may
serve as a common pathway for effective removal of wastes
from brain parenchyma (Plog and Nedergaard, 2018; Chen
et al., 2020). We have shown that XST elevated CBF in both
APP/PS1 and WT mice (Huang et al., 2018), and thus elevated
CBF could drive the improved LV structure/function. Since
ceftriaxone (Cef) injection reliably increases CBF (Kortela
et al., 2017; Holschneider et al., 2020), we first confirmed this
in the APP/PS1 mice using two-photon linescan imaging (Huang
et al., 2018). We have focused on small BVs (diameters 7–15 μm)
due to their reported alteration in AD (Ahn et al., 2018; Bracko
et al., 2019) and used medium-sized vessels as control (diameters
40–60 μm). The velocity of blood flow in small BVs was
significantly higher in the Cef-injected APP/PS1 mice
compared to Veh-injected (Figure 6A, p < 0.01), while no
difference was seen in mid-size BVs between these two groups
(Figure 6B). We then imaged the structures of LVs and BVs in
APP/PS1 mice treated with Cef or Veh. Diameters of LVs in the
SSS or TS region were not different between Cef- and Veh-
injected groups (Figures 6C,D), while the diameters of BVs in the
SSS region were also not different between Cef- and Veh-injected
group (Figure 6E). Thus, elevating CBF by Cef injection is not
sufficient to alter LV structure in APP/PS1 mice.

To understand whether Aβ plaques could be affected by Cef
treatment, we measured their density in the primary
somatosensory cortex and found no difference between Cef-
and Veh-injected APP/PS1 mice (Figures 6F,G), suggesting
that elevating CBF by Cef is not sufficient to modulate
plaques, in contract to the significant reduction after XST
treatment. Since significant alterations in astrocytes and
microglia were seen in APP/PS1 mice after XST treatment
(Figure 5), we measured the density of these cells in Cef-
treated APP/PS1 mice. Microglia density (Iba1) was
significantly lower in APP/PS1 mice treated with Cef for either
5 days or 15 days (Figures 6H,I, p < 0.05), but the area of
astrocyte (GFAP) was lower in the 15-day but not 5-day
treatment group (Figures 6H,J). Thus, compared to XST, Cef
treatment does not increase astrocytes and microglia density and
thus may have a distinct impact on inflammatory responses.
Taken together, although elevated CBF is seen after either XST or
Cef in APP/PS1 mice, changes in LVs and Aβ plaques were only
seen after XST treatment, suggesting that elevated CBF is unlikely
to underlie these differential changes in APP/PS1 mice with XST.

Differential Changes in Protein Levels
Induced by XST and Cef Treatment
To further understand what could drive or underlie the observed
distinct changes associated with XST or Cef treatment, we
examined the levels of aquaporin 4 (AQP4) and glial
glutamate transporter 1 (GLT-1) since they play important
roles in regulating the exchange between brain parenchyma
and CSF (Sharma et al., 2019; Simone et al., 2019). AQP4
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FIGURE 6 | Impacts of Cef on CBF and lymphatic vessel structure in APP/PS1 mice. (A) Sample image of small BVs (diameter, 7–15 μm, left) and line scan image
of blood flow (right). Scale bar, 100 μm (left), 10 ms, and 10 μm (right) (p � 0.0003, t-test, n � 64 BVs/4 mice per group). (B) Sample image of large BVs (diameter,
40–60 μm, left) and line scan image of blood flow (right). Scale bar, 100 μm (left), 10 ms, and 10 μm (right) (p � 0.0747, t-test, n � 64 BVs/4 mice per group). (C)
Quantification of the diameter of lymphatic ducts in mice treated with Cef or Veh in the SSS region (p � 0.1316, t-test, n � 5mice per group). (D)Quantification of the
diameter of lymphatic ducts in mice treated with Cef or Veh in the TS region (p � 0.1241, t-test, n � 5 mice per group). (E) Quantification of the diameter of BVs in mice
treated with Cef or Veh in the SSS region (p � 0.3436, t-test, n � 5mice per group). (F) Sample images of Aβ staining in the cortex of APP/PS1mice treated with either Cef
or Veh. Scale bar, 100 μm. (G) Quantification of amyloid plaque density in APP/PS1 mice treated with Cef or Veh (p � 0.8199, t-test, n � 4 mice per group). (H) Sample
images of Iba1 or GFAP staining in cortex (S1) of APP/PS1mice treated with either Cef or Veh, for 5 days (left) or 15 days (right). Scale bar, 100 μm. (I)Quantification of
Iba1 density in APP/PS1mice after treatment with Cef for either 5 days (p � 0.0173, t-test, n � 5mice per group) or 15 days (p � 0.0301, t-test, n � 4mice per group). (J)
Quantification of GFAP+ area in APP/PS1 mice after treatment with Cef for either 5 days (p � 0.7982, t-test, n � 5 mice per group) or 15 days (p � 0.0447, t-test, n � 4
mice per group). Data are mean ± SEM. *p < 0.05; **p < 0.01.
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could influence astrocytic calcium signaling (Yang et al., 2016)
and potassium homeostasis and is associated with the removal of
interstitial Aβ and modulation of glutamate-mediated synaptic
transmission (Lan et al., 2017; Rasmussen et al., 2018) and AQP4
deficiencymay also impair learning andmemory, in part, through
glutamate transporter-1 (GLT-1) (Lan et al., 2016a; Lan et al.,
2016b). In addition, GLT-1 reduction and AQP4 alteration were
reported in APP/PS1 mice (Takahashi et al., 2015; Benveniste
et al., 2019). We found that XST treatment led to a significantly
higher GLT-1 level but not AQP4 level in APP/PS1 mice (Figures
7A,B; p < 0.05). The polarity of AQP4 (see Methods for
quantification) was significantly higher in APP/PS1 mice
compared to WT mice (Figures 6C,D; p < 0.01), which
reflects dysfunction of astrocytes (Lan et al., 2017). AQP4
polarity is significantly lower in the XST-treated than in Veh-
treated APP/PS1mice (Figures 7C,D; p < 0.05), a change that was
absent in the WT mice. Similar to XST treatment, a significantly
higher GLT-1 protein level but no change in AQP4 level was seen
in APP/PS1 mice treated with Cef, compared to the Veh-treated
group (Figures 7E,F, p < 0.05). However, AQP4 polarity was
unchanged in Cef-injected APP/PS1 mice (Figures 7G,H). Since
matrix metalloprotein 9 (MMP-9) has been implicated in
targeting AQP4 to astrocyte endfeet (Yan et al., 2016; Amtul
et al., 2018), we examined the level of MMP-9 in XST- or Cef-
treated APP/PS1 mice. A significantly lower level of MMP-9 was
seen only in the XST-treated group (Figures 7I,J, p < 0.01),
suggesting reduced AQP4 polarity being mediated by reduced
MMP-9 level. Furthermore, MMP-2/MMP-9 is known to
regulate lymphangiogenesis (Du et al., 2017) and previous
studies have found that VEGF significantly increases
lymphangiogenesis (Wong et al., 2016). Moreover,
hippocampus is an important brain area affected in AD. Thus,
we also measured the protein levels of GLT1, AQP4, and MMP9
in the hippocampus and found changes similar to those at the
whole-brain level (Supplementary Figures S2A,B). However, we
found VEGF-C level not different between XST- and Veh-treated
groups in the serum of APP/PS1 mice (Figure 7K), suggesting
that VEGF-C-independent signaling pathway may underlie the
XST-induced improvement in the lymphatic system.

DISCUSSION

Due to the unmet medical need in finding effective AD drugs,
most studies aimed to identify new AD drugs by testing their
efficacy in reducing pathology and improving functions in AD
model animals. For effective drugs/compounds, elucidating the

FIGURE 7 | Impacts of XST and Cef on the levels of GLT1, AQP4, and
MMP-9 in APP/PS1 mice. (A) Sample images of WB analysis of brain AQP4
and GLT1 levels after treatment with XST in APP/PS1 mice. (B) Densitometric
analysis of protein levels of AQP4 (p � 0.1113, t-test, n � 4 mice per
group) and GLT1 (p � 0.0035, t-test, n � 4mice per group) after treatment with
XST, normalized against GAPDH. (C) Sample images of AQP4 staining in
cortex (S1) of APP/PS1 mice after treatment with XST for 15 days. Scale bar,
50 μm. (D) Quantification of AQP4 polarity after XST treatment (F (1, 16) �
183.4, C57 vs. AD, p < 0.0001; AD-Veh vs. AD-XST, p � 0.0073, two-way
ANOVA with Bonferroni’s multiple comparisons, n � 5 mice per group). (E)
Sample images of WB analysis of brain AQP4 and GLT1 levels after treatment
with Cef in APP/PS1 mice. (F) Densitometric analysis of AQP4 (p � 0.1113,
t-test, n � 4mice per group) and GLT1 (p � 0.035, t-test, n � 4mice per group)
levels after treatment with Cef, normalized to GAPDH. (G) Sample images of
AQP4 in the cortex (S1) after treatment with Cef for 15 days in APP/PS1 mice.

(Continued )

FIGURE 7 | Scale bar, 50 μm (low). Scale bar, 10 μm (high). (H)
Quantification of AQP4 polarity after treatment with Cef for 15 days (p � 0.855,
t-test, n � 4 mice per group). (I) Sample Western blots of brain MMP-9 levels
after treatment with either XST (upper) or Cef (lower) in APP/PS1 mice. (J)
Normalized levels of MMP-9 after treatment with XST (p � 0.003, t-test, n � 3
mice per group) or Cef (p � 0.390, t-test, n � 3 mice per group). (K)
Quantitative measurement of VEGF-C levels in serum in WT and APP/PS1
mice (p � 0.6928, t-test, n � 6 mice per group). Data are mean ± SEM. *p <
0.05; **p < 0.01.
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potential novel mechanism underlying their action is important
for a better understanding of AD pathology and new therapies.
Our previous study showed significant improvements in brain
functions (spatial learning and memory, motor learning, and
memory), enhanced CBF, and reduced amyloid plaque size and
density in the AD transgenic mice after XST injections. Here, we
focus on immune responses and potential changes in LVs
associated with XST treatment. We found the following with
XST injections: 1) enlarged LV structures; 2) increased clearance/
removal of Aβ from LVs and lymph nodes and reduced amyloid
plaque size and density in the brain (Huang et al., 2018; Mesquita
et al., 2018); 3) higher level of anti-inflammatory cytokines (IL-1β
and IL-10) and lower level of proinflammatory cytokine (IL-6) in
both serum and brain; 4) an initial higher activation of microglia
and astrocytes followed by reduced activation over the
subsequent weeks to month. These results suggest a potential
of XST to modulate the structure of the lymphatic system in a
functionally meaningful setting, providing a better mechanistic
understanding of the therapeutic impacts of XST on AD and a
potential using small molecules to enhance the structure/function
of LVs.

Rescue of LV Deficits After XST Treatment
Meningeal LVs have recently been recognized as an important
player in the complex circulation and exchange of soluble
contents between CSF and ISF (Elham et al., 2020), and CSF-
ISF exchange is a removal mechanism for macromolecules from
the brain parenchyma to CSF (Jessen et al., 2015; Plog and
Nedergaard, 2018). CSF circulation via the glymphatic system
and meningeal LVs has been linked to neurological disorders
(Rasmussen et al., 2018), including AD. Da Mesquita et al.
(2018b) discovered that meningeal LVs drain macromolecules
from the CNS (CSF and ISF) into the CLNs in mice. Aging-
associated decrease in paravascular recirculation of CSF and ISF
is likely to be responsible for the accumulation of Aβ in the brain
parenchyma (Benveniste et al., 2019), and brain-CSF-dural LVs
pathway is an alternative route of Aβ recirculation from brain ISF
into the CSF sink (Sun et al., 2018b), supported by the presence of
Aβ in the CLNs of AD transgenic mice (Karaman et al., 2018).
Thus, an impaired meningeal lymphatic drainage of CSF may
affect Aβ clearance and exacerbate amyloid burden in AD (He
et al., 2017; Da Mesquita et al., 2018a). In addition, mice lacking
meningeal LVs show dysfunction in their ability to clear
parenchymal macromolecules (Aspelund et al., 2015; Ma et al.,
2017). Our current findings of significant Aβ deposition in the
meningeal lymphatics of APP/PS1 mice and significantly lower
Aβ level in CLNs and meningeal LVs in XST-treated APP/PS1
mice are consistent with these findings. Hence, XST may increase
meningeal LVs to remove Aβ from the CSF of APP/PS1 mice.
Previous reports have shown that upregulation of dural
lymphangiogenesis is associated with significantly reduced
senile amyloid plaques in APP/PS1 mice (Karaman et al.,
2018; Da Mesquita et al., 2018b), consistent with our finding,
whereas we do not have direct evidence for enhanced functions of
the LV system or direct evidence for removal of Aβ which is most
directly revealed by imaging removal of injected fluorescent Aβ
into the brain or real-time monitoring of Aβ clearance before and

after XST administration. Due to technical reasons, we were not
able to do this reliably. However, both our previous and current
results have shown significant reduction in Aβ level or plaque size
in the APP/PS1 mouse brains after XST treatment and in
reducing levels of both fibrillar and surrounding soluble Aβ
(Huang et al., 2018). Thus, we suggest that the improved
clearance of Aβ may be related to the improved structures of
LVs. In light of the ongoing debate on the functional contribution
of LVs (Carare et al., 2020), we need to interpret our results with
caution and need more direct examination to confirm the above
hypothesis.

The newly discovered meningeal LVs are a novel path for
cerebrospinal fluid drainage and represent a more conventional
path for immune cells to egress the central nervous system
(Louveau et al., 2015; Thomas et al., 2019). We found a
significantly higher density of T-cells (CD3e+) in meningeal
LVs of XST-treated APP/PS1 mice. In addition, IL-10 level
was significantly increased and IL-6 level significantly
decreased in the XST-treated group, consistent with reducing
inflammation by XST (Da Mesquita et al., 2018b; Wang et al.,
2019). We found that XST reduces the inflammatory responses in
the serum and brains of transgenic AD mice, and this effect may
be the result of improvements in LVs. Due to the potential
multitarget effect of XST, it is quite possible that the
modulation of inflammation is at least partially mediated by
targets other than LVs. Reduced activation of microglia by XST
may also ameliorate the production of proinflammatory
cytokines, nitric oxide, and reactive oxygen species caused by
excessive activation of microglia (Dando et al., 2018). It remains
to be tested whether the initial elevated immune responses are a
trigger for reducing Aβ level which results in subsequently
reduced inflammation.

How Does XST Improve the Lymphatic
System?
One possibility is that XST increases the proliferation or activity
of endothelial cells lining up the LVs. An alternative possibility is
the improved LVs as an indirect effect of enhanced CBF. Many
signal pathways are known to proliferate lymphatic endothelial
cells and improve the lymphatic system function, including
growth factors (VEGF, FGF, IGF, etc.) (Ren et al., 2017),
Notch1/Akt (Blesinger et al., 2018; Sun et al., 2018a), MAPK-
ERK1/2, and Wnt/β-catenin pathway (Zhao et al., 2017; Cong
et al., 2018). However, we did not find the VEGF-C level altered
by XST treatment. Onemajor in vivo effect of XST is elevated CBF
in both AD and WT mice (Huang et al., 2018), and this efficacy
has been the main rationale for XST’s medical use in China (Du
et al., 2015; Huang et al., 2018). Interestingly, Cef injection did not
modulate LV structure and function albeit it significantly
enhances CBF (Holschneider et al., 2020). Hence, despite the
numerous and complex interactions between CBF and LVs
(Kisler et al., 2017), directly enhancing CBF may not affect
LVs, suggesting segregation of these two important fluid
exchange systems in the brain. This is important not only for
understanding the neurodegenerative diseases but also for
development of successful therapeutic drugs. In addition,
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although both XST and Cef treatment lead to reduced
inflammation in AD mice after 15 days, their paths are
different: XST results in an initial activation of microglia
followed by a decrease while Cef only leads to a significant
decrease. Interestingly, XST results in a significant reduction
in amyloid plaque level while Cef does not (Zumkehr et al.,
2015; Fan et al., 2018).

Matrix metalloproteinase-9 (MMP-9) has been implicated
in molecular mechanisms of AD (Kaminari et al., 2018), and
MMP-9 expression plays an important role in excessive Aβ
deposition (Ning et al., 2014). In addition, MMP-2/-9-
mediated dystroglycan cleavage in astrocytes is likely to be
crucial for maintaining the polarization of AQP4 (Yan et al.,
2016; Zhang et al., 2018). The high expression of MMP-9 in the
APP/PS1 mice (Kaminari et al., 2018; García-González et al.,
2019) likely drives AQP4 to accumulate around amyloid
plaques, hence showing high polarity. Glymphatic clearance
mechanisms were strongly associated with AQP4 (Yin et al.,
2018), and deletion of AQP4 in AD transgenic mice resulted in
increased Aβ burden and exacerbated cognitive impairment
(Rasmussen et al., 2018). Thus, reduced MMP expression by
XST may contribute to the low polarity of AQP4, while Cef
(which does not affect MMP-9 level) does not have a similar
effect. GLT-1 (EAAT2 in human), the dominant glutamate
transporter in the cerebral cortex and hippocampus, is
significantly reduced in AD patients and mice (Pereira et al.,
2017; Sharma et al., 2019), and increased GLT-1 level by Cef
treatment was associated with improved cognitive ability in
APP/PS1 mice (Fan et al., 2018). Thus, it is possible that the
observed improvement in cognitive functions in XST- or Cef-
treated ADmice is at least partially mediated by increased GLT-
1 level.

XST as Potential AD Drug by Improving
Functions of LVs
Here, we provided substantial evidence for a widely used Chinese
herbal medicine with the potential of improving LVs in AD
model mice. Although significant changes have been observed on
XST’s impact on BVs and LVs compared to the Veh-treated
group, most of the improvements fell short of reversing to the
level in the control/WT mice. This could be due to the following:
1) The treatment dose and duration which are not optimal. We
have only tested one dose of XST which has been shown in
improving cognitive functions and ameliorated AD pathology in
APP/PS1 mice (Huang et al., 2018). It is possible that longer
treatment may lead to better improvement. 2) The age of the AD
mice. We have used AD mice at 11 months old which have
developed prominent pathology and impaired functions.
Although these mice are more likely to resemble AD patients
when they receive medical treatment, the room for improvement
is likely to be small. Future studies may test whether dosing XST
in younger AD mice or with less advanced AD pathology may
result in larger improvement. 3) Limited efficacy of XST as a drug
on LV functions. Like other natural products, XST is not expected
to exhibit high potency without significant chemical modification
on a given biological function, and identification of key

components in XST for improved efficacy and testing
potential therapeutic path forward may be of interest.

CONCLUSION

In summary, the interesting finding of the current study is that
XST effectively increases the size of LVs and improves Aβ
clearance ability of lymphatic systems. There is a potential to
further develop for XST aiming to treat AD via enhancing LVs.
Modulation of immune cells in the LVs and inflammatory
cytokine levels via small molecules that can improve
meningeal lymphatic functions might represent a novel and
underexplored mechanism to improve brain functions,
especially in the context of aging and neurodegeneration.
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