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Abstract

INTRODUCTION: Alzheimer’s disease (AD) is a progressive neurodegenerative dis-

ease and the leading causeof dementia. Recent researchhighlightsmeningeal lymphat-

ics as key regulators in neurological diseases, suggesting that enhancing their drainage

function could be a potential therapeutic strategy for AD. Our proof-of-concept study

demonstrated that cranial bone transport can improve meningeal lymphatic drainage

function and promote ischemic stroke recovery.
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METHODS: This study defined cranial bone maneuver (CBM) technique. After

osteotomy, a small circular bone flap was made and attached to an external fixator for

subsequent maneuver in a controlled fashion for a defined period using 5xFADmice.

RESULTS:CBMtreatment improvedmemory functions, reduced amyloid deposits, and

promotedmeningeal lymphatic drainage function. CBM induced cascades of inflamma-

tory and lymphangiogenic processes in skull and meninges. Meningeal lymphatics are

indispensable elements for the therapeutic effects of CBM.

DISCUSSION: CBM might be a promising innovative therapy for AD management,

warranting further clinical investigation.

KEYWORDS

Alzheimer’s disease, cranial bone maneuver, Interleukin 6, lymphangiogenesis, meningeal lym-
phatic vessels, vascular endothelial growth factor C

Highlights

∙ Cranial bonemaneuver (CBM) alleviatedmemory deficits and amyloid depositions.

∙ CBMpromotedmeningeal lymphangiogenesis and lymphatic drainage function.

∙ The beneficial effects of CBM lasted for a long time following the CBMprocedures.

∙ CBM induced cascades of inflammatory and lymphangiogenic processes in the

meninges.

∙ Meningeal lymphatic vessels are indispensable elements for CBM therapeutic

effects.

1 BACKGROUND

Distraction histogenesis (DH) technique has been widely applied in

orthopedic surgery for decades.1,2 By transforming tension stress stim-

ulation into multiple biological signals, DH technique can significantly

boost the regenerative potentials of multiple tissues.3 Derived from

DH technique, the cranial bone transport (CBT) technique was used

primarily for treating cranial bone deformities and defects. With use

of gradual CBT, the continuous stress stimulation during slow bone

segment movement promotes angiogenesis, osteogenesis, and tissue

regeneration.4,5 Clinically, CBTwas also found to enhance cerebral cir-

culation and contribute to the regression of neurological deficits in

stroke patients.6

In recent years, our understanding of the connection between

cranial bones and the brain has undergone a radical transforma-

tion. Recent investigations employing cutting-edge imaging methods

uncovered that many tiny channels in the skull enable the skull bone

marrow to be directly exposed to cerebrospinal fluid (CSF), which

regulates cell maturation in the skull marrow and inflammatory cell

migration into the brain.7 Moreover, the skull marrow may reflect

inflammatory responses in brain with disease-specific spatial distri-

bution patterns in patients with various neurological disorders.8 The

meninges, which envelop the brain and spinal cord, play a crucial role

in central nervous system (CNS) homeostasis. Meningeal lymphatic

vessels (MLVs), which are responsible for the drainage of CSF macro-

molecules, cellular debris, and immune cells into the deep cervical

lymph nodes (dCLNs), have been characterized in CNS.9 The roles

of MLVs in different neurological diseases are diverse. Enhancement

of meningeal lymphatic drainage has been shown to ameliorate neu-

roinflammation in subarachnoid hemorrhage, traumatic brain injury,

and hepatic encephalopathy,10–12 and regulate radiotherapy efficacy

through modulating anti-tumor immunity,13 whereas meningeal lym-

phatic dysfunction aggravates the accumulation of amyloid beta (Aβ)
peptides and α-synuclein in brain, contributing to neurodegenerative

diseases.14,15 In our recent proof-of-concept study, CBT was shown to

significantly improve the outcomes of ischemic stroke via enhancing

angiogenesis, neurogenesis, and meningeal lymphatic drainage func-

tion in the rat middle cerebral artery occlusion model.4 These findings

underscore a more intricate and intimate relationship between the

skull and brain than what we previously understood, and further

provide a rationale for potentially treating neurological diseases via

maneuvering the cranial bone,while thepotentialmechanismshaveyet

to be fully elucidated.

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-

ease and the most common cause of dementia, resulting in a dete-

rioration of mood, cognition, and memory.16 Due to the increasing

agingpopulation, approximately 50millionpeople haveADglobally,17

which imposes a tremendous socioeconomic burden on the health

care system. AD is a heterogenous disease, with several cognitive sub-

types and varying biological and clinical manifestations.18,19 It has

been reported that amyloid immunotherapy may induce microhem-

orrhages and neuronal disturbances, and worsen iron deposits in the
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CNS in patients with AD.20–22 As a result, there is a growing need for

more controllable and effective approaches for AD management. In

this study, we tested the therapeutic potential of cranial bone maneu-

ver (CBM) technique in AD transgenic mouse model and explored the

underlyingmechanisms.

2 METHODS

2.1 Animals

Adultmale 5xFAD (B6SJL) transgenicmice (Tg6799, The Jackson Labo-

ratory, RRID:MMRRC_034840-JAX) were used in this study. The hem-

izygous5xFADmiceoverexpress humanAβprecursor protein695with
the Swedish (K670N, M671L), Florida (I716 V), and London (V717I)

mutations together with human presenilin 1 harboring the M146L

and L286 V mutations under the control of the mouse Thy1 promo-

tor element. Age-matched non-transgenic littermateswere included as

wild-type (WT) controls. Adult and senescent C57BL/6micewere used

to investigate the effects of aging on meningeal lymphatics. All mice

were housed in the Laboratory Animal Research Centre of the Chi-

nese University of Hong Kong, in a controlled environment with a 12 h

light/dark cycle, a constant room temperature (23 ± 1◦C), and unre-

stricted access to food and water. All surgeries were performed under

anesthesia, and efforts were made to minimize the suffering of the

animals. All animal experiments were carried out in Li Ka Shing Insti-

tute of Health Sciences, Prince of Wales Hospital, with the approval

of the Department of Health of the Government of Hong Kong and

the Chinese University of Hong Kong Animal Experimentation Ethics

Committee (No. 21-001-MIS).

2.2 CBM surgery

A custom-made external fixator device was used for CBM procedures.

5xFAD mice were anesthetized with ketamine (80–100 mg/kg) and

xylazine (10mg/kg) in normal saline and then placed in a prone position

with the head skin shaved and sterilized. The head of the mouse was

secured in a stereotaxic frame (RWD life sciences, Shenzhen, China).

Mice head skin was incised with a ≈1.5 cm length. A circular bone flap

(diameter of ≈2mm) was created using a small drill cutter with careful

protection of the dura. The cranial flap site was irrigated with normal

saline. Two additional holes were drilled on the intact skull to secure

the external fixator, and one screw was attached to the bone flap

(Figure 1A and Figure S1). The skin incision was closed with 5-0 nylon

sutures. After 3 days of latency, the bone flap underwent a sequen-

tial displacement procedure. This involved an initial upwardmovement

on the first day (day 1), followed by a subsequent downward reposi-

tioning the next day (day 2). This alternating pattern of up and down

movements was repeated for a total of 10 days. Each adjustment was

made by delicatelymanipulating the screwon the device, allowing for a

controlled vertical displacement at a rate of 0.1 mm/day (Figure 1A,B).

For the CBM control group (abbreviated as CBM Ctrl in Figures), mice

RESEARCH INCONTEXT

1. Systematic review: Alzheimer’s disease (AD) is a progres-

sive neurodegenerative disease and the most common

cause of dementia. There is no effective therapy that

halts AD progression at present. Meningeal lymphatics

have recently been recognized as an important regulator

in neurological diseases. The augmentation of meningeal

lymphatic drainage function might be a promising thera-

peutic approach for AD. Our previous study showed that

cranial bone transport canmodulatemeningeal lymphatic

drainage function and promote ischemic stroke recovery.

2. Interpretation: We defined the CBM technique. CBM

treatment significantly improved memory functions,

reduced amyloid deposits, and increased meningeal lym-

phatic vessels (MLVs) using 5xFAD mice. CBM induced

cascades of inflammatory responses and lymphangio-

genic processes in the meninges. MLVs are indispensable

elements for CBM therapeutic effects.

3. Future directions: CBM might be a novel promising

approach for AD management by augmenting the

meningeal lymphatic drainage function. Further clinical

investigations are highly warranted.

received craniectomy, which was fixed with the same external device,

but CBM procedure (up and down displacement) was not applied.

Buprenorphine HCI (0.05 mg/kg) was subcutaneously administrated

30 min before surgery, and a heating pad was provided after surgery

to maintain body temperature during surgery and recovery. Buprenor-

phine HCI (0.05 mg/kg) was subcutaneously administrated twice daily

for 5 consecutive days after surgery for pain and stress relief. Themice

were free to move in the cages. Body temperature, body weight, food

and water intake, and the conditions of surgical incision were checked

daily in the whole experimental duration.

2.3 Behavior tests

Animals were habituated to the testing environment for 10 days (15

min per day) before behavioral tests. The room temperature (23± 1◦C)

and humidity (60 ± 10%) remained stable for all experiments. Ani-

mals were randomly assigned to test groups and the researchers were

blinded to animal assignments.

2.3.1 Open field test

The open field test was used to assess locomotor activity and anxiety

in mice. Each mouse was placed in the center of an opaque chamber

(35 cm × 35 cm × 25 cm) and allowed to freely explore in the arena for
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F IGURE 1 CBM improvedmemory function, reduced amyloid depositions and Aβ plaques, and alleviated neuroinflammation of 5xFADmice.
(A) A schematic diagram of CBM. (B) Experimental timeline for the CBM treatment and behavioral tests. (C andD) For NOR test, the discrimination
index, and preference index were significantly increased in 5xFADmice treated with CBM, comparedwith 5xFAD and 5xFAD+CBMCtrl group.
n= 8–13mice/group. (E–G) In Barnesmaze test, CBM significantly improved the spatial memory functions of 5xFADmice, with the escape latency
significantly decreased (E) and the time spent in target quadrant significantly increased (F and G), n= 11–16mice/group. CBM significantly
reduced amyloid depositions (as yellow arrows indicated, H and I) in hippocampus and Aβ plaques (J–M) in both the hippocampus and thalamus of
5xFADmice; n= 8–11mice/group. (N) Sholl analysis indicated that neuroinflammation of 5xFADmice was significantly alleviated after the
treatment of CBM (representative images of Iba1 staining and Sholl analysis were shown); n= 5mice/group. Values aremeans± SEM.

*/&/$/#p< 0.05, **/&&/$$p< 0.01, and ***/###/&&&p< 0.001, one-way or two-way ANOVAwith Bonferroni’s post hoc tests among groups. CBM,
cranial bonemaneuver; HPF, high-power field; NOR, novel object recognition; SEM, standard error of themean.
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10min. Spontaneous locomotor activitywas recordedbyanautomated

video tracking system.A smaller concentric square covering 25%of the

area (17.5 cm × 17.5 cm) was defined as the central area. The loco-

motion parameters including time in the center and total distance in

the entire zone were analyzed by ANY-maze software (version 4.98,

Stoelting Co.WoodDale, IL).

2.3.2 Novel object recognition test

The novel object recognition (NOR) test was performed following a

published protocol with modifications.23 The experimental setup con-

sisted of a square box identical to the one utilized in the open field

test. The experiment included three trialswith a 2-h training-to-testing

interval: (1) A habituation trial: a 10-min session in the empty appa-

ratus; (2) A training (familiarization) trial: a 10-min session presenting

two identical objects located 15 cm apart; and (3) A testing trial: each

mouse was returned to the apparatus for a 10-min session in which

one of the objects was replaced by a novel one (different color and

shape). Mouse behavior was recorded and analyzed by an investigator

who was blinded to the treatment group. Exploration of an object was

assumedwhen themouse approached an object and touched it with its

vibrissae, snout, or forepaws and was analyzed using ANY-maze soft-

ware (version 4.98, Stoelting Co. Wood Dale, IL). Discrimination index

([time spent with novel object—time spent with old object]/total explo-

ration time) and preference index (time spent with novel object/total

exploration time) were calculated.

2.3.3 Barnes maze test

Barnesmaze test was conducted for successive 5 days following a pub-

lished protocol with modifications.24 Visual cues with different colors

and shapes were prepared and strategically placed surrounding the

maze. Eachmousewas placed in a cylindrical black start chamber in the

center of the maze. All mice underwent four trials per day during the

acquisition phase (4 days). Prior to the commencement of each trial,

the maze was thoroughly cleaned with a 1% Incidin solution to elim-

inate any potential olfactory cues affecting the results. In addition to

cleaning, themazewas rotated around its central axis after each trial to

control for possibly remaining odor cues. Each mouse was given 180 s

to locate the escape hole in different quadrants for each trial. If the

mouse found the escape hole before the 180 s cutoff time, mice were

allowed to stay in the box under the escape hole for 60 s and then

return to home cage. If failed,micewere guided to rest in the box under

escape hole for 60 s before being assisted back into the home cage, and

the latency was recorded as 180 s. Mice were trained in each quad-

rant with an interval of 15 min between two trails. On the fifth day,

the probe test was conducted 24 h after the last training. The escape

hole was closed, and each mouse was placed into the center of the

maze under the cylindrical black start chamber. The movement track,

the crossing numbers of target quadrant, and the percentage of time

staying in the target quadrant within a 90 s trial timewas recorded and

analyzed using ANY-maze software (version 4.98, Stoelting Co. Wood

Dale, IL).

2.3.4 Catwalk gait analysis

Automated gait analysis was performed during CBM procedures using

a CatWalk system (Noldus, Wageningen, Netherlands) as described

previously.25 A green light below the glass walkway illuminated the

paws of mice as they walked across it, and their movements were

recorded by a high-speed video camera. The camera settings were

adjusted with an intensity threshold of 0.12, a gain of 31, and a maxi-

mum allowed speed variation of 60%. All experiments were conducted

in the same environment by the same investigator. Three trials of

walking were recorded for each mouse and the computer recorded

parameters of the right front (RF) paw, right hind (RH) paw, left front

(LF) paw, and left hind (LH) paw of all mice, including maximum paw

print intensity and stride length. Gait analysis was performed on days

0, 5, and 10 during the CBMprocedures.

2.4 Intra-cisterna magna injection

Micewere anesthetizedby intraperitoneal injectionof amixed solution

of ketamine (80–100mg/kg) andxylazine (10mg/kg) in saline. Thehead

of the mouse was secured in a stereotaxic frame (RWD life sciences,

Shenzhen, China). The skin of the neckwas shaved and sterilized. After

an incision (≈1cm)wasmade, themuscle layerswere retracted, and the

cisterna magna was located. For meningeal lymphatic drainage exper-

iments, intra-cisterna magna (I.C.M) injection was conducted for mice

that completed all designed behavioral tests. Using a Hamilton syringe

with a 33G needle, 5 µL of ovalbumin conjugated with Alexa Flour 647

(OVA-A647, O34784, Thermo Fisher Scientific, USA) at a concentra-

tion of 0.5 mg/mL in artificial CSF (597316, Harvard Apparatus, UK)

was injected into the cisterna magna with a rate of 2.5 µL /min. The

syringe was left in place for an additional 2 min to prevent backflow

of CSF after injection. The neck skin was then sutured, and the mouse

was allowed to recover on a heat pad until fully awake.

2.5 MLVs ablation

Visudyne treatment was conducted according to previous studies.26

In brief, mice were anesthetized with ketamine (80–100 mg/kg) and

xylazine (10 mg/kg) in normal saline and the mouse head was fixed

in a stereotactic instrument (RWD life sciences, Shenzhen, China).

Visudyne (verteporfin for injection, Valeant Ophtalmics, USA) was

reconstituted at 2 mg/mL according to the manufacturer’s instruc-

tions, and 5 µL of Visudyne was injected into the cisterna magna at

a speed of 2.5 µL/min. Fifteen min later, a nonthermal 689-nm wave-

length laser light (Ningbo Yuanming Laser Technology, China), with a

dose of 50 J/cm2 and intensity of 600 mW/cm2, was applied on five

different spots through the skull (two on the transverse sinus, two
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on the superior sagittal sinus, and the injection site), and each spot

was irradiated for 83 s. For the Vehicle+Laser group, mice underwent

the same procedures of vehicle injection and laser treatment with-

out Visudyne. During the laser treatment, the eyes of the mice were

cover-protected. The skin was then sutured with 5-0 nylon sutures,

after which the mice were allowed to recover on a heat pad until

fully awake. After surgery, mice were given analgesics subcutaneously.

For the CBM group, mice underwent the same CBM surgical pro-

cedures as aforementioned 7 days after the Visudyne/Vehicle+Laser
treatment.

2.6 Osmotic pump I.C.M long-term infusion

MAZ51 in dimethyl sulfoxide (Cat. No. HY-116624,MedChemExpress,

USA) was dissolved in 20% SBE-β-CD (Sulfobutylether-β-Cyclodextrin,
Cat. No. HY-17031, MedChemExpress, USA) in artificial CSF (597316,

Harvard Apparatus, UK) at 0.1 mM and loaded into the capsule

of osmotic pump (1004 W, RWD life sciences, Shenzhen, China)

with a total volume of 100 µL. The osmotic pumps were connected

to a 33G needle with a limited length of 1.5 mm and incubated

overnight in a 37◦C water bath. The tiny needle of osmotic pump

was inserted into and fixed at the cisterna magna, whereas the pump

was placed subcutaneously, which can achieve continuous I.C.M infu-

sion at a rate of 0.125 µL/h for 4 weeks. The vehicle group was

given the same volume of vehicles. The skin was sutured by 5-0

nylon sutures, and mice received postsurgical buprenorphine HCl.

For the CBM treatment group, mice underwent the same CBM sur-

gical procedures as aforementioned 7 days after the osmotic pump

implantation.

2.7 Tissue preparation

Mice were anesthetized and transcardially perfused with 50mL of ice-

cold sterile normal saline. Skulls were carefully removed and fixed in

4% paraformaldehyde (PFA, Sigma-Aldrich, P1468) overnight at 4◦C.

The skulls were then decalcified in 10% ethylenediaminetetraacetic

acid (EDTA) for 28 days for further histological analysis. Brains and

dCLNswere fixed in 4%PFAovernight at 4◦C, followed by sequentially

transferring to 10%, 20%, and 30% sucrose solution at 4◦C for 72 h.

Samples were embedded in optimal cutting temperature compound

(OCT, Sakura Finetek, USA). Coronal brain, skull, and dCLNs sections

in 15-µm thickness were obtained using a freezing microtome (NX70,

Thermo Scientific).

2.8 Congo red staining

The brain sectionswere first immersed in distilledwater for 15min and

then placed in 0.3% Congo red working solution for another 15 min.27

Subsequently, the sectionswere rinsedwith distilledwater and quickly

differentiated into an alkaline alcohol solution for 3 s. After that, the

sections were washed with tap water for 1 min and counterstained

with hematoxylin solution for 3 min. Following this, they were washed

again with running tap water for 1 min and rinsed with acid alcohol

for 1 s. The sections were then rinsed with Scott’s tap water for 3 min

and dehydrated using 95%and100%alcohol. Finally, the sectionswere

cleared with xylene and mounted using dibutylphthalate polystyrene

xylene (DPX) mountingmedium.

2.9 Immunofluorescence staining

The fresh-frozen brain sections were fixed with 4% PFA for 15min and

then rinsed andwashed three timeswith 1× phosphate-buffered saline

(PBS) for 5 min each time. Subsequently, the sections were incubated

in 0.5% Triton X-100 for 15 min and blocked with 2% donkey/goat

serum and 5% bovine serum albumin (BSA, SRE0098, Sigma-Aldrich,

USA) for 2 h at room temperature. After the blocking step, the sec-

tions were incubated overnight at 4◦C with the appropriate dilutions

of primary antibodies (Table S1). The sections were then washed eight

times with 1× phosphate buffered saline with 0.1% Tween 20 (PBST)

for 5 min each time and incubated with secondary antibodies for 1 h

at room temperature in the dark (Table S1). After washed eight times

with 1× PBST for 5 min each time, the sections were incubated with

4′,6-diamidino-2-phenylindole (DAPI) to label the cell nucleus, and

were subsequently mounted using proLong Gold Antifade Mountant

(P36934, Thermo Fisher Scientific).

2.10 Immunohistochemistry staining

The coronal skull sections were fixed with 4% PFA for 15 min and

then rinsed and washed three times with 1× PBS for 5 min each time.

Antigen retrievalwasperformedby rinsing sections intoaboiled1× cit-
rate buffer (pH 6.0, G1202, Wuhan Servicebio Technology Co., Ltd.),

and incubating at 95◦C for 20 min, followed by 1 h cooling at room

temperature. Endogenous peroxidase activity was quenched by treat-

ing samples with 3% H2O2 for 10 min at room temperature. Sections

were blocked in 10% BSA for 2 h, and then were incubated with the

appropriate dilutions of primary antibodies (Table S1) overnight at

4◦C. The sections were washed eight times with PBST for 5 min each

time, before addition of horseradish peroxidase (HRP)-conjugated sec-

ondary antibody for 30 min incubation at room temperature. Sections

were washed eight times with PBST after secondary incubation and

3,3’-diaminobenzidine (DAB) substrate was then added until positive

signal was observed (PV-9000, ZSGB-BIO). The sections were washed

with tap water for 1 min and counterstained with hematoxylin solu-

tion for 3min. Following this, they werewashed again with running tap

water for 1 min and rinsed with acid alcohol for 1 s. The sections were

then rinsed with Scott’s tap water for 3 min and dehydrated using 95%

and 100% alcohol. Finally, the sections were cleared with xylene and

mounted using DPXmountingmedium.
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2.11 Whole mount staining

The mouse skull together with meninges was fixed in 4% PFA for

24 hours at 4◦C. Using a fine forceps, the meninges were gently

detached and removed from the skull along the superior sagittal sinus

and transverse sinus under a stereo microscope (SZ SERIES, OPTIKA

S.r.l. Italy). It is important to remove any small pieces of skull bone

attached to the meninges.28 The meninges were then permeabilized

with 0.5% Triton X-100 for 1 h and incubated in PBS containing 2%

donkey serum and 5% BSA at room temperature for 2 h. Incubation

with primary antibodies (Table S1) was performed overnight at 4◦C.

Themeningeswerewashedeight times for 10mineach timewithPBST,

and then rinsed in the appropriate secondary antibody for 2 h at room

temperature (Table S1). After being washed with PBST and labeled

with DAPI, the meninges were mounted using proLong Gold Antifade

Mountant (P36934, Thermo Fisher Scientific).

2.12 Image analysis

Microscopic imaging system (Leica DM5500; Leica Microsystems,

Wetzlar, Germany) was used to acquire images. ImageJ software

(National Institutes of Health [NIH], USA) was used for quantitative

measurements. Three inconsecutive sections from each brain were

selected randomly for quantitative analyses. The number of positive

amyloid depositions by Congo red staining in the region of interest

(ROI) of different brain regions (cortex, hippocampus, and thalamus)

was counted by an investigator who was blinded to group assign-

ment to determine the density of amyloid depositions in different brain

regions. For immunofluorescence staining, the number and area of pos-

itive Aβ (6E10) plaques in the ROI of different brain regions (cortex,

hippocampus, and thalamus) were measured by an investigator who

was blinded to group assignment to determine the density and size

of Aβ plaques using the automatic threshold tool in ImageJ. To assess

the microglial engulfment of Aβ, we quantitively measured the area

exhibiting dual positive staining for Iba1 and Aβ (6E10). This area was
subsequently normalized by the total area of Aβ (6E10) staining within
the same ROI. The meningeal lymphatic drainage function was evalu-

ated by the area fraction of OVA-A647+ area in dCLNs sections. For

wholemount staining, thearea fractionof LYVE1+ orCD31+ area in the

ROI was used to determine the quantification of meningeal lymphatic

and blood vessels. All images were evaluated by an investigator who

was blinded to the group assignment.

2.13 Sholl analysis

To perform Sholl analysis, serially stacked and maximally projected

images were obtained using a confocal microscope (LSM 880 Confocal

Laser Scanning Microscope, Zeiss, Germany) under 63 × objectives.26

Brain section images that were immunofluorescence stained with Iba1

antibody were used for Sholl analysis. Two fields of view in the peri-Aβ

area of the thalamus regionwere imaged for each section, and two sec-

tionswere imaged for eachmouse. Fourmicroglia per fieldof viewwere

quantified for five mice per group. The Sholl analysis plugin applied in

ImageJ (NIH,USA) constructed serially concentric circles at 2 µm inter-

vals from the center of the Iba1 signal (soma) to the end of the most

distal process of each microglia. The number of intersections of Iba1-

positive processes at each circle and the radius of the largest circle

intercepting themicroglia were analyzed. All analyses were performed

blindly to group assignments.

2.14 RNA-sequencing analysis

Mice were anesthetized and transcardially perfused with 50 mL of

ice-cold sterile diethyl pyrocarbonate (DEPC)-treated normal saline.

The skulls and meninges were carefully removed, detached, and

immediately snap-frozen in liquid nitrogen and stored at −80◦C for

extraction of RNA. The transcriptomic analysis included five mice in

each group. Meninges RNA was isolated using RNeasy micro kit (QIA-

GEN, 74004, USA), and DNA was removed using DNase I digestion,

following the manufacturer’s instructions.29 RNA samples with the

RNA integrity number (RIN) values >7.0 were used for downstream

library construction. RNA sequencing libraries were constructed using

the DNBseq platform (BGI, China). The raw data were filtered to

obtain the clean data, which were used for alignment to the mouse

genome (Mus musculus GRCm38.p5, NCBI). Statistical significance of

differentially expressed genes (DEGs) was obtained based on the raw

read counts, with an absolute log2 fold-change greater than 1, and

adjusted p-value (q-value) less than 0.05. Gene ontology (GO), Kyoto

Encyclopedia of Genes and Genomes (KEGG) and tissue enrichment

analysis was performed using DAVID (https://david.ncifcrf.gov).30,31

The gene expression heatmap was drawn with Heatmapper.32 The

protein–protein interaction network was drawn with Cytoscape (Ver-

sion 3.10.0, Cytoscape Consortium, USA). The results were visualized

by the R package ggplot2 (Version 3.6.3, R software).

2.15 Cell culture

The murine-derived macrophage cell line RAW264.7 was maintained

in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo Fisher

Scientific) supplemented with 10% fetal bovine serum (FBS, ExCell

Bio, FSP500) and 1% penicillin/streptomycin (Gibco, Thermo Fisher

Scientific). Human dermal lymphatic endothelial cells (LECs, #2010,

ScienCell Research Laboratories, Inc.) were cultured in endothelial

cell basal medium-2 (EGM-2MV BulletKit medium, CC-3162, Lonza,

USA) supplemented with growth factors (5% FBS, vascular endothe-

lial growth factor [VEGF], fibroblast growth factors [FGF], epidermal

growth factor [EGF], and insulin-like growth factor [IGF]) and were

seeded onAttachment Factor Protein (S006100,Gibco, ThermoFisher

Scientific) coated wells and flasks. The cells were cultured at 37◦C in a

humidified incubator with 5%CO2.

https://david.ncifcrf.gov
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2.16 In vitro cellular mechanical stretch

To apply lineal mechanical stretch onto macrophages, RAW264.7 cells

were uniformly seeded into a collagen I–coated culture chamber with

flexible silicon membrane bottoms (Cell & Force, Hangzhou, China).

CELL TANK stretching system (Cell & Force, Hangzhou, China)was used

to apply lineal continuous tensile strain onto RAW264.7 cells for 24 h

and 48 h. Cells that were cultivated in the same chambers with same

culture medium but were not stretched are used as control group.

After completion of mechanical stretch, total RNA in RAW264.7 cells

was extracted usingRNAisoPlus reagent (TaKaRa, Japan) following the

manufacturer’s instructions.

2.17 In vitro assays of human dermal LECs

2.17.1 Proliferation assay

Proliferation assays were performed using the Cell Counting Kit-8

(CCK-8, C0037, Beyotime, China) according to the manufacturer’s

instructions. All experiments were performed on 96-well plates with

four replicates. Briefly, human dermal LECs were diluted to 1 × 104

cells/mL in EGM-2MV (Lonza, USA), and 0.2 mL of cells were added to

each well. Plates were cultured at 37◦C/5% CO2 for 24 h. Plates were

washedwith PBS once and then serum starved in EBM-2 basalmedium

(Lonza, USA) containing 0.5% FBS for 12 h. Recombinant human inter-

leukin 6 (IL-6) protein (206-IL-025/CF, R&D Systems, Inc.) and vehicle

were added to cells and incubated for 24 and 48 h. Cell proliferation

was measured by following the addition of CCK-8 (0.02 mL) to each

well and incubation for a further 4 h. Absorbance was measured at

450 nm on VICTORX4Multimode Plate Reader (Perkin Elmer, USA).

2.17.2 Tube-formation assay

Tube-formation assays were performed using GelTrex (A14132-02,

ThermoFisher Scientific). GelTrex was thawed on ice and wells of a

48-well plate were coated with 100 µL GelTrex matrix and heated to

37◦C for 30 min to allow the GelTrex to solidify. Then 5 × 104 cells

were added per well with the treatment of recombinant human IL-

6 protein (20 ng/mL, 206-IL-025/CF, R&D Systems, Inc.), Tocilizumab

(100 ng/mL, Anti-Human IL-6R, Humanized Antibody, HY-P9917,

MedChemExpress), or vehicle, and were incubated for 16 h at 37◦C

with 5% CO2. Images of sprouts were captured using an inverted

phase contrast microscope (Axiovert 5, ZEISS), and the number of

branches and total length were quantified using “Angiogenesis Ana-

lyzer” plugin33 of ImageJ Fiji software (NIH, USA). All images were

evaluated by an investigator whowas blinded to the group assignment.

2.17.3 Migration scratch assay

All experiments were performed in pre-marked 12-well plates with

four replicates. Human dermal LECs were diluted to 1 × 105 cells/mL

and 2 mL of cells was added to each well. Cells were cultured in EGM-

2MV (Lonza, USA) at 37◦C/5% CO2 until confluent. Cells were then

starved in EBM-2 basal medium (Lonza, USA) containing 0.5% FBS

for 12 h. A single scratch was made in each confluent cell layer using

a 200 µL pipette tip, and cells were washed gently in EBM-2 basal

medium (Lonza, USA). Images at time 0 (initial) were captured using

an inverted phase contrast microscope (Axiovert 5, ZEISS). Cells were

then incubated in EBM-2 basal medium containing the treatment of

recombinant human IL-6 protein (20 ng/mL, 206-IL-025/CF, R&D Sys-

tems, Inc.), Tocilizumab (100 ng/mL, Anti-Human IL-6R, Humanized

Antibody, HY-P9917, MedChemExpress), or vehicle. Images were cap-

tured 12 and 24 h later. Scratch areas were measured using ImageJ

software (NIH). Wound closure percentage was calculated for further

analysis. All imageswere evaluated by an investigator whowas blinded

to the group assignment.

2.18 RNA isolation and RT-qPCR

5xFADmice skull were dissected into pieces. Total RNA in 5xFADmice

skulls, RAW264.7 cells, or human dermal LECs were extracted using

RNAiso Plus reagent (TaKaRa, Japan) following the manufacturer’s

instructions. RNA was translated reversely into complementary DNA

(cDNA) with a PrimeScript RT Master Mix (RR036A, Takara, Japan).

RT-qPCR (Real-time quantitative polymerase chain reaction) was per-

formed in ABI QuantStudio7 (Applied Biosystems) using PowerUp

SYBR Green Master Mix (A25776, Thermo Fisher Scientific). The 10-

µL reaction system contained 5 µL of SYBRGreenMasterMix, 0.5 µL of

forward and reverse primers, 1 µL of target cDNA, and supplemented

with nuclease-free H2O. The relative gene expression was quantified

using the 2−ΔΔCt method. The messenger RNA (mRNA) expression lev-

els were normalized with glyceraldehyde-3-phosphate dehydrogenase

(GAPDH). Table S2 displays the details of primers.

2.19 Enzyme-linked immunosorbent assay

Mice were anesthetized and transcardially perfused with 50 mL of

ice-cold sterile normal saline. The skulls and meninges were carefully

removed, detached, and immediately snap-frozen in liquidnitrogenand

stored at −80◦C for extraction of proteins. The skulls and meninges

were lysed in radioimmunoprecipitation assay (RIPA) buffer supple-

mented with 1mMphenylmethylsulfonyl fluorid (PMSF), and protease

inhibitor cocktail (Solarbio Life Science, China). The supernatant was

collected after centrifugation at 12,000× g for 10 min at 4◦C. The

total protein concentration of each sample was detected using Pierce

BCA Protein Assay Kits (23227, Thermo Fisher). The protein levels of

VEGF-C (RK04299, ABclonal), VEGF-D (NBP2-78891, Novus Biologi-

cals), IL-1β (MLB00C, R&D Systems), IL-6 (M6000B-1, R&D Systems),

IL-10 (JL20242, JONLNBIO), and TGF-β (transforming growth factor-

β, JL13959, JONLNBIO), were detected using commercially available

enzyme-linked immunosorbent assay (ELISA) kits according to the

manufacturer’s instructions. Standard curves were constructed based
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on the absorbance of corresponding standard solutions using VICTOR

X4 Multimode Plate Reader (Perkin Elmer, USA) at 450 nm. The con-

centration of each experimental sample was obtained by fitting the

absorbance value into the standard curves.

2.20 Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version

8.0.1, CA, USA). Data are presented as mean ± standard error of the

mean (SEM). Normal distribution of data was first checked with the

Anderson-Darling, D’Agostino, and Shapiro–Wilk normality tests. Stu-

dent’s t-tests (two-tailed) were used to compare means between two

groups with normally distributed data. One-way or two-way analysis

of variance (ANOVA) with Bonferroni’s post hoc tests were used for

multiple comparisons among three or more groups. Each n indicates

the number of biologically independent replicates. No statistical meth-

ods were used to predetermine sample size. Sample sizes were chosen

based on previous experiments. p-value less than 0.05 was considered

statistically significant.

2.21 Data and materials availability

The key data supporting the findings of this study are presentedwithin

the article and the Supplementary Information.

3 RESULTS

3.1 The therapeutic effects of CBM on AD
progression

First, we aimed to examine whether CBM could modulate AD pathol-

ogy progression. Briefly, a circular cranial bone flap was created with

careful protection of the dura. Two additional holes were drilled on the

intact skull to secure the external fixator, and one screw was attached

to the bone flap (Figure 1A and Figure S1). We performed CBM pro-

cedures (upward and downward bone flap movement) on 4-month-old

(4 m.o.) 5xFAD mice for 10 days, after a latency of 3 days follow-

ing CBM surgery (Figure 1B, details can be found in Methods 2.2).

In the NOR test, the discrimination index (Figure 1C) and preference

index (Figure 1D) were significantly decreased in 5xFAD mice group,

compared with the WT group. CBM significantly improved nonspa-

tial memory function of 5xFAD mice, but no significant changes were

observed in theCBMcontrol group. In theBarnesmaze test, the escape

latency was significantly decreased in the 5xFAD mice treated with

CBM during the acquisition phase (Figure 1E). During the probe test

phase, no significant difference of total travel distance was detected in

the groups (Figure S2A), whereas 5xFADmice treatedwith CBM spent

more time in the target quadrant (Figure 1F,G). These data indicated

that the memory function of 5xFAD mice was significantly improved

after the treatment of CBM.

To evaluate the well-being and motor function of 5xFADmice, body

weight monitoring and gait analysis were performed during the CBM

procedures, and the open field test was conducted after the CBM

treatment. No significant changes of body weight (Figure S2B), maxi-

mumpaw intensity (Figure S2C,D), or stride length (Figure S2E,F) were

detected among the groups throughout theCBMprocedures. Theopen

field test showed no significant difference in terms of total travel dis-

tance (Figure S2G), entries of central zone (Figure S2H), or time spent

in the central zone (Figure S2I,J) among groups after the treatment of

CBM. Collectively, these findings suggested that CBM surgery did not

affect the body weight and motor function of 5xFAD mice; neither did

CBM induce anxiety in 5xFADmice.

Histopathological examination revealed that the density of amyloid

depositions (Congo red staining) was significantly decreased in the hip-

pocampus (Figure 1H,I), but not in the cortex or the thalamus of 5xFAD

mice treated with CBM (Figure S3A–D). Similarly, CBM treatment sig-

nificantly reduced the density of Aβ plaques (quantified based on 6E10
antibody staining) in the hippocampus and thalamus (Figure 1J–M),

but not the cortex of 5xFAD mice treated with CBM (Figure S3E,F),

whereas no significant difference was detected for the average Aβ
plaque size across the groups (Figure S3G–I). Sholl analysis ofmicroglia

morphology demonstrated that neuroinflammation was alleviated by

CBM, as evidenced by the increased ramification of microglia in the

thalamus (Figure 1N). However, the co-localized area percentage of

Aβ plaques (6E10) and microglia (Iba1+) were not affected by CBM

treatment (Figure S3J–L).

3.2 CBM promoted meningeal lymphangiogenesis
and meningeal lymphatic drainage function in 5xFAD
mice

Previous studies have suggested that aging can lead to the reduction of

MLVs,15,34 and AD can further deteriorate impairment.35 In this study,

we harvested the meninges of C57BL/6 mice at the ages of 4 and 24

months old (m.o.). In 24 m.o. mice, the MLVs in the superior sagittal

sinus, transverse sinus, and confluence of sinus were all significantly

decreased, compared with 4 m.o. mice (Figure S4A–E). In addition, a

premature decrease of MLVs in the superior sagittal sinus and trans-

verse sinus (Figure S4F–H), but not confluence of sinus (Figure S4I),

was observed in 12m.o. 5xFADmice compared to 12m.o.WT counter-

parts. Collectively, these data showed that aging impairs the structural

integrity ofMLVs, which is further accentuated by AD pathology.

Brain health is closely linked to fluid flow dynamics that remove

potentially harmful waste. The meningeal lymphatic drainage function

was found to play an important role in this process.36,37 We inves-

tigated the effects of CBM on meningeal vasculature and lymphatic

vessels, by examining the meninges isolated from mouse skull. We

used CD31 and LYVE-1 to label meningeal blood vessels (CD31+ and

LYVE-1−) and MLVs (LYVE-1+) and studied their changes after CBM

treatment (Figure S5). A significant increase of LYVE-1+ area fraction

of MLVs in the superior sagittal sinus and transverse sinus, but not

in the confluence of sinus, was observed in 5xFAD mice treated with
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CBM (Figure 2A-I), indicating that CBM could promotemeningeal lym-

phangiogenesis. However, no significant changes in meningeal blood

vessels were detected in those regions (Figure 2C, F, and I). To fur-

ther investigate the effects of CBM on the drainage function of MLVs,

OVA-A647 was I.C.M injected (Figure 2J). No significant difference

in the area fraction of OVA-A647 in meninges was detected among

groups (Figure S6A,B). The area fraction of OVA-A647 in dCLNs was

significantly increased 3 h after I.C.M injection in 5xFAD mice treated

with CBM (Figure 2K,L). Collectively, these results suggested that the

therapeutic effects ofCBMin the5xFADmousemodel are closely asso-

ciated with the promotion of meningeal lymphangiogenesis and the

enhancement of meningeal lymphatic drainage function.

3.3 The long-term therapeutic effects of CBM on
AD

Wethen investigated the long-termeffects of CBMonADprogression.

This was carried out by conducting the CBM procedures for 10 days in

5xFADmice, and theexternal devicewas removedupon the completion

of CBM procedures. The locomotion activities and memory functions

of the 5xFAD mice were evaluated 60 days after the CBM procedures

(Figure 3A) when themicewere 6m.o. (hereafter referred to as 5xFAD

[6 m.o.]). In the open field test, no significant differences in total travel

distance, entries of central zone, or time spent in the central zone

were observed between two groups after CBM (Figure S7A–C). In the

NOR test, the discrimination index (Figure 3B) and preference index

(Figure 3C) were significantly improved in 5xFAD (6m.o.) mice treated

with CBM, compared with non-treatment group. In the Barnes maze

test, the escape latency was significantly decreased in 5xFAD (6 m.o.)

mice treated with CBM during the acquisition phase (Figure 3D).

During the probe test phase, no significant difference in total travel

distance was detected between the two groups (Figure S7D), whereas

5xFAD (6 m.o.) mice treated with CBM spent more time in the tar-

get quadrant (Figure 3E,F). In summary, these results showed that the

memory functions of 5xFAD (6m.o.) mice can be improved significantly

with long-lasting effects after CBM treatment.

Histopathological results revealed significant reductions of amy-

loidosis in the thalamus of 5xFAD (6 m.o.) mice treated with CBM,

as evidenced by the reduced number of amyloid depositions (Congo

red staining, Figure 3G,H) and Aβ plaques (Figure 3I,J). However, the

average Aβ plaque size was not changed by CBM (Figure S7E–G).

A persistent significant increase of area fraction of MLVs (LYVE-

1+) in the superior sagittal sinus (Figure 3K,L) and transverse sinus

(Figure 3 M,N), but not at the confluence of sinus (Figure 3O), can

still be observed in 5xFAD (6 m.o.) mice treated with CBM. This indi-

cated that in the 5xFAD mouse, the beneficial effects of CBM on

meningeal lymphangiogenesis can last for at least 60 days following

CBM treatment.

To further investigate the long-term effects of CBM on meningeal

lymphatic drainage function, OVA-A647 was I.C.M injected. No signif-

icant difference of the area fraction of OVA-A647 in meninges was

detected between the two groups (Figure S7H). The area fraction of

OVA-A647 in dCLNswas significantly increased in 5xFAD (6m.o.) mice

treated with CBM (Figure 3P,Q). Sholl analysis demonstrated that neu-

roinflammation was still alleviated in the 5xFAD (6 m.o.) mice after

CBM treatment, as evidenced by the increased microglial ramifica-

tion in the thalamus (Figure 3R). Collectively, these results suggested

that CBM can exert therapeutic effects on AD progression via promot-

ing meningeal lymphangiogenesis and enhancing meningeal lymphatic

drainage function in 5xFADmice for at least 60days following theCBM

procedure.

3.4 Ablation of MLVs impaired the therapeutic
effects of CBM on AD progression

We next investigated the role of MLVs in the therapeutic effects of

CBM. MLVs can be selectively ablated by injecting a photodynamic

drug, Visudyne (also known as verteporfin for injection), into the CSF,

which upon photoconversion has been shown to preferentially damage

the meningeal LECs.9 Note that this procedure was reported to have

no off-target effects in the coverage of meningeal blood vasculature.9

Injections of vehicle followed by photoconversionwere treated as con-

trol group. Visudyne injection and photoconversion were conducted 7

days before CBM surgery (Figure 4A). Visudyne injection with photo-

conversion resulted in effective ablation of MLVs in the superior sagit-

tal sinus, transverse sinus, and confluence of sinus (Figure 4B), with the

ablation effects lasting for at least 4 weeks (Figure 4C–E). Moreover,

the area fraction of OVA-A647 in the meninges of 5xFAD mice was

significantly decreased after photodynamic treatment (Figure S8A),

and the drainage function of MLVs was also significantly impaired, as

evidenced by the reduced area fraction of OVA-A647 in dCLNs of

5xFAD mice in the Visudyne+laser group compared to other groups

(Figure 4F,G).

To further investigate the role of MLVs in CBM, Visudyne/vehicle

injection and photoconversion were conducted 7 days before the

CBM surgery. Behavioral tests were conducted to evaluate mem-

ory functions of 5xFAD mice when CBM procedures were completed

(Figure 4A). In the open field test, no significant changes were

observed for total distance and time in central zone (Figure S8B,C)

in 5xFAD mice across the different groups. In the NOR test, the

discrimination index (Figure 4H) and preference index (Figure 4I)

were significantly improved in Vehicle+Laser+CBM group, whereas

such improvement was significantly abolished by the ablation of

MLVs. In the Barnes maze test, the escape latency was signifi-

cantly decreased in the Vehicle+Laser+CBM group during acquisition

phase (Figure 4J). During the probe test phase, no significant dif-

ference in total travel distance was detected among the groups

(Figure S8D), and Vehicle+Laser+CBM group mice spent more time

in the target quadrant, whereas such improvement in memory func-

tion was significantly impaired by the ablation of MLVs (Figure 4K,L).

Histopathological results revealed significantly reduced amyloid depo-

sitions (Figure 4 M,N) and Aβ plaques (Figure 4O,P) in the thalamus of

Vehicle+Laser+CBMgroupmice, as evidenced by the reduced number

of amyloid depositions and Aβ plaques but not average Aβ plaque size
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F IGURE 2 CBMpromotedmeningeal lymphangiogenesis and enhancedmeningeal lymphatic drainage function in 5xFADmice. (A–I) CBM
significantly promotedmeningeal lymphangiogenesis (LYVE-1+) but not angiogenesis (CD31+LYVE-1−) in the superior sagittal sinus (A–C) and
transverse sinus (D–F) of 5xFADmice, whereas no significant changes were observed in the confluence of sinus (G–I), n= 10–12mice/group. (J)
After I.C.M injection of OVA-A647 (reproducedwith permission fromNeuron. 2016 Sep 7;91(5):957-97336), (K and L) CBM significantly enhanced
meningeal lymphatic drainage function in 5xFADmice, n= 9–11mice/group. Values aremeans± SEM. *p< 0.05, **p< 0.01, one-way ANOVAwith
Bonferroni’s post hoc tests among groups were used. ANOVA, analysis of variance; CBM, cranial bonemaneuver; dCLNs, deep cervical lymph
nodes; I.C.M, intra-cisternamagna; SEM, standard error of themean.
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F IGURE 3 The long-term effects of CBMonmemory functions, amyloid depositions and Aβ plaques, and neuroinflammation of 5xFADmice.
(A) Experimental schedule for assessing the long-term effects of CBM. For the NOR test, the discrimination index (B), and preference index (C)
were significantly increased in 5xFADmice treated with CBM. (D–F) In the Barnesmaze test, CBM significantly improved the spatial memory
functions of 5xFADmice, with the escape latency significantly decreased and the time in the target quadrant significantly increased, n= 8–12
mice/group. CBM significantly reduced amyloid depositions (as black arrows indicated, G andH) and Aβ plaques (I and J) in the thalamus of 5xFAD
mice, n= 6–10mice/group. CBM significantly promotedmeningeal lymphangiogenesis in the superior sagittal sinus (LYVE-1+, K, and L) and the
transverse sinus (M andN) but not in the confluence of sinus (O) of 5xFADmice, n= 8–11mice/group. (P andQ) After I.C.M injection of OVA-A647,
CBM significantly enhancedmeningeal lymphatic drainage function in 5xFADmice; n= 8–13mice/group. (R) Sholl analysis revealed that
neuroinflammation of 5xFADmice was significantly alleviated after the treatment of CBM; n= 5mice/group. Values aremeans± SEM. *p< 0.05,

**p< 0.01, and ***p< 0.001, Student’s t test, and two-way ANOVAwith Bonferroni’s post hoc tests among groups were used. ANOVA, analysis of
variance; CBM, cranial bonemaneuver; dCLNs, deep cervical lymph nodes; HPF, high-power field; I.C.M, intra-cisternamagna; NOR, novel object
recognition; SEM, standard error of themean.
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F IGURE 4 Ablation ofMLVs impaired the therapeutic effects of CBM. (A) Experimental schedule for the ablation ofMLVs, CBM treatment and
behavioral tests. (B–E) Using “Visudyne+Laser” method,MLVs (LYVE-1+, B) in superior sagittal sinus (C), transverse sinus (D), and confluence of
sinus (E)were successfully ablated,which can last formore than4weeks; n=6–10mice/group. (F andG) Themeningeal lymphatic drainage function
was also significantly impaired after the ablation ofMLVs. For the NOR test (H and I) and Barnesmaze test (J–L), ablation ofMLVs significantly
impaired CBM-inducedmemory function improvement and the decrease of amyloid depositions (as black arrows indicated,M andN) and
Aβ plaques (O and P) in the thalamus of 5xFADmice; n= 7–9mice/group. Values aremeans± SEM. *p< 0.05, **p< 0.01, and ***p< 0.001, one-way
or two-way ANOVAwith Bonferroni’s post hoc tests among groups. ANOVA, analysis of variance; CBM, cranial bonemaneuver; dCLNs: deep
cervical lymph nodes; HPF, high-power field; MLVs, meningeal lymphatic vessels; NOR, novel object recognition; SEM, standard error of themean.
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(Figure S8E–G). However, such amelioration effects were significantly

impaired by ablation of MLVs. In summary, MLVs are indispensable

elements for CBM treatment therapeutic effects in the 5xFADmouse.

3.5 Inflammatory processes in the skull and
meninges after CBM treatment

After 10 days ofCBMtreatment, skull andmeningeswere harvested to

evaluate the mRNA and protein levels of inflammatory and lymphan-

giogenic factors (Figure 5A). CBM significantly increased the mRNA

levels of Il-1β, Il-6, and Vegf-c (Figure 5B–D), but not Tgf-β and Tnf-α in
the skull (Figure S9A,B). The protein levels of IL-1β and IL-6 were sig-

nificantly increased in the skull treated with CBM (Figure 5E–G), but

not IL-10 and TGF-β (Figure S9C,D). Intriguingly, prominent osteogenic

structure can be observed near the surgical site in the skull of CBM

group, whereas fibrosis structure was observed in the skull of CBM

control group (Figure5F). VEGF-CandVEGF-Dareboth knownas lym-

phangiogenic factors38; the protein levels of VEGF-D, but not VEGF-C

were significantly increased in the skull treatedwithCBM(Figure5H,I).

CBM significantly increased the protein levels of VEGF-C and TGF-β
(Figure 5J,K), but not IL-1β, IL-6, IL-10, and VEGF-D in the meninges

(Figure S9E–H).

Myeloid cells consist of the majority of innate immune cells in

the skull marrow.39 Recent studies suggested that tissue-resident

macrophages can detect the mechanical properties of the extracellu-

lar matrix to regulate a specific tissue repair program.40 Bymoving the

bone flap in vertical directions (upward and downward displacement)

along the days, mechanical stimulation was assumed to be applied

to the skull marrow during CBM procedures. The current study fur-

ther explored the effects of mechanical stimulation on macrophages.

Single direction of cell stretch was applied to RAW264.7 cells with

10% deformation within 24 h (Figure S10A). The mRNA levels of Il-

6, Tgf-β, and Vegf-c were significantly increased after cell stretching,

but not Il-1β and Tnf-α (Figure S10B–F). Moreover, bidirectional cell

stretch was applied to RAW264.7 cells with 10% deformation within

48 h (Figure S10G). The mRNA levels of Il-6 and Tgf-β were persis-

tently increased after cell stretching, but not Il-1β, Tnf-α, and Vegf-c

(Figure S10H–L).

3.6 Transcriptional profiles of the meninges after
CBM treatment

As CBM significantly promoted lymphangiogenesis and persistently

enhanced the meningeal lymphatic drainage function, we harvested

meninges to conduct RNA-seq analysis and investigated DEGs fol-

lowing CBM treatment. Compared with 5xFAD mice, transcriptomic

analyses revealed that 4582 genes (1984 upregulated and 2598 down-

regulated) were differentially expressed in the meninges on day 10 of

CBM procedures (Figure 5L). Intriguingly, the majority genes respon-

sible for lymphangiogenesis41 were found to be upregulated in the

meninges after CBM treatment (Figure 5M). Among the upregu-

lated DEGs, KEGG pathway enrichment analysis revealed that 122

upregulatedDEGswere enriched inmultiple inflammation regulations,

including cytokine–cytokine receptor interaction, chemokine signal-

ing pathway, B cell receptor signaling pathway and TNF signaling

pathway (Figure 5N). GOenrichment analysis revealed that 228upreg-

ulated DEGs were enriched in multiple immune-related processes,

including inflammatory responses, immune system process, immune

response, innate immune response, positive regulation of IL-6 pro-

duction, cytokine-mediated signaling pathway, and Fc-gamma receptor

signaling pathway (Figure S11A). These results suggest a key role in

immune responses in the process of CBM-induced lymphangiogenesis.

Moreover, tissue enrichment analysis indicated that the upregulated

DEGs are predominantly associated with macrophages and mast cells

in the meninges following CBM treatment (Figure 5O). Further inves-

tigations revealed that the density of macrophages but not mast

cells in meninges was significantly increased near the osteotomy and

CBM sites, along with a significant elevated level of VEGF-C in the

meninges (Figure 5P and Figure S11B). Furthermore, 19 upregulated

DEGswere related tomacrophage functions (Figure S11C).Of interest,

we have also identified substantial interactions between these genes

and the upregulated genes involved in the lymphangiogenesis pathway

(Figure S11D). These findings indicated that the CBM procedure likely

induces cascades of inflammatory responses and lymphangiogenesis

processes in the meninges of 5xFAD mice for exerting its therapeutic

effects.

3.7 The effects of IL-6 on LECs

Previous studies have suggested that injury-induced IL-6 drives lym-

phangiogenesis in bone.42 Humandermal LECs (Figure S12) andhuman

recombinant IL-6 protein were used to investigate the effects of IL-6

on LECs in vitro. This study found that IL-6 can significantly promote

the proliferation of human dermal LECs with the concentration of

20 ng/mL (Figure 6A,B). The mRNA levels of IL-1β, IL-6, and CCL2 in

LECs were significantly increased after 48 h of treatment of IL-6, but

notTGF-β,CCL5,CXCL1, andCX3CL1 (Figure6C–FandFigure S13A–C).
Moreover, IL-6 significantly enhanced tube formation of LECs with the

increasement of the total length and number of branches, whereas

Tocilizumab (IL-6R antibody) blocked such enhancement (Figure 6G–I).

IL-6 can also promote the migration of LECs with significant increase

of wound closure percentage after 12 and 24 h, whereas Tocilizumab

blocked such enhancement (Figure 6J–L). Collectively, IL-6 was found

to promote the proliferation, migration, and tube formation of LECs.

3.8 Pharmacological inhibition of the
VEGF-C/VEGFR3 pathway impaired the therapeutic
effects of CBM on AD progression

Meningeal lymphangiogenesis was inhibited by I.C.M infusion of

MAZ51 (inhibitor of VEGFR3 tyrosine kinase) for 4 weeks using an

osmotic pump (Figure 7A,B). Infusion of vehicle solutionwas applied to
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F IGURE 5 Inflammatory and lymphangiogenic processes in skull andmeninges after CBM treatment. (A) Experimental schedule for sample
collection after CBM treatment. The changes of mRNA levels of Il-1β (B), Il-6 (C), and Vegf-c (D) in skull after CBM treatment. The changes of
protein levels of IL-1β (E), IL-6 (F representative immunohistochemical staining of IL-6, and G), VEGF-C (H), and VEGF-D (I) in skull after CBM
treatment. The changes of protein levels of VEGF-C (J) and TGF-β (K) in meninges after CBM treatment. RNA-seq analysis reveals the
transcriptional changes of themeninges after CBM treatment. (L) Volcanomap of DEGs inmeninges of 5xFADmice at day 10 of CBMprocedures.
(M) Heatmap of DEGs enriched in the lymphangiogenesis pathway gene set. (N) KEGG pathway enrichment analyses of upregulated DEGs. (O)
Tissue enrichment analysis indicated that the upregulated DEGswere enriched inmacrophages andmast cells in meninges after CBM treatment.
(P) Representative images of the distribution pattern of macrophages (F4/80+) and VEGF-C inmeninges of 5xFADmice proximal to the surgical
site. *p< 0.05, **p< 0.01, and ***p< 0.001, one-way ANOVAwith Bonferroni’s post hoc tests among groups. ANOVA, analysis of variance; CBM,
cranial bonemaneuver; DEGs, differentially expressed genes; mRNA, messenger RNA.
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F IGURE 6 The effects of IL-6 on LECs. (A and B) Cell viability of human dermal LECs exposed to IL-6 for 24 and 48 hwasmeasured using the
CCK-8 assay. The changes of mRNA levels of IL-1β (C), IL-6 (D), CCL2 (E), and TGF-β (F) in human dermal LECs after IL-6 treatment for 24 and 48 h.
For tube-formation assay (G), IL-6 significantly increased the total length (H) and number of branches (I) of LECs, whereas Tocilizumab blocked
such enhancement effect. For cell scratch assay (J), IL-6 promotes themigration of LECswith significant increase of wound closure percentage
after 12 (K) and 24 h (L), whereas Tocilizumab blocked such enhancement. *p< 0.05, **p< 0.01, and ***p< 0.001, one-way ANOVAwith
Bonferroni’s post hoc tests among groups. ANOVA, analysis of variance; CBM, cranial bonemaneuver; LECs, lymphatic endothelial cells.
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F IGURE 7 Pharmacological inhibition of VEGF-C/VEGFR3 pathway impaired the therapeutic effects of CBMon AD. (A) Schematic graph of
osmotic pump I.C.M infusion. (B) Experimental schedule for pharmacological inhibition of VEGF-C/VEGFR3 pathway and behavioral tests. After
I.C.M infusion ofMAZ51,MLVs in the superior sagittal sinus (C andD) and transverse sinus (E and F), but not in the confluence of sinus (G), were
significantly eliminated. Themeningeal lymphatic drainage function was significantly impaired after the inhibition of VEGF-C/VEGFR3 pathway (H
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the control group. TheMLVs in the superior sagittal sinus (Figure 7C,D)

and transverse sinus (Figure 7E,F), but not at the confluence of sinus

(Figure 7G), were eliminated after 4weeks of I.C.M infusion ofMAZ51.

No difference in area fraction of OVA-A647 in the meninges was seen

among the groups following MAZ51 infusion (Figure S14A), and the

drainage function of MLVs was significantly impaired, as evidenced by

the reduced area fraction of OVA-A647 in dCLNs of 5xFAD mice in

the MAZ51 groups with or without CBM treatment compared to the

vehicle groups (Figure 7H,I).

To further investigate the roleofVEGF-C/VEGFR3pathway inCBM,

I.C.M infusions with MAZ51/vehicle were conducted 7 days before

CBM surgery. Behavioral tests were conducted to evaluate the loco-

motion activities and memory functions of 5xFAD mice when CBM

treatment was completed (Figure 7B). In the open field test, no sig-

nificant changes were observed for total travel distance and time in

central zone in 5xFAD mice among groups (Figure S14B,C). In the

NOR test, the discrimination index (Figure 7J) and preference index

(Figure 7K) were significantly improved in the Vehicle+CBM group,

whereas such improvement was significantly impaired by blocking

the VEGF-C/VEGFR3 signaling pathway. In the Barnes maze test,

the escape latency was significantly decreased in the Vehicle+CBM
group during acquisition phase (Figure 7L). During the probe test

phase, no significant difference of total travel distance was detected

among groups (Figure S14D), and Vehicle+CBM group mice spent

more time in the target quadrant (Figure 7 M,N), whereas such mem-

ory function improvement was significantly impaired by blocking the

VEGF-C/VEGFR3 pathway. Histopathological results revealed a signif-

icant dampening in amyloid depositions (Figure 7O,P, Figure S14E) and

Aβ plaques (Figure 7Q,R and Figure S14F) in the cortex and thalamus

of Vehicle+CBM group mice, as evidenced by the reduced number of

amyloid depositions andAβ plaques rather than averageAβ plaque size
(Figure S14G–I). However, such ameliorating effects were significantly

impaired by the blockage of VEGF-C/VEGFR3 pathway. In summary,

these results indicated that CBM may promote meningeal lymphan-

giogenesis and enhancemeningeal lymphatic drainage function via the

VEGF-C/VEGFR3 pathway.

4 DISCUSSION

The current study reported that CBM treatment significantly pro-

moted meningeal lymphangiogenesis and enhanced meningeal lym-

phatic drainage function in 5xFAD mice, resulting in improvement of

memory functions, reduction of amyloidosis in brain, and alleviation of

neuroinflammation. It is important to note that the therapeutic effects

of CBM treatment in 5xFAD mice lasted for at least 2 months—a con-

siderably long duration for mice. Specifical photoablation of the dorsal

MLVs significantly abolished the drainage function of MLVs in 5xFAD

mice, and subsequently counteracted the therapeutic effects of CBM

treatment. Using RNA-seq analysis, we found that CBM treatment

induced cascades of inflammatory responses and lymphangiogenic

processes in the meninges of 5xFAD mice, which are critical for the

therapeutic effects. Pharmacological inhibition of VEGF-C/VEGFR3

pathway predominantly eliminatedMLVs, abolished the drainage func-

tion of MLVs in 5xFAD mice, and diminished the therapeutic effects of

CBMon AD progression.

The DH technique has been applied beyond bone repair, demon-

strating its potential in tissue regeneration. Studies have shown that

DH procedure increased the muscle fibers and volume in patients

undergoing bone lengthening.43,44 DH stimulates angiogenesis in the

newly formed bone tissue, with new blood vessels being most abun-

dant in the distraction phase and maintaining for the entire treatment

duration.45 Gradual tension-stress stimulation during DH treatment

promotes regeneration of various tissues. Similarly, CBM treatment

significantly promotes meningeal lymphangiogenesis and enhances

meningeal lymphatic drainage function. A similar phenomenon was

observed in other cranial bone surgical procedures in mice. A previ-

ous study found that chronically implanted electroencephalography

electrodes induced significant lymphangiogenesis near the osteotomy

site, along with widespread reactive gliosis and increased CSF influx.46

Delivery of adeno-associated virus-VEGF-C has been reported to

induce lymphangiogenesis in the meninges and enhanced meningeal

lymphatic drainage to the dCLNs.47,48 However, adeno-associated

virus mediated therapy may cause cerebellar toxicity in nonhuman

primate,49 which remains controversial. In contrast, the CBM surgery

reported here is a safe, practical, and reproduciblemethod for promot-

ing lymphangiogenesis and enhancing meningeal lymphatic drainage

function.

Growing evidence suggests that an imbalance of production and

clearance of Aβ may lead to its accumulation and aggregation in

the brain.50 Recent work showed that the meningeal lymphatic sys-

tem and Aβ clearance are closely linked. Aβ accumulation may lead

to lymphatic dysfunction, which further hinders Aβ clearance.9,15,51

Another study also found that boosting meningeal lymphatics with

immunotherapies could enhance Aβ clearance and reduce the detri-

mental microglial inflammatory response in AD animals.35 The age-

associated impairment of MLVs may contribute to cognitive decline.15

In fact, aged mice showed reduced brain perfusion compared to their

young counterparts and was accompanied by a reduction in the diam-

eter and coverage of MLVs, as well as decreased drainage of CSF

and I). For the NOR test (J and K) and Barnesmaze test (L-N), inhibition of the VEGF-C/VEGFR3 pathway significantly impaired CBM-induced
memory function improvement, compared to the vehicle groups; n= 7–12mice/group. Representative images of Congo red staining (as black
arrows indicated, O) and quantification results of amyloid depositions in thalamus (P) of 5xFADmice. Representative images of
immunofluorescence staining (Q) and quantification results of Aβ plaques in thalamus (R) of 5xFADmice. n= 7–9mice/group. Values are
means± SEM. *p< 0.05, **p< 0.01, and ***p< 0.001, one-way or two-way ANOVAwith Bonferroni’s post hoc tests among groups were used.
ANOVA, analysis of variance; CBM, cranial bonemaneuver; dCLNs, deep cervical lymph nodes; HPF, high-power field; I.C.M, intra-cisternamagna;
MLVs, meningeal lymphatic vessels; NOR, novel object recognition; SEM, standard error of themean.
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into dCLNs.15 Our results revealed that CBM enhanced the clear-

ance of Aβ plaques through the meningeal lymphatic pathway, which

could last long even after ceasing the bone maneuver. Inflammation

can cause the growth of new initial lymphatics, a process known as

lymphangiogenesis, in both the draining lymph node and inflamed

tissue.52 Previous studies have suggested that both IL-6 and VEGF-

C are indispensable for lymphangiogenesis.42 The channels between

skull marrow and meninges may play an important role in cellu-

lar and molecular communications. IL-6 increases VEGF-C induction

and lymphangiogenesis, which may involve the Src-FAK-STAT3 cas-

cade in LECs.53 In addition, this study found that IL-6 increases

CCL2 induction in LECs, which may contribute to macrophages

chemotaxis to meninges.54 VEGF-C released by macrophages under

stimulation of various inflammatory cytokines is a key mediator for

inflammation-induced lymphangiogenesis.55 Tension stress can pro-

mote lymphangiogenesis through the VEGF-C-independent VEGFR3

signaling pathway.56 In the meantime, macrophages also promote IL-

6, TGF-β, and VEGF-C production undermechanical stimulation, which

may further support meningeal lymphangiogenesis. Therefore, both

the local inflammation and mechanical stimulation incurred during

CBM treatment may initiate andmaintain the long-term enhancement

effects on meningeal lymphangiogenesis and the meningeal lymphatic

drainage function.

The therapeutic mechanisms highlighted in our study are also

clinically relevant. Previous study showed that ablation of MLVs in

5xFAD mice compromised the therapeutic effects of anti-Aβ passive

immunotherapy with increased Aβ deposition, microgliosis and wors-

ened neurovascular dysfunction and behavioral deficits.35 Intriguingly,

the gene expression patterns of microglia from 5xFAD mice with dys-

functional MLVs substantially resembled the transcriptional profiles of

microglia in patients with AD, suggesting that the impaired drainage

function of MLVs will worsen the microglial inflammatory response

in these patients.35 In the current study, ablation of MLVs diminished

the therapeutic effects of CBM on AD progression, highlighting the

crucial role ofMLVs inmodulating neurological disorders. Recent stud-

ies confirmed the critical role of the MLVs in modulating immune

responses and inflammation in the CNS of various diseasemodels.57,58

Under physiological conditions, drainage of macromolecules and pro-

tein aggregates from the brain through the meningeal lymphatics is

essential for maintaining CNS homeostasis. MLVs have the poten-

tial to remove neurotropic viruses from the CNS and transport them

to dCLNs. When the lymphatic vessels were surgically ligated or

the dorsal MLVs were ablated in the virus-infected mice, increased

neurological damage and mortality were observed.59 Moreover, the

impairment of meningeal lymphatics in mice is a contributing factor to

their susceptibility to stress, and restoring the meningeal lymphatics

function reduced depression-like behavior in mice.47

Lymphangiogenesis refers to the process of sprouting and prolifera-

tion of LECs and formation of lymphatic vessels. Myeloid cells appear

to play an important role in meningeal tissue remodeling, which can

direct ectopic lymphangiogenesis in the spinal cord meninges after

injury.60 In agreement with these reports, our results found a signif-

icant increase in macrophage density around the CBM sites, which

may be responsible for promoting lymphangiogenesis and strengthen-

ing drainage function of MLVs. In a recent study, four different subsets

of meningeal macrophages were identified based on the expres-

sion of markers CD38, LYVE-1, MHC II, and CCR2. These meningeal

macrophages playdiverse roles in tissuehomeostasis, debris clearance,

and infection protection.61 During the development of LYVE-1+/Prox-

1+ lymphatic vessels, an abundant subpopulation of LYVE-1+/PROX-

1−/CD206+/F4/80+ macrophage-like cells was observed, which grad-

ually disappeared during further lymphatic vessels development pos-

sibly due to Lyve-1 downregulation.62 When the VEGF-C/VEGFR3

signaling pathway was blocked, the growth and survival of LECs were

inhibited, and the same subpopulation cells appeared again.63 Fur-

ther investigations are still needed to explore the roles of meningeal

macrophages in lymphangiogenesis during CBM treatment.

Our results underscored that the therapeutic effects of CBM

are dependent on VEGF-C/VEGFR3 signaling pathway. The VEGF-

C/VEGFR3 pathway is a promising therapeutic target for CNS dis-

orders. Intracerebroventricular injection of adeno-associated virus-

VEGF-C stimulatedmeningeal lymphangiogenesiswithout compromis-

ing the function of meningeal blood vessels or the blood–brain barrier.

Augmentation of MLVs and their drainage capacity using lymphan-

giogenic growth factor provides therapeutic benefits for AD, stroke,

traumatic brain injury, neurotropic viral infection, and even hepatic

encephalopathy in cirrhosis.10,12,15,59,64 In this regard, CBMappears to

be a simple and effective method for stimulating MLVs expansion and

improving the outflow of fluid, cells, and macromolecules in the cur-

rent study. Further clinical studies are warranted to apply CBM as a

new treatment for neuropathological disorders.

There are some limitations of the present study. First, previous stud-

ies indicated that basal MLVs are more active in CSF drainage than the

dorsal lymphatics,34 and that CSF primarily flows through the basal

MLVs rather than the dorsal region.65 Both the dorsal and basal dural

lymphatic vessels contribute to the drainage of CSF; however, the cur-

rent study solely explored the lymphangiogenic effects of CBM on

dorsal MLVs owing to limited technical capabilities. Second, sporadic

AD is a neurodegenerative disease that progresses slowly, character-

ized by gradual decline inmemory and cognitive abilities. However, this

study investigated only the therapeutic effects of CBM in transgenic

AD mice at early pathological phase, which may not fully demonstrate

the entire therapeutic effects and potential impacts of CBM. In addi-

tion, this study only used Sholl analysis to evaluate neuroinflammation.

Measurements of proinflammatory cytokines and canonicalmarkers of

microglial activation are required in our future study. Third, MAZ51

inhibits a variety of kinases other than VEGFR3. Its side effects should

not be neglected. Alternative approaches using anti-VEGFR-3 block-

ing antibodies, soluble VEGFR-3 (VEGF-C trap), or a mouse model

with lymphatic Vegfr3-deletion should be used in future investigations.

Finally, innate immune cells are present within the skull marrow and

meninges in both normal and inflammatory circumstances. However,

there is still limited understanding of how these immune cells interact

with the LECs for regulating lymphangiogenesis.

In summary, the current study investigated the therapeutic effects

of CBM on AD progression using 5xFAD mice. CBM procedures



20 of 22 LU ET AL.

improved memory functions, reduced amyloidosis, alleviated neuroin-

flammation, and promoted meningeal lymphangiogenesis and lym-

phatic drainage function through the VEGF-C/VEGFR3 pathway. The

beneficial effects of CBM lasted for a relatively long period after the

CBM procedure. RNA-seq analysis revealed that CBM can induce cas-

cades of inflammatory responses and lymphangiogenesis processes in

the meninges of 5xFAD mice to exert therapeutic effects. CBM signif-

icantly increased the protein levels of IL-1β and IL-6 in the skull and

VEGF-C in the meninges. IL-6 was proven to promote the prolifera-

tion, migration, and tube formation of LECs. Photoablation of MLVs

and blockage of the VEGF-C/VEGFR3 pathway diminished the thera-

peutic effects of CBM on AD progression. These findings suggest that

CBMmight be a novel promising approach for ADmanagement by aug-

menting the meningeal lymphatic drainage function. Further clinical

investigations are highly warranted.
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