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Abstract

Background
Aquaporin-4 (Aqp4), a predominantly aquaporin expressed on astrocytic endfeet, has been found to be
potential targets for lymphatic clearance and transcytotic delivery in the disorder of glial lymphatic
system and white matter �uid metabolism impairment such as Alzheimer's disease (AD). Moxibustion is
an experience-based effective treatment for AD. Exploring the large amount of complex data of Aqp4 in
the processing of moxibustion may screen and provide accurate targets for prevention, ultimately leading
to improve treatment options for AD.

Methods
The Morris water maze (MWM) was used to verify the effect of moxibustion on APP/PS1mice. Wild type
mice (WT) and APP/PS1 mice before and after treatment were used for spatial transcriptomics. Aqp4
expression and perivascular polarization were quanti�ed. Pathway enrichment was used to analyze the
alteration of perivascular astrocytes and Lateral White Matter of Hypothalamus (LWMH).
Immuno�uorescence and transmission electron microscopy were used for protein level validation and
myelin morphology observation, respectively.

Results
MWM testing showed an improved cognitive function of APP/PS1 mice treated with moxibustion. Among
white matter regions, LWMH region of periventricular white matter was the most obvious change area of
Aqp4 gene in APP/PS1 mice, and moxibustion treatment can rescue this alteration. Aqp4 mRNA and
AQP4 protein located around the cerebral vessels of APP/PS1 mice decreased signi�cantly (P < 0.01),
especially in LWMH area. Moreover, the Aqp4 mRNA transport capacity of astrocytes had a reduction (P < 
0.05). Meanwhile, the ion transport function closely related to AQP4 in astrocytes was also disturbed.
Finally, the abnormal expression of Aqp4 and the imbalance of ion homeostasis in LWMH area, recovered
after moxibustion, was closely related to the myelin injury.

Conclusion
Aqp4 polarized distribution in LWMH area was found to be the potential target for treating glial lymphatic
disorder and white matter �uid metabolism impairment. Myelin damage in LWMH may be the following
pathogenesis, which further decline the learning and memory ability such as AD.

Background
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Glial lymphatic system disorder is the common pathological basis of many brain diseases such as
Alzheimer's disease (AD) [1]. Previous imaging studies found that white matter altered in patients with
mild cognitive impairment with the increasing of tau protein level in AD cerebrospinal �uid [2]. This may
be due to the decrease of blood perfusion of deep white matter around the ventricle with the aging or
progress of AD, resulting in hypoxia injury in this area [3] and axon injury or demyelination [4]. Further
studies found that vascular permeability and �uid �ow around cerebral vessels were mainly regulated by
astrocytes which the membrane highly expresses aquaporin-4 (AQP4) [5, 6]. For instance, AQP4 is
increasing in gray matter, decreasing in white matter, and ectopic around cerebral vessels in AD mice [7,
8]. The Aqp4−/− APP/PS1 mice showed signi�cantly decreased lymphatic �ow rate and increased
amyloid precipitation [9]. Thus, the change both in number and location of AQP4 may result in the
accumulation or abnormal �ow of liquid in the white matter area [8].

Moxibustion has been used to treat AD for many years, and has been proved to delay aging and improve
cognitive impairment to a certain extent. Mechanism studies also show that moxibustion can prevent AD
model by improving neuronal energy metabolism [10], inhibiting neuronal apoptosis, regulating the
secretion of neural adhesion molecules [11], and promoting microglia polarization[12]. Then, does
moxibustion have an effect on AQP4? Can it improve the changes of brain white matter in AD mice?

To investigate these issues, spatial transcriptomics (ST) was used in this study to analyze the changes of
Aqp4 gene in different brain areas and its distribution in perivascular astrocytes in APP/PS1 mice treated
by moxibustion. Next, we will explore whether these changes are related to the myelin function of white
matter which will �nally dementated or targeted to the learning and memory ability in AD mice [13].

Methods

Animals
All experimental procedures were approved by the Animal Care and Use Committee of Chengdu University
of Traditional Chinese Medicine (ethics number: 2018-10). All experimental mice were purchased from
Cavens biogle (suzhou) model animal research Co. Ltd. [license number: SCXK (su) 2018-0002], 5-month-
old and weighed 28.0 ± 2 g. The WT mice were male C57BL/6J mice, while AD model mice were male
APP/PS1 double transgenic mice. Mice were housed in a vivarium environment under a 12 h light-dark
cycle (temperature 20 ± 2°C, humidity 50–65%) and had free access to diet and drinking water. All the
mice were screened by Morris water maze test after a week of adaptation. Then APP/PS1 mice were
randomly divided into AD model group (APP/PS1) and moxibustion group (APP/PS1 + MOX), C57BL/6J
mice were used as WT group.

Morris water maze (MWM) test
The MWM test was conducted in a circular tank (diameter, 90 cm; height, 30 cm) in a dimly lit room. The
water temperature was kept at 22–25°C to inhibit the mice from �oating. A removable circular platform
(9.5 cm in diameter, 28 cm in height) was equipped 1.5 cm below the milky water surface in one of the
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quadrants. The pool area was divided into four equal quadrants and added markers in different shapes
by a�xing color cards. At four days visible platform training, each mouse received 4 training every day.
Then at four consecutive days hidden platform training, mice were trained for four trials each day. After
the last trial of training, all mice were given one probe trial for 90 s searching (probe trial) without
platform. The time the mice spent in each quadrant was measured, in the meantime total swimming
distance and crossing times in each quadrant were automatically recorded by water maze system
(Chengdu Techman Software Co., Inc). See the experimental �ow chart in Fig. 1a.

Moxibustion treatment
Treatments were performed after MWM test. Acupoints of “Yongquan” (KI1) and “Baihui” (GV20) were
selected for intervention. Locations of the two acupoints were determined according to Government
Channel and Points Standard GB12346-90 of China and “The Veterinary Acupuncture of China” (Fig. 1b).
In APP/PS1 + MOX group, mice were treated with Moxa stick (diameter 0.5 cm, length 18 cm), which was
ignited and hung 1.5 cm above acupoints. WT group and APP/PS1 group mice were only fastened
without moxibustion. The treatment was 30-min per day and given consecutive �ve days every week for
four weeks.

Sample Collection
After �ve days treatment and MWM test, all mice were anesthetized with 1% pentobarbital sodium (3
ml/kg). For ST, whole brains were isolated using aseptic technique and embedded in OCT and snap-
frozen quickly. For immuno�uorescence (IF), tissues were �xed in formaldehyde and embedded in
para�n. For transmission electron microscope (TEM), fresh brains were placed on the icebox and the
optic tract was quickly stripped off. Then the optic tract tissues were cut to 2 mm3 and moved the tissues
to the EP tube �lled with fresh TEM �xative for further �xation.

Spatial transcriptomics (ST)
Sample preparation for spatial transcriptomics. The brains were cryosectioned coronally at a thickness of
10 µm by Cryostat Microtome (Leica CM3050, Germany). Then 5–10 sections were selected to be stained
with HE, photographed and tested for RNA integrity number (RIN) value.

Spatial transcriptomics library preparation, sequencing and data pre-processing. The spatial
transcriptomics libraries were prepared using the 10× Genomics Chromium system. Samples
permeabilization was referred to Visium spatial tissue optimization kit (1000184, 10x Genomics, USA).
After tissue permeabilization and cDNA synthesis, library preparation, and high-throughput sequencing, a
total of 11,850 spots and about 1.7×10^9 reads were targeted for capture from four mice samples. The
raw data were processed using the analysis pipeline Space Ranger (1.0.0) for sample demultiplexing,
barcode processing, reads alignment to mouse reference genome (mm10) and gene counting.

Spatial transcriptomics data analysis. After quality control in Seurat packages (v3.1.2), sample
integration was done with using Space Ranger. Cell clustering, tSNE analysis, gene distribution analysis
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and selection of subset were realized through Loupe Browser. Identi�cation of cell types was based on
known marker genes and a public mouse hippocampal single cell RNA-seq data set obtained through
Gene Expression Omnibus (GEO) database[14]. The results of differentially expressed genes were
obtained by selecting the data after merging and SCTtransform through Seurat packages, and having
differential gene expression analysis through edgeR package (version 3.26.8). The pathway and process
enrichment analyses were carried out by using Metascape [15].

Division of brain regions. The glia limitans layer selected the topmost spots of the cortex, the ependyma
selected the spots around the ventricle, and the rest of the brain regions were selected according to the
cell clusters and The Mouse Brain in Stereotaxic Coordinates Third Edition [16].

Screening methods for astrocyte adjacent to blood vessels. Astrocytes (AC) were selected as the
intersection of spots with glial �brillary acidic protein (Gfap) gene expression > 0 and Aqp4 expression > 0.
The spots in the glia limitans region, ependymal region and choroid plexus region were eliminated from
AC. BBB was selected as the intersection of spots with Pecam1 expression > 0 and Flt1 expression > 0.
And the spots in the choroid plexus region were eliminated from BBB. The above �ltering method was
implemented by software Loupe Browser. Then use the spatial information of the spots to �lter out the
adjacent AC and BBB for further analysis.

Methods for screening AC differentially expressed genes. The differentially expressed genes (DEGs) were
screened with |Flod Change| > 1.5 and p-value adjust < 0.05. The screened DEGs was analyzed together
with Aqp4 during pathway enrichment.

Calculation of Aqp4 ratio. The Aqp4 ratio in AC was the amount of Aqp4 expression in adjacent BBB
divided by the sum of Aqp4 expression in AC and in BBB. The AC with multiple Aqp4 ratios took the
maximum value. The Gfap ratio was calculated according to the same method.

Selection method of the lateral white matter of hypothalamus (LWMH). LWMH was selected from the part
of cluster 3 just below the �mbria.

Methods for screening AC differentially expressed genes. The DEGs were screened with |Flod Change| >
1.5 and adjusted P (Padj) < 0.05. Among them, the top 500 genes of APP/PS1vs.WT sorted by Padj were
used for gene enrichment.

Immuno�uorescence (IF).

Brie�y, brain tissues were sectioned into 10 µm thick slices. Sectioned samples were depara�nized in
xylene, rehydrated in a series of graded alcohol, and subjected to antigen retrieval. Endogenous
peroxidase was quenched with 3.0% hydrogen peroxide in methanol for 30 min. Sections were further
blocked with 3.0% bovine serum albumin (BSA) in PBS, exposed to 0.5% Triton X-100 for 1 hour for
reducing nonspeci�c antibody binding and incubated with mouse AQP4 (ImmunoWay Biotechnology),
rabbit MOG (A�nity Biosciences), or rabbit CD31 (A�nity Biosciences) antibody (1:200) at 4°C
overnights. Then sections were washed with PBS three times and incubated with secondary antibody



Page 7/29

(Alexa Fluor 488, cy3, Bioss, China, 1:200) for 2 hours at 37°C. Photographs were taken using an
immuno�uorescent microscope (Leica, Germany) and analyzed relative %area positive expression or
average optical density with software Leica Application Suite X (Leica, Germany) and ImageJ.

Proportion of AQP4-coated cerebral vessels analysis. After immuno�uorescence test, six 0.2mm * 0.2mm
regions were randomly selected from the cerebral cortex of each sample. The blood vessels were the
vacuoles with CD31 expression, and the positive expression of AQP4 was the �rst 1% �uorescence
intensity in ImageJ software Threshold. The cerebral vessels surrounded by more than a quarter of AQP4
positive sites were the cerebral vessels co-labeled with AQP4. Finally, the proportion of cerebral vessels
co-labeled with AQP4 in this region was calculated.

Transmission electron microscope (TEM).

After post-�xation for one week, brain tissues were washed by PBS, post�xed with 1% OsO4 in PB at 4°C
for 2 hours, dehydrated with graded acetone series, and stained with saturated uranyl acetate. After
dehydration with graded acetone series again and embedded in Epon, ultrathin sections (60–70 nm) were
cut by using an ultramicrotome (Leica UC7, Leica) and observed under a transmission electron
microscope. Width of myelin sheath and diameter of axon were analyzed by ImageJ software. The g-ratio
was calculated from 80 to 90 randomly selected myelinated axons each sample and measured as the
axon diameter/total diameter of the axon plus the myelin sheath.

2.8 Statistical analysis.

Data are presented as the mean ± SD. Normality was tested with Shapiro-Wilk test. The behavioral data
were analyzed by one-way repeated measures ANOVA. One-way ANOVA and Least-Signi�cant Difference
(LSD) were used to determine differences between groups. All data analysis was conducted using
SPSS26.0 software (SPSS Inc., Chicago, USA) and GraphPad Prism 8 (GraphPad Prism Software Inc.,
San Diego, USA). P < 0.05 was considered statistically signi�cant.

Results

Moxibustion could signi�cantly improve the MWM test
scores of APP/PS1 mice
In the MWM test, on the �rst day, there was little difference between APP/PS1 + MOX group and APP/PS1
group (Fig. 1c). But on the second day, the time for APP/PS1 + MOX mice to �nd the platform was
shortened by 1/3, signi�cantly different from that of APP/PS1 mice (Fig. 1c). In the later hidden platform
stage, although the time for the three groups’ mice to �nd the platform was continuously shortened, the
training effect of APP/PS1 + MOX mice was signi�cantly better than that of the APP/PS1 group (Fig. 1d).
And in the �nal stage of removing the platform, the stay time in the target quadrant and the number of
times crossing the platform in APP/PS1 + MOX group were signi�cantly better than those in APP/PS1
group, but still could not reach the level in WT group (Fig. 1e-1f). This showed that the learning and
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memory ability of APP/PS1 mice had been improved after moxibustion, but it had not reached the level of
WT mice.

APP/PS1 mice has lower Aqp4 gene, especially in the lateral white matter of hypothalamus (LWMH) area.

ST results showed that WT group and APP/PS1 group could be signi�cantly separated in the T-SNE
diagram. This meant the gene expression patterns of most cells in the mouse brain had changed in AD
(Fig. 2a). After combining samples and graph-based clustering, 17 cell clusters were obtained (Fig. 2b).
Combined with the location information of each cell cluster and a mouse brain atlas [16], we matched ten
regions such as white matter, hippocampus 1, hippocampus 2, thalamus, hypothalamus 1, hypothalamus
2 and so on (Fig. 2c). Then we used edgeR for examining differential expression between APP/PS1 group
and WT group and de�ned genes with Padj < 0.05 and Fold Change > 1.5 or Fold Change < − 1.5 as
differentially expressed genes (DEGs). To identify the unique region-related DEGs, we used UpSet plot tool
to make an intersection analysis and �nally obtained 80 unique white matter-related DEGs (Fig. 2d).
Among them, Aqp4 (logFC = -0.73, Padj = 1.56*10^-7) was used for further research, which is the key gene
of glial-lymphatic system and BBB and plays an essential role in the disease progression of AD.

Subsequently, we analyzed the expression change of Aqp4 in the whole brain and different regions.
Results showed the number of high Aqp4 expression spots (red spots) in APP/PS1 was signi�cantly
lower than those in WT group (Fig. 3a). The average level of Aqp4 gene in APP/PS1 group was also
signi�cantly lower than that in WT group in whole brain (Fig. 3b, Padj = 7 * 10 ^-64) and most regions,
such as hippocampus, thalamus, hypothalamus, cortex and white matter (Fig. 3e). Surprisingly, IF results
showed that AQP4+ cells’ mean �uorescence intensity tended to increase in whole brain (Fig. 3c-d, P = 
0.028) and most regions, such as hippocampus, thalamus and glia limitans of brain surface (Fig. 3e) in
APP/PS1 mice.

Considering that Aqp4 is a white matter-related unique DEG, we directly analyzed the distribution
difference of Aqp4 gene in white matter by loupe browser soft. The results showed that Aqp4 gene was
highly expressed in the thalamus and perihypothalamic region of WT group, but perihypothalamic region
lost the high expression level in APP/PS1 sample (Fig. 4a). However, this change of Gfap, which is also a
gene marker of astrocytes, was not obvious (Fig. 4c). To further study this region, we annotated the spots
with sequence data of single-cell transcriptome [13] (Fig. 4b) and combined with Allen Brain Atlas [17].
According to the gene expression data (Fig. 4d-4e), this region is mainly composed of oligodendrocytes
and astrocytes with Aqp4. Because its distribution is closer to the lateral hypothalamus than the lateral
ventricle, it was named lateral hypothalamic white matter (LWMH).

Aqp4 deceased signi�cantly in the perivascular astrocytes endfeet of APP/PS1 mice.

Astrocytes extend feet encircle the abluminal side of the vessel and become an essential part of the
blood-brain barrier (BBB). And microvascular �ow is crucial for deep white matter [18]. To further analyze
the Aqp4 changes of the perivascular astrocytes in APP/PS1, the functioning astrocyte endfoot was
evaluated as part of the BBB rather than the whole astrocyte. Based on this, we selected the BBB and its
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surrounding astrocytes based on cell marker genes and cell spatial information (Fig. 5a). The results
showed that the expression of Aqp4 in perivascular astrocytes decreased in APP/PS1 group (P < 0.01),
and this trend also existed in the BBB (Fig. 5b). And the number and proportion of perivascular astrocytes
with high expression of Aqp4 in the APP/PS1 group also decreased (Fig. 5c-5d), which powerfully
illustrated the decrease of Aqp4 expression around the cerebral vessels in AD.

GFAP is the major component of the intermediate �lament cytoskeleton in astrocytes[19], the increase of
its gene expression can represent the degree of astrocytes’ size to some extent. In order to explore the
relationship between AQP4 and volume state of astrocytes, we analyzed the correlation between Aqp4
expression and Gfap expression in perivascular astrocytes. The result showed that APP/PS1 group’s
slope of the �tted line was lower than that of WT group, and the correlation between Aqp4 and Gfap also
decreased. (Fig. 5e, Pearson analysis, WT group: R = 0.575, P < 1*10^-39; APP/PS1 group: R = 0.363, P < 
1*10^-8; merge: R = 0.55, P < 1*10^-99) This means that Aqp4 expression normally increases with the
extension of astrocyte processes, but this correlation weakens in AD.

To study the changes of astrocytes around the BBB, differentially expressed genes analysis and gene
pathway enrichment analysis were carried out (Supplementary Fig. 1a). The gene enrichment analysis
using Metascape showed that pathways involved cytosolic ribosome, receptor ligand activity,
postsynaptic density, ensheathment of neurons, axon, meal ion homeostasis and others (Fig. 5f). Among
them, regulation of ion transport is closely related to AQP4, because AQP4 can regulate the endfoot
membrane localization of ion channels via direct interaction[20, 21] (Fig. 5f-5g). And the myelin sheath
suggested that the pathological changes of LWMH may be related to the pathological changes of
astrocytes around BBB.

A study has shown that Aqp4 and Gfap mRNA can be transported to the endfeet of astrocytes around the
BBB and translated to form proteins[22]. And whether Aqp4 mRNA distribution changes in AD astrocyte
have not been veri�ed. We used the proportion of BBB’s Aqp4 expression in astrocytes and BBB (Aqp4
ratio) to indicate the ability of astrocytes to transport Aqp4 mRNA (Fig. 6a). From the maps, it can be
found that the number of astrocytes with Aqp4 expressing near the BBB in APP/PS1 group was obviously
less than that in WT group, and the average Aqp4 ratio in APP/PS1 group signi�cantly decreased (Fig. 6b,
Flod Change = 0.86, P < 0.05).

In the separate analysis of LWMH region, we found that the difference in Aqp4 ratio among groups was
more obvious than that of the whole brain (Fig. 6c, Flod Change = 0.66, P < 0.05). And the number of BBB
spots in LWMH decreased in APP/PS1 group (Fig. 6a, the ampli�ed region).

In order to eliminate the effect of astrocytes endfeet loss on the Aqp4 ratio, we carried out a correlation
analysis. It was found that Aqp4 ratio was almost unrelated to the proportion of Gfap in the BBB (Fig. 6c,
Pearson analysis: R = 0.19, P = 4.5*10^-14). It proved that the Aqp4 ratio change in AD was not caused by
the loss of astrocytes endfeet.
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To verify this change of AQP4 around cerebral vessels at the protein level, we carried out co-labeled
immuno�uorescence of CD31 and AQP4. It was found that the proportion of AQP4-coated cerebral
vessels in APP/PS1 group was signi�cantly lower than that in WT group (Fig. 6e-6f, P < 0.01). This mRNA
transport capacity decline has affected the normal function of AQP4.

The pathological changes in LWMH region of APP/PS1 mice may result in myelin damage.

The previous study showed that the change of Aqp4 expression and Aqp4 ratio in LWMH was the most
obvious. To further study LWMH region, Allen Brain Explorer [23] was used to analyze the physiological
structure located in LWMH region. The internal capsule, stria terminalis, auditory radiation and the optic
tract were proved to be the main component of LWMH (Fig. 7a).

Then LWMH was extracted from cluster3 (Fig. 2b and 2c) of non-cerebral hemorrhage samples (Fig. 7b).
Subsequently, we carried out differential gene expression analysis. A total of 151 up-regulated and 1643
down-regulated genes of APP/PS1 vs. WT were observed (Fig. 7c). Then we used the top 500 genes
sorted by Padj for pathway enrichment analysis. Results showed that pathways were enriched in
ribosome, electron transport chain, rRNA binding, myelin sheath, cellular responses to stimuli, ribosomal
large subunit biogenesis, neuron to neuron synapse, and others (Fig. 7f). Among them, Aqp4 participated
in proton transmembrane transporter activity and transport of small molecules. It was worth noting that
the myelin-related genes of the APP/PS1 mice changed, and LWMH was composed of nerve bundles that
are responsible for transducing neural signals over long distances.

Then, to study the myelin change in APP/PS1 mice, we analyzed �ve myelin representative proteins in
LWMH, and observed the differences among groups (Fig. 8a-8b). The results showed that the expression
of Plp1, Mbp, Pmp22, Mag and Mog in APP/PS1 were indeed lower than that in WT. And the decrease of
Mag expression in APP/PS1 was not signi�cant, while the difference of Plp1 among groups was the
most signi�cant.

In further study, we used IF to explore the expression and distribution of MOG and the relationship
between AQP4 and LWMH. It was found that AQP4 was indeed heavily expressed in LWMH. Because of
coronal sections, the most �uorescence pro�les of AQP4 were strips or dots of �brous astroglial
processes rather than the shape of cellular bodies (Fig. 8c). The enlarged �uorescence picture showed
that the �uorescence pro�le fragmentation of AQP4 in the APP/PS1 group was more serious than WT
group (Fig. 8c). This indicated that the proportion of AQP4 in AD astrocyte processes decreased. In
further analysis, the ratio of MOG and AQP4 in LWMH to whole brain showed a decreasing trend in
APP/PS1, which meant that the myelin damage and low expression of AQP4 in this region were more
serious than other brain regions in APP/PS1 mice (Fig. 8d-8e).

Finally, in order to further study the structural changes of myelin sheath, we performed transmission
electron microscopy (TEM) analysis of the optic tract in mice. Compared to the WT mice, APP/PS1 mice
exhibited degenerated sheaths, ballooned myelin, degenerated axons, and the loss of myelinated axons
(Fig. 8f). Then quantitative TEM analysis revealed that APP/PS1 mice had signi�cantly thinner myelin
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than WT mice, which was re�ected in the increase in the g-ratio (Fig. 8g). And the proportion of
myelinated axons in all axons in APP/PS1 mice was lower than WT mice (Fig. 8h). It meant that there
was obvious demyelination in LWMH of the APP/PS1 mice.

The changes of Aqp4 can be reversed by moxibustion to some extent

In spatial transcriptomics, compared with the APP/PS1 group, cell expression pattern of the APP/PS1 + 
MOX group was more similar to that of the WT group (Fig. 2a). In terms of Aqp4 expression and
enrichment in LWMH, the APP/PS1 mice after moxibustion treatment were also similar to those in the WT
group (Fig. 2a and 3a). Moxibustion can signi�cantly increase the expression of Aqp4 in hippocampus,
cortex, white matter, glia limitans of brain surface, thalamus and hypothalamus of APP/PS1 mice, but
improve the increase of Aqp4 expression in choroid plexus (Fig. 2d). It is interesting that although the
protein level of AQP4 in APP/PS1 mice changed contrary to that of gene expression, moxibustion could
still improve this change, especially in the hippocampus. In the study of perivascular astrocytes,
moxibustion could increase the Aqp4 expression (Fig. 5b-5d) and Aqp4 ratio (Fig. 6a, 6b and 6d). The
�tted line’s slope and the correlation between Aqp4 and Gfap in APP/PS1 mice’s perivascular astrocytes
also decreased after moxibustion. (Fig. 5e, Pearson analysis, APP/PS1 group: R = 0.363, P < 1*10^-8;
APP/PS1 + MOX group: R = 0.618, P < 1*10^-37). Our IF experiments veri�ed that moxibustion could
improve the decrease of perivascular AQP4 in APP/PS1 mice (Fig. 6e-6f, P < 0.01). The number of
LWMH’s cerebral vessels and astrocytes expressing Aqp4 around cerebral vessels also increased
signi�cantly after moxibustion (Fig. 6a). Thus, moxibustion could signi�cantly improve the abnormal
expression and the perivascular localization loss of AQP4, especially in LWMH.

The changes of AQP4 in astrocytes will cause a series of chain reactions. According to the relationship
between up-regulated genes and down-regulated genes in different groups, we screened 279 key genes of
moxibustion (Fig. 5i). The pathway enrichment analysis revealed that moxibustion can improve alteration
of ion transmembrane transport, circadian misalignment and aberrant protein localization (Fig. 5j).
Among the genes with altered ion transport function of perivascular astrocytes in APP/PS1 mice, which
was related to AQP4, moxibustion can improve 60% genes of them (Fig. 5g-h).

In the analysis of LWMH, we selected 292 key genes of moxibustion (Fig. 7e). In pathway enrichment
analysis of moxibustion key genes, the pathways were signi�cantly enriched in myelin sheath and proton
transmembrane transporter activity, which Aqp4 participated in (Fig. 4g).

Finally, we found that moxibustion could improve the change of myelin protein in the LWMH (Fig. 8a and
8c) and the myelin shape and thickness changes shown by TEM in APP/PS1 mice (Fig. 8f-8g). Although
the APP/PS1 + MOX group had relatively intact myelin shapes, there were still a large number of
immature myelin sheaths, which may be caused by moxibustion promoting the renewal of myelin sheath
(Fig. 8h).

Discussions
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ST provided us with the changes of genes expression and distribution in the brain, and the effect of
intervention could be shown on multi-sample clustering intuitively and effectively. However, 10X ST
technology also has some shortcomings. The diameter of a spot in the 10X space transcriptomics chip is
55 microns, and the diameter of capillaries in the brain is between 5 and 10 microns. As a result, tiny
structures such as the BBB cannot be isolated separately.

In this study, since one 10X ST spot may contain multiple small cells or cellular components. Thus, the
BBB was not analyzed directly, but endothelial cells were used as the hallmark of BBB to locate the
surrounding astrocytes (Fig. 9). On the other hand, the distance between the centers of the two spots is
100 microns in the 10X space transcriptomics chip, while the dendritic length of astrocytes can reach 90
microns[24]. So, we speculated that the ability of astrocytes to transport Aqp4 mRNA to perivascular
endfeet may be in�uenced in APP/PS1 mice since Boulay, A.C et al. reported Aqp4 mRNA can be
transported to the astrocytes endfeet [22]. Luckily, our ST results partially proved the above hypothesis.

Another possible issue of the increasing Aqp4 in perivascular is caused by the co- location of blood
vessels and astrocytes in one spot base on the ST data, but our further analysis denied this possibility
because the correlation between Gfap and Aqp4 in AC was strong (Fig. 5e) and the correlation between
Gfap ratio and Aqp4 ratio was weak (Fig. 6d).

Our IF result of AQP4 protein expression was consistent with some studies which also found that AQP4
had increased in both AD patients and AD model animals [25, 26]. However, in our ST data, the expression
of Aqp4 was on the opposite trend in APP/PS1 mice. Initially, we thought it was an error. But in the
moxibustion group, we found moxibustion improved the level of Aqp4 and the content of AQP4,
indicating this opposite trend in APP/PS1 mice was a pathological change. As mentioned above, we
guessed this phenomenon may also be caused by the perivascular astrocytes’ ability of transporting
Aqp4 mRNA to the endfeet in APP/PS1 mice. So, we calculated the proportion of Aqp4 ratio in different
parts of astrocytes. From the box diagram of Aqp4 ratio (Fig. 6b-c), we can see that moxibustion can
signi�cantly increase the proportion of Aqp4 in the endfeet of astrocytes. Comprehensively, we
speculated that the APP/PS1 mice could unable to transport Aqp4 mRNA to the endfeet normally,
resulting in a large amount of AQP4 aggregation in the cell body. Then, due to negative feedback, Aqp4
mRNA decreased in transcriptional level. Of course, the above analysis needs further veri�cation.

LWMH is located between the lateral ventricle and hypothalamus, where has a large amount of liquid by
Nuclear Magnetic Resonance Imaging (MRI) detection, indicating a large amount of Aqp4 in LWMH [2].
Previous study showed that patients with AD had less AQP4 in the white matter than normal people,
which was closely related to the decreased clearance function of the glial lymphoid system in AD [27].
Therefore, the current study accurately located the region in the white matter.

When exploring the relationship between the AQP4 changes and the alteration of LWMH, we found the
expression of Aqp4, the number of cerebral vessels and perivascular Aqp4 localization in LWMH
decreased in the APP/PS1 mice. These changes may decrease blood perfusion and �uid �ow rate in
LWMH, resulting in an anoxic environment and oxidative stress. In the previous analysis of perivascular
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astrocytes, it was found that there was a disturbance of ion transport in perivascular astrocytes in
APP/PS1 group. AQP4 and Kir4.1 are co-localized in astrocyte membranes [28] and associate with the
mechanosensitive cation channel TRPV4 [29], which is known to mediate Ca2+ in�ux. Considering a large
number of �brous astrocytes and the closed �uid space exist in the white matter, it is not di�cult to infer
that ion homeostasis will occur in the white matter region due to the loss of normally expressed AQP4 on
the astrocyte membrane. The oxidative stress and ion homeostasis imbalance, which will make myelin
sheath damage[30], can be veri�ed by the differential gene pathways enrichment of LWMH. Therefore, we
inferred that myelin damage would be happen due to hypoxia and ion imbalance in the LMWH mediated
by AQP4 in APP/PS1 mice.

To con�rm our inference, TEM test was carried out. The results showed moxibustion could signi�cantly
improve the thickness of the myelin sheath. And the proportion of immature myelin in the APP/PS1 mice
treated with moxibustion was higher (Fig. 8h), which suggested that the mechanism of moxibustion in
improving myelin injury is enhancing myelin renewal. Combined with the effect of transport of Aqp4
mRNA in astrocytes on myelin sheath discussed earlier, we believe that LWMH is moxibustion target to
improve the transport of Aqp4 mRNA in astrocytes, relieve the hypoxia environment and ion homeostasis
disorder in LWMH, and promote the renewal of myelin sheath.

Conclusion
To sum up, the enhancement of transport Aqp4 mRNA to astrocytes endfeet in LWMH area is a key
mechanism of moxibustion to improve the cognitive function in APP/PS1 mice. This founding inspires us
to develop new therapeutic measures at Aqp4 and LWMH to treat AD and other glial lymphatic system
disorder and white matter �uid metabolism impairment.
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Figures

Figure 1

Water maze experiment showed the therapeutic effect of moxibustion. (a)Flow chart of the experiment.
Water maze test was carried out at the mice age of 5 months old. After 7 days of water maze test, the
mice were treated for 4 weeks continuously, and then the water maze test was conducted again. (b)
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Schematic of the locations of the acupoints in mice. The red dot on head of the mouse is GV20 acupoint
and the foot center is KI1 acupoint. (c, d). Learning curves of Ctrl (blue), APP/PS1(red) and
APP/PS1+MOX (green) mice in MWE test with visible (c) and hidden (d) platform. (e, f) Percentage of
residence time in target quadrant (e) and crossing platform times (f) of Ctrl (blue), APP/PS1(red) and
APP/PS1+MOX (green) mice. One-way ANOVA test with posttest #P < 0.05, ##P < 0.01 APP/PS1 vs. WT;
*P < 0.05, **P < 0.01 APP/PS1+MOX vs. APP/PS1; ns. P > 0.05.

Figure 2

The expression of Aqp4 was the highest in ependyma. (a) T-SNE plot shows the differences between the
four groups. There was more overlap between APP/PS1+MOX (red) and WT (blue), but APP/PS1 (green)
is relatively separate. (b) Cluster graph in each sample obtained by Graph-based. Different colors
corresponded to different Clusters. (c) Schematic diagram of the relationship between cell clusters and
the physiological structures of the brain. (d) UpSet plot of differentially expressed genes. The 141
differentially expressed genes (DEGs) marked in red were unique to white matter, and the list showed the
top 25 DEGs sorted by Padj.
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Figure 3

AQP4 differently expressed in whole brain and different brain regions. (a) The expression map of Aqp4 in
the brain. (b) Violin plot of whole brain expression of Aqp4 in ST. Box plots elements were de�ned as
follows: center line: median; box limits: upper and lower quartiles; circles: mean level. (c)
Immuno�uorescence (IF) analysis using AQP4 antibody of brain. Blue, DAPI; red, AQP4. Scale bar, 1mm;
0.1mm. (d) Bar plot showed Aqp4 expression of whole brain in IF. Used one-way analysis of variance. (e)
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The brain was divided into glia limitans, cortex, white matter, hippocampus, thalamus, hypothalamus,
ependyma and choroid plexus, and the expression levels of different brain regions in ST and IF were
counted and compared between groups. The violin graph showed the ST data, and the bar chart showed
the IF data. P-value from edgeR analysis in ST and one-way analysis of variance with posttest p-value in
IF: #P < 0.05, ##P < 0.01 APP/PS1 vs. WT; *P < 0.05, **P < 0.01 APP/PS1+MOX vs. APP/PS1; ns P >0.05.
N = 3 for all groups in IF. 
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Figure 4

Differential distribution of Aqp4 in white matter areas. (a) The Aqp4 expression map with own scale bar.
(b) Distribution and richness map of oligodendrocytes cells annotated by single cell sequencing data.
The corresponding value of its color was the proportion of the cell’s genes in all genes in spots. (c) The
expression map of Gfap in the brain, which had high expression in the white matter region in map. (d-e)
3D(d) and sectional(e) distribution of Aqp4 RNA around the thalamus and hypothalamus by in situ
hybridization (ISH) from Allen Mouse Brain Atlas. The red structure represented the hypothalamus, the
pink structure represented the thalamus, the orange dot represents Aqp4 mRNA, and the size of the dot is
the amount of expression. Scale bar, 1mm; 0.4mm. For the 3D images in d, brain are captured from the
Allen Institute for Brain Science’s Mouse Brain Atlas[17] (© 2004 Allen Institute for Brain Science, Allen
Mouse Brain Atlas available from: mouse.brain-map.org/) using Brain Explorer®2[23]
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Figure 5

Spatial transcriptomics analysis of perivascular astrocytes. (a) Schematic diagram of screening methods
for perivascular astrocytes. Gfap, Aqp4 represent the signature genes of astrocyte, while Pecam1 and Flt1
represent the signature genes of blood vessels. Orange and blue points represent BBB and astrocytes
(AC). (b) Violin plots of Aqp4 expression in BBB and AC between groups. P-value from edgeR analysis: #P
< 0.05, ##P < 0.01 APP/PS1 vs. WT; *P < 0.05, **P < 0.01 APP/PS1+MOX vs. APP/PS1; ns P > 0.05. (c)
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Stacked bar charts indicating the number of AC with high Aqp4 expression in each group. (d) A bar chart
showing the proportion of AC in which the counts of Aqp4 expression are greater than 5. (e) A scatter plot
with linear �t line showing the correlation between Aqp4 expression and Gfap expression in each group’s
AC. R: Pearson’s correlation coe�cient, p: Pearson’s correlation test p-value. (f) Bar charts about pathway
analysis of the differentially expressed genes ranked between APP/PS1 and WT by using Metascape.
The pathway of the red words showed the pathway with a close relationship to Aqp4. (g) A heat map
showing the expression in three groups of APP/PS1 vs. WT DEGs enriched to the regulation of ion
transport (GO: 0043269). (h) Volcano plots presenting the differentially expressed genes in g between
APP/PS1+MOX and APP/PS1. The dotted lines perpendicular to the horizontal axis and perpendicular to
the vertical axis represented Fold Change = 0 and Padj = 0.05. (i) Venn plot of key genes of moxibustion.
38 up-regulated genes and 241 down-regulated genes (the blue numbers in the �gure) were potential
target key genes. (j) Barplot of representative GO terms and bubble plot of the enriched KEGG pathways.
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Figure 6

Analysis of Aqp4 accumulation in perivascular astrocytes endfoot. (a) Brain maps of Aqp4 ratio. The
Aqp4 ratio in AC represented the degree of Aqp4 concentration in the AC endfoot in BBB. The brown
points represented BBBs, and the green points represented ACs. The size and alpha of the green points
represented the magnitude of the Aqp4 ratio. The enlarged area was LWMH. Scale bar, 0.3mm. (b, c)
Barplot of the number of perivascular AC and violin plots of Aqp4 ratio in brains (b) and LWMH (c). (d) A
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scatter diagram showing the correlation between Aqp4 ratio and Gfap ratio in AC. R: Pearson’s correlation
coe�cient, p: Pearson’s correlation test p-value. (e) IF analysis using CD31 and AQP4 antibody of brain.
Blue, DAPI; red, CD31; green, AQP4. Scale bar, 40μm. (f) Dot plot of the proportion of AQP4-coated
cerebral vessels (N = 18). One-way analysis of variance with posttest #P < 0.05, ##P < 0.01 APP/PS1 vs.
WT; *P < 0.05, **P < 0.01 APP/PS1+MOX vs. APP/PS1. 

Figure 7

Spatial transcriptomics analysis of LWMH. (a) A schematic diagram of the physiological structure of the
LWMH. The gray structure represented the internal capsule, stria terminalis, auditory radiation and the
optic tract. (b) LWMH sampling maps. The color area in the pictures was the selected area. (c, d) Volcano
plots presenting the differences between APP/PS1 and WT (c), APP/PS1+MOX and APP/PS1 (d) in
LWMH. The dotted lines perpendicular to the horizontal axis and perpendicular to the vertical axis
represented Fold Change = -1.5, Fold Change = 1.5 and Padj = 0.05. (e) Venn plot of key genes of
moxibustion. The blue numbers in the �gure were the target number of key genes. (f, g) Bar charts about
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pathway analysis of the DEGs ranked by using Metascape. For the 3D images in a, brain are captured
from the Allen Institute for Brain Science’s Mouse Brain Atlas (© 2004 Allen Institute for Brain Science,
Allen Mouse Brain Atlas available from: mouse.brain-map.org/) using Brain Explorer®2[23]

Figure 8

Analysis of myelin sheath injury in LWHT. (a) Heat map of genes expression of �ve myelin structural
proteins in three groups. The value corresponding to the icon was log2 expression. (b) The bubble chart
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shows the difference of genes between two samples. The size of the bubble represented the Fold Change,
and the color represents the size of the Padj by edgeR. (c) IF analysis using MOG antibody of brain. The
enlarged area was LWMH. The white arrow pointed to the thicker �brous astroglia processes. Blue, DAPI;
green, MOG; red, AQP4. Scale bar, 1mm, 0.1mm. (d) Bar plot of ratio of �uorescence intensity of MOG in
LWMH to whole brain in IF. (N = 3, ns.) (e) Bar plot of ratio of �uorescence intensity of AQP4 in LWMH to
whole brain in IF. (N = 3, ns.) (f) Transmission electron microscopy images of the optic tract
(Magni�cation ×1,500). Scale bar, 10μm. (g) The g-ratio of the myelin of the mice was measured. They
were measured as the axon diameter/total diameter of the axon plus the myelin sheath. (h) The
percentage of myelinated axons was quanti�ed. Used one-way analysis of variance with posttest in
�gures g and h.
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Figure 9

The scheme of the study. Under healthy conditions, astrocytes transport Aqp4 mRNA to processes or
endfeet, causing the translated AQP4 proteins to gather at the site of action. And the normal expression
of AQP4 can maintain strong liquid �ow and ion homeostasis. Throughout the brain, astrocytes express a
large amount of AQP4 around the cerebral vessels and in LWMH. However, in APP/PS1 mice, the ability
of astrocytes to transport Aqp4 mRNA decreased, which prevented AQP4 from being localized in
astrocyte processes or endfeet. This change leads to the weakening of the liquid �ow in the space around



Page 29/29

the cerebral vessels, which not only affects the normal function of the BBB, but also makes the glial-
lymphatic system dysfunction. In LWMH, there was also a decrease in the astrocytes Aqp4 expression in
APP/PS1 mice, which reduced the supply of oligodendrocytes, disturbed the ion homeostasis and
promoted the damage of myelin sheath. After moxibustion on APP/PS1 mice, the ability of astrocytes to
transport Aqp4 mRNA was improved, the Aqp4 expression in LWMH increased and myelin renewal was
promoted.


