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ABSTRACT

Spinal cord injury (SCI) induces secondary brain pathology, but the mechanisms linking spinal and brain injury remain unclear.

Here, we identify meningeal lymphatic dysfunction as a contributor to secondary brain pathology after SCI. In mice, meningeal

lymphatic vessels (mLVs) progressively deteriorated from 14 to 56 days post-injury, accompanied by glymphatic dysfunction. In

patients with SCI, diffusion tensor imaging along the perivascular space (DTI-ALPS) revealed impaired glymphatic function,

which correlated with motor cortical and hippocampal atrophy. mLVs ablation exacerbated neuroinflammation, neuronal

loss, impaired hippocampal neurogenesis, and motor and cognitive deficits, whereas VEGF-C-mediated lymphatic restoration

ameliorated these abnormalities. Integrated single-cell and bulk transcriptomics identified reduced LTBR expression in meningeal

lymphatic endothelial cells (LECs) after SCI. Ltbr knockdown in LECs further exacerbated SCI-induced lymphatic dysfunction
and secondary brain pathology, whereas LEC-specific Ltbr overexpression promoted lymphatic repair and improved neurological
outcomes. In human LECs, LTBR enhanced proliferation, migration, and tube formation, with PI3K-AKT signaling potentially

contributing to these effects. These findings establish meningeal lymphatic dysfunction as an important component of secondary
brain pathology after SCI and identify LTBR as a potential regulator of lymphatic repair.

1 | Introduction

Brain structural and functional impairments secondary to spinal
cord injury (SCI) represent a significant yet frequently overlooked
complication. These remote brain pathologies not only hinder the
recovery of motor and sensory functions [1], but also contribute
to cognitive and affective deficits [2, 3]. Evidence indicates that
over 60% of SCI patients develop cognitive impairment, includ-
ing deficits in attention, memory, and executive function [4].
Although advances in tissue engineering and robotic exoskele-

tons show considerable promise for motor rehabilitation, such
interventions do not address SCI-related brain disorders [5]. Thus,
elucidating the mechanisms underlying secondary brain injury
post-SCI is essential for developing comprehensive therapeutic
strategies.

Our previous work identified pronounced brain atrophy in
patients with SCI [6], an observation that has been corrobo-
rated by independent studies [7, 8]. This structural degeneration
correlates with neurological dysfunction: the extent of primary
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motor cortex (M1) atrophy strongly predicts motor recovery
[1]. Further mechanistic investigation revealed that SCI triggers
robust neuroinflammation within the cerebral cortex, culminat-
ing in neuronal death [9]. Similar neuroinflammatory changes
occur in the hippocampus, contributing to neuronal injury and
functional impairment [10-12]. Thus, widespread neuroinflam-
mation emerges as a pivotal mechanism mediating post-SCI
brain damage, yet the mechanisms initiating and sustaining this
response remain unknown.

The recent discovery of meningeal lymphatic vessels (mLVs)
has revolutionized our understanding of brain homeostasis
and disease pathogenesis [13]. These structures, integral to the
glymphatic-lymphatic system, facilitate cerebrospinal fluid (CSF)
drainage and immune cell trafficking between the central ner-
vous system (CNS) and peripheral immunity [14, 15]. Impaired
meningeal lymphatic function contributes to neuroinflammation
and neurological dysfunction in various CNS disorders, including
neurodegenerative diseases, neuroinflammatory conditions, and
traumatic brain injury [16-18]. Dysfunctional mLVs compromise
CSF clearance, leading to neurotoxic waste accumulation and
sustained inflammation within the brain parenchyma [15, 19].
However, whether SCI affects mLVs integrity and function, and
whether such changes trigger secondary brain injury, remains
unexplored.

In the present study, we demonstrate that SCI induces struc-
tural and functional damage to mLVs, impairing CSF drainage,
promoting neuroinflammation in the remote cortex and hip-
pocampus, and ultimately contributing to motor and cogni-
tive deficits. Using human imaging, mouse models, single-
cell and transcriptomic sequencing analyses, and gain- and
loss-of-function approaches, we further identify lymphotoxin
beta receptor (LTBR) in meningeal lymphatic endothelial cells
(LECs) as a key regulator of meningeal lymphatic repair after
SCI. Our findings establish mLVs dysfunction as a critical
pathological mechanism linking SCI to remote brain injury
and identify LTBR as a potential regulator of meningeal lym-
phatic repair and a candidate target for future intervention
strategies.

2 | Results

2.1 | SCIImpairs Meningeal Lymphatic and Brain
Glymphatic Function

To investigate the brain lymphatic dynamics after SCI, we
established a T9 spinal cord contusion model in mice. At 1, 7,
14, 28, and 56 days post-injury (dpi), Alexa Fluor 647-conjugated
ovalbumin (OVA-647) was injected into the cisterna magna, and
tracer distribution was assessed in the brain and deep cervical
lymph nodes (dCLNs) 2 h later. Tracer drainage to the dCLNs
measured using in vivo imaging (Figure 1A,B) and histological
quantification (Figure 1C,D) showed a significant reduction in
SCI group starting at 14 dpi and persisting through 56 dpi, reveal-
ing sustained meningeal lymphatic dysfunction throughout the
14-56 dpi observation period. Consistent with these functional
changes, lymphatic vessel endothelial hyaluronan receptor 1
(LYVE-1) immunostaining revealed a progressive reduction in
dural lymphatic vessel coverage beginning at 14 dpi and persisting

to 56 dpi (Figure 1E,F). Similarly, compared with the sham group,
tracer influx into brain parenchyma was significantly reduced
beginning at 28 dpi and remained decreased through 56 dpi
(Figure 1G,H), indicating impaired glymphatic function. To assess
glymphatic-related function in patients with SCI, we performed
diffusion tensor imaging along the perivascular space (DTI-ALPS)
in SCI patients and healthy controls (Figure 1I). The ALPS
index was significantly lower in the SCI group than in controls
(Figure 1J), suggesting impaired glymphatic-related function
following SCI. We further quantified regional brain volumes and
found significant atrophy of the precentral gyrus and hippocam-
pus in SCI patients (Figure 1K,L). Correlation analysis revealed
a significant positive correlation between the ALPS index and
the volumes of both brain regions in SCI patients (Figure 1M,N),
indicating an association between impaired glymphatic-related
function and structural brain alterations after SCI. Together, these
demonstrate impairment of meningeal lymphatic drainage and
glymphatic-related tracer transport after SCI.

2.2 | SCI Leads to Neurological Deficits and
Remote Secondary Brain Pathology

To determine whether SCI-induced lymphatic dysfunction is
accompanied by sustained brain pathology, we evaluated neu-
rological function, neuroinflammation, neuronal integrity, and
transcriptomic profiles in mice at 56 dpi. Motor function, assessed
longitudinally with the Basso Mouse Scale (BMS), remained
markedly impaired in SCI mice throughout the observation
period compared with sham controls (Figure S1A). Similarly,
motor evoked potential (MEP) recordings at 56 dpi revealed pro-
longed latency and reduced amplitude in the SCI group (Figure
S1B-D), indicating impaired corticospinal conduction. Cognitive
function was evaluated using the novel object recognition (NOR)
test and the Y-maze test. Compared with the sham group, SCI
mice exhibited a significant reduction in the object recognition
index (Figure S1E) and fewer entries into and less time spent
in the novel arm of the Y-maze (Figure SIF-H), reflecting
hippocampus-dependent memory deficits. Neuroinflammation
in the cortex and hippocampus was subsequently assessed via
examining microglial activation and pro-inflammatory cytokine
levels. Enzyme-linked immunosorbent assay (ELISA) demon-
strated elevated levels of tumor necrosis factor-alpha (TNF-a) and
interleukin-1 beta (IL-18) in the same brain regions of SCI mice
(Figure S1L,J), confirming an ongoing neuroinflammatory state.
Consistently, immunofluorescence staining for ionized calcium-
binding adapter protein 1 (Ibal, a microglial marker) revealed
a marked increase in microglial density in both regions of SCI
mice (Figure S1K,L). Neuronal pathology was evaluated by Nissl
staining and doublecortin (DCX) staining. Nissl staining further
revealed decreased neuronal density in both the cortex and hip-
pocampus of SCI mice (Figure SIM,N), suggesting that chronic
neuroinflammation coincides with neuronal loss. A significant
reduction in DCX-positive cells was observed in the hippocampal
dentate gyrus of SCI mice (Figure S10,P), indicating impaired
neurogenesis.

To further investigate the molecular mechanisms underlying
these pathological changes, we performed RNA sequencing
(RNA-seq) analysis on the motor cortex and hippocampus at
56 dpi. Differential expression analysis revealed distinct tran-
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FIGURE 1 | The effects of SCI on meningeal lymphatic and brain glymphatic function. (A, B) Representative in vivo bioluminescence images and
quantification of fluorescence intensity of dCLNs at the indicated time points after SCI (n = 6-7 mice per group). (C) Representative immunofluorescence
images of dCLNs sections stained for OVA-647 (red), LYVE-1 (green), and 4’,6-diamidino-2-phenylindole (DAPI, blue) at the indicated time points after
SCI (n = 6-7 mice per group). Scale bar, 200 um. (D) Quantification of OVA-647* area fraction in dCLNs sections at the indicated time points after
SCI (n = 6-7 mice per group). (E, F) Representative immunofluorescence images and quantification of LYVE-1" vessel area fraction of the dura mater
stained for LYVE-1 (red) and DAPI (blue) at the indicated time points after SCI (n = 6-7 mice per group). (G, H) Representative coronal brain sections and
quantification of OVA-647" area fraction at 2 h after intracisternal injection of OVA-647 in sham-operated mice and mice at 1, 7, 14, 28 and 56 day post-SCI
(n = 3 mice per group). Scale bar, 1000 mm. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s multiple comparisons test. (I)
Representative diffusion tensor imaging along the perivascular space (DTI-ALPS) map, with ROI (white circles) placed in the perivascular space of the
bilateral hemispheres (R: right hemisphere; L: left hemisphere). (J) Statistical analysis for ALPS index between SCI patients and healthy controls (HC,
n = 32 participants; HP, n = 40 participants). (K, L) Volumetric analysis of the precentral gyrus and hippocampus in SCI patients and healthy controls.
Statistical analysis was performed by unpaired two-tailed Student’s t-test. (M, N) Pearson correlation analysis of DTI-ALPS index with precentral gyrus
and hippocampus in SCI patients. Scale bar,1000 um. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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scriptional profiles between groups (Figure S2A,B), with the
motor cortex and hippocampus exhibiting similar transcriptional
alterations. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis highlighted significant upregula-
tion of gene sets associated with neuroinflammation and tissue
remodeling after SCI, including NF-kappa B signaling path-
way, TGF-beta signaling pathway, ECM-receptor interaction, and
Neuroactive ligand-receptor interaction (Figure S1Q-T). Gene
Ontology (GO) functional enrichment analysis also revealed
enrichment in biological processes related to neuropeptide sig-
naling, cell adhesion, neuronal differentiation and apoptosis, and
calcium ion transport (Figure S2C,D). Additionally, Gene Set
Enrichment Analysis (GSEA) confirmed significant enrichment
of gene sets involved in inflammatory responses, DNA repair,
synaptic plasticity, and impaired neuronal differentiation (Figure
S2E,F). Collectively, these results demonstrate that SCI induces
sustained neuroinflammation, neuronal loss, and impaired
neurogenesis in the remote brain regions, accompanied by
molecular programs consistent with progressive secondary brain

injury.

2.3 | Meningeal Lymphatic Ablation Exacerbates
Neurological Deficits and Secondary Brain
Pathology After SCI

To test whether meningeal lymphatic dysfunction contributes
causally to secondary brain injury after SCI, we performed
targeted mLVs ablation before SCI by intracisternal injection of
Visudyne followed by photoactivation (Figure S3A). Compared
to non-ablated SCI controls, mLVs-ablated mice exhibited sig-
nificantly reduced tracer drainage to the dCLNs at 56 dpi, as
measured by in vivo fluorescence imaging and histological anal-
ysis (Figure S3B-E). Consistently, immunofluorescence staining
confirmed a marked reduction in mLVs coverage area in ablated
mice (Figure S3F,G). mLVs ablation also reduced tracer influx into
the brain parenchyma (Figure S3H,I), indicating that disruption
of meningeal lymphatic outflow further compromises glymphatic
exchange after SCI.

Behavioral tests were conducted at various time points post-SCI to
evaluate motor and cognitive abilities across groups (Figure S3A).
BMS scores were significantly lower in the ablation group from
14 to 56 dpi compared to non-ablated SCI controls (Figure S4A).
MEDP recordings at 56 dpi showed prolonged latency and reduced
amplitude in the ablation group (Figure S4B-D). In behavioral
tests, mLVs ablation worsened performance in both the NOR and
Y-maze tasks (Figure S4E-H), indicating exacerbated cognitive
impairment.

Neuropathological examination at 56 dpi revealed that mLVs
ablation amplified SCI-induced brain pathology. TNF-« and IL-
18 concentrations were further increased in the cortex and
hippocampus (Figure S4LJ), and the density of Ibal-positive
microglia was markedly higher (Figure S4K,L). mLVs ablation
also increased neuronal loss in the cortex and hippocampus
and further reduced the number of DCX-positive cells in the
dentate gyrus (Figure S4M-P). These results support a causal role
for meningeal lymphatic dysfunction in promoting glymphatic
failure, neuroinflammation, neuronal injury, and neurological
deficits after SCI.

2.4 | VEGF-C-Mediated Lymphatic Restoration
Mitigates Secondary Brain Pathology After SCI

Given the established role of vascular endothelial growth factor
C (VEGF-C) in promoting lymphatic growth and regeneration
[20], we investigated whether enhancing meningeal lymphatic
repair could reverse SCI-induced secondary brain injury. Twenty-
eight days prior to SCI modeling, AAV1-VEGF-C or a control
AAV1-GFP virus was administered via intracisternal magna
injection (Figure 2A). Vegf-c overexpression in the dura mater
was confirmed by real-time quantitative PCR (QPCR) (Figure 3B).
At 56 dpi, VEGF-C treatment increased OVA-647 drainage to the
dCLNs, as shown by both in vivo imaging and histological quan-
tification (Figure 2C-F). LYVE-1 staining also revealed greater
mLVs coverage in AAV1-VEGF-C treated mice than in controls
(Figure 2G,H). Consistent with enhanced lymphatic drainage,
tracer influx into the brain parenchyma was also increased
(Figure 2L,J), reflecting improved glymphatic function.

We then examined whether restoring mLVs function confers
neurobehavioral benefits post-SCI. AAVI-VEGF-C treated mice
achieved higher BMS scores from 14 dpi onward (Figure 3A). MEP
recordings at 56 dpi further showed shorter latencies and larger
amplitudes than in AAV1-GFP treated SCI controls (Figure 3B-
D). In cognitive testing, AAV1-VEGF-C treatment improved
performance in both the NOR and Y-maze tasks (Figure 3E-H).

Pathological assessments were conducted to elucidate the under-
lying mechanisms. VEGF-C overexpression significantly reduced
the levels of pro-inflammatory cytokines in both the cortex
and hippocampus (Figure 31,J), decreased Ibal-positive microglia
(Figure 3K,L), increased neuronal survival (Figure 3M,N), and
restored dentate gyrus neurogenesis (Figure 30,P). RNA-seq of
cortical and hippocampal tissue showed that VEGF-C overexpres-
sion modulated gene programs related to immune responses and
neurogenesis (Figure 3Q,R). GSEA further confirmed significant
enrichment of genes associated with cytokine production and
neuroinflammatory processes (Figure 3S,T). Collectively, these
findings demonstrate that therapeutic restoration of meningeal
lymphatic function reduces secondary brain injury and improves
motor and cognitive recovery after SCI.

2.5 | LTBR Downregulation in Meningeal LECs
Mediates Meningeal Lymphatic Dysfunction After
SCI

To elucidate the cellular and molecular mechanisms underlying
SCI-induced meningeal lymphatic damage, we performed single-
cell RNA sequencing (scRNA-seq) on the dura mater from sham
and SCI mice at 56 dpi (Figure 4A). Quality control assessment
showed comparable distributions of mitochondrial transcript
percentages (Percent_mt) and total RNA counts (nCount_RNA)
across individual samples, supporting consistent cellular quality
and sequencing depth across the dataset (Figure S5A,B). Unsu-
pervised clustering analysis identified 14 distinct cell clusters,
with no overt segregation observed between the SCI and sham
groups (Figure 4B). Each cluster was annotated based on estab-
lished canonical markers, revealing the following major cell types
(Figure 4D): neurons (Cntnap2, Id4, Pax6), oligodendrocytes
(Plp1, Mbp, Mpz), ciliated ependymal cells (CEPECs; Clic6, Enpp2,
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FIGURE 2 | The effects of VEGF-C treatment on mLVs function and CSF influx after SCI. (A) Schedule of treatments and behavior tests of SCI

mice. (B) Relative mRNA expression of Vegf-c in the dura mater of mice injected (i.c.m) with AAV1-GFP or AAV1-VEGF-C (n = 3 mice per group). (C, D)
Representative in vivo fluorescence images and quantification of fluorescence intensity of dCLNs in SCI mice injected with AAV1-GFP or AAVI-VEGF-
C at 56 dpi (n = 6 mice per group). (E) Representative immunofluorescence images of dCLNs sections stained for OVA-647 (red), LYVE-1 (green), and
DAPI (blue) in SCI mice injected with AAV1-GFP or AAV1-VEGF-C at 56 dpi. Scale bar, 200 um. (F) Quantification of OVA-647" area fraction in dCLNs
sections from SCI mice injected with AAV1-GFP or AAV1-VEGF-C at 56 dpi (n = 6 mice per group). (G, H) Representative immunofluorescence images
and quantification of LYVE-1" vessel area fraction in the dura mater of SCI mice injected with AAV1-GFP or AAVI-VEGF-C at 56 dpi (n = 6 mice per
group). Scale bar,1000 um. (I, J) Representative coronal brain sections and quantification of OVA-647" area fraction showing CSF influx into the brain
parenchyma in SCI mice injected with AAV1-GFP or AAV1-VEGF-C at 56 dpi (n = 3 mice per group). Scale bar, 1000 mm. Statistical significance was
determined by unpaired two-tailed Student’s t-test. Data are presented as mean + SEM. *p <0.05, **p < 0.01, ***p < 0.0001.

K1), neuroendocrine cells (Chga, Chgb, Meg3), endothelial cells
(Pecaml, Cdh5, Cldn5), fibroblasts (Dcn, Collal, Colla2), mural
cells (Acta2, Rgs5, Tagln), B cells (Ms4al, Cd79a, Cd19), T cells
(Cd3d, Trac, Trbc2), natural killer (NK) cells (Klrcl, Kirdl, Xcll),
mononuclear phagocytes (MPs; Cd163, Clgc, Cd68), plasmacytoid
dendritic cells (pDCs; Siglech, Ccr9, Irf8), mast cells (Tpsabl,
Cmal, Cpa3), and neutrophils (S100a8, S100a9, Csf3r). Although
all 14 cell types were present in both the sham and SCI groups,
their relative proportions exhibited distinct dynamic changes.
Notably, endothelial cells constituted the most abundant popula-
tion and displayed the pronounced alteration (Figure 4C). Given

that meningeal LECs originate from the endothelial lineage, we
subclustered the endothelial compartment and identified four
distinct subclusters (Figure 4E). This analysis revealed a reduced
proportion of meningeal LECs in the SCI group compared to
sham controls, consistent with mLVs loss observed histologically.

The LECs population was annotated based on the combined
expression of lymphatic endothelial-associated markers, includ-
ing Flt4, Lyvel, and ProxI (Figure S5C). To elucidate the transcrip-
tional alterations in LECs, we conducted GO enrichment analysis
on LECs from both groups. The results indicated that LECs
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FIGURE 3 | The effect of VEGF-C treatment on secondary brain pathology after SCI. (A) BMS scores in SCI mice injected with AAV1-GFP or
AAVI-VEGF-C from 0 to 56 days post-injury (dpi) (n = 10-1lmice per group). Statistical significance was determined by repeated measures ANOVA. (B)
Representative MEP traces from SCI mice injected with AAV1-GFP or AAV1-VEGF-C at 55 dpi. (C, D) Quantification of MEP latency and amplitude in
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J) ELISA analysis of IL-15 and TNF-« in the cortex and hippocampus of SCI mice injected with AAV1-GFP or AAV1-VEGF-C at 56 dpi (n = 5 mice per
group). (K, L) Representative immunofluorescence images and quantification of Ibal* microglia (red) and DAPI(blue) in the cortex and hippocampus of
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from SCI mice exhibited transcriptional changes predominantly
associated with biological processes such as cell proliferation,
migration, and tube formation (Figure 4F). However, due to the
limited cell yield from dural scRNA-seq and inherent technical
constraints, we sought to validate and extend these findings.
To this end, we isolated meningeal LECs from an additional
cohort of SCI and sham mice using fluorescence-activated cell
sorting (FACS) based on a predefined gating strategy, followed
by low-input bulk RNA-seq (Figure 4G,H). In agreement with
the scRNA-seq data, GO and GSEA analyses showed that
SCI primarily affected pathways involved in cell proliferation,
adhesion, migration, and lymphatic development (Figure 4L]J).
Unexpectedly, pathway enrichment analysis revealed that the
differentially expressed genes in LECs following SCI were not
significantly associated with the classical VEGF-C signaling path-
way (Figure S6A-E). Subsequent examination of specific mRNAs
implicated in these processes revealed decreased expression of
multiple genes previously reported to promote LECs prolifer-
ation, migration, and tubulogenesis. Among the differentially
expressed genes, we identified Ltbr as a candidate mediator of
SCI-induced lymphatic impairment (Figure 4K). qPCR confirmed
significant downregulation of Ltbr transcription in the dura mater
after SCI, consistent with our transcriptomic data (Figure 4L).
This finding was further validated at the protein level using
double immunofluorescence staining, which demonstrated a
marked reduction of LTBR protein in LYVE-1-positive meningeal
LECs following SCI (Figure 4M,N). These results identify LTBR
downregulation in meningeal LECs as a potential mechanism of
impaired lymphatic repair after SCI.

To further characterize the cellular context of meningeal LECs
within the dural microenvironment, we performed cell-cell
communication analysis, which revealed predicted interactions
between LECs and multiple stromal and immune cell popula-
tions, with fibroblasts showing the strongest overall communica-
tion (Figure S5D).

2.6 | Ltbr Knockdown Exacerbates Meningeal
Lymphatic Impairment After SCI

To determine whether Ltbr is required for maintaining basal
meningeal lymphatic function under physiological conditions,
we examined the effects of Ltbr deficiency in wild-type mice in
the absence of SCI. Mice received intracisternal administration
of AAV9-shLtbr or control AAV9-nc, and meningeal lymphatic
drainage was evaluated 28 days later. Compared with control
mice, Ltbr-deficient mice exhibited no significant changes in
OVA-647 accumulation in the dCLNs (Figure S7A,B) and LYVE-
1-positive vessel area fraction in dura mater (Figure S7C,D),
indicating that LTBR deficiency alone does not compromise

resting meningeal lymphatic drainage. To further determine
whether LTBR contributes to lymphatic repair following SCI, we
next examined the effects of Ltbr knockdown in the SCI model
(Figure 5A). Successful Ltbr mRNA knockdown in meningeal
LECs was confirmed before SCI (Figure 5B). At 56 dpi, mice
with Ltbr knockdown showed less OVA-647 accumulation in
the dCLNs than control mice, indicating further impairment
of lymphatic drainage (Figure 5C-F). Consistently, LYVE-1
immunofluorescence revealed a greater reduction in mLVs cov-
erage (Figure 5G,H), and tracer influx into the brain parenchyma
was further diminished (Figure 51,J), reflecting aggravated glym-
phatic dysfunction.

To assess the effects of LTBR on LECs function, we performed
lentivirus-mediated Ltbr silencing in human lymphatic endothe-
lial cells (hLECs) (Figure 5K,L). Ltbr silencing significantly
reduced the EdU-positive cell rate (Figure 5M,N), decreased the
wound closure rate in scratch assays (Figure 50,P), and dimin-
ished the number of nodes and total length in tube formation
assays (Figure 5Q-S). These results indicate that LTBR is required
for LECs proliferation, migration, and tube formation, providing
a cellular explanation for the in vivo lymphatic deficits.

2.7 | Ltbr Knockdown Aggravates Neurological
Deficits and Secondary Brain Pathology After SCI

We next determined whether Ltbr knockdown in meningeal LECs
exacerbates secondary brain pathology following SCI. Notably,
Ltbr-knockdown SCI mice exhibited significantly lower BMS
scores compared to control SCI mice from 14 through 56 dpi
(Figure 6A), indicating that Ltbr suppression impairs locomotor
recovery. MEP recordings at 56 dpi revealed that Ltbr knockdown
further increased latency and reduced amplitude (Figure 6B-D),
suggesting exacerbated corticospinal conduction dysfunction. In
cognitive tests, Ltbr-knockdown mice showed reduced preference
for the novel object in the NOR task and impaired performance
in the Y-maze (Figure 6E-H).

Consistent with behavioral deficits, Ltbr knockdown intensified
SCI-induced secondary brain pathology. The levels of pro-
inflammatory cytokines TNF-« and IL-18 were further increased
in both the cortex and hippocampus (Figure 61,J), and Ibal-
positive microglia accumulation was enhanced (Figure 6K,L),
indicating exacerbated neuroinflammation. Neuronal loss in the
cortex and hippocampus was more severe, and dentate gyrus
neurogenesis was further reduced following Ltbr knockdown
(Figure 6M-P). Collectively, these results demonstrate that LTBR
downregulation in meningeal LECs exacerbates SCI-induced
meningeal lymphatic dysfunction, neuroinflammation, neuronal
injury, and neurological deficits.

SCI mice injected with AAV1-GFP or AAV1-VEGF-C at 56 dpi (n = 5-6 mice per group). Scale bar, 50 um. (M, N) Representative Nissl staining images and
quantification of surviving neurons in the cortex and hippocampus of SCI mice injected with AAV1-GFP or AAV1-VEGF-C at 56 dpi (n = 4-5 mice per

group). Scale bar, 50 um. (O, P) Representative immunofluorescence images and quantification of DCX* neuronal progenitors (green) and DAPI (blue)
in the dentate gyrus of SCI mice injected with AAV1-GFP or AAVI-VEGF-C at 56 dpi (n = 6 mice per group). Scale bar, 200 pm. (Q, R) GO enrichment
analysis of differentially expressed genes (DEGs) in the cortex and hippocampus of SCI mice injected with AAVI-VEGF-C compared to AAV1-GFP

controls at 56 dpi (n = 4 mice per group). (S, T) Enrichment plots from GSEA in the cortex and hippocampus of SCI mice injected with AAV1-VEGF-C

versus AAV1-GFP at 56 dpi. Statistical significance was determined by unpaired two-tailed Student’s t-test. Data are presented as mean + SEM. *p <

0.05, **p < 0.01, ***p < 0.001.
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plots of all dural cells from sham and SCI groups, colored by cell type. (C) Bar chart comparing the proportion of each cell subcluster in sham versus
SCI dura mater. (D) Dot plots depicting the average expression of canonical marker transcripts across 14 identified cell types. Dot size corresponds to
the frequency of cells expressing each gene within the respective cell type. (E) Bar chart comparing the proportion of each endothelial cell subcluster
in sham versus SCI dura mater. (F) Bar plot of GO enrichment analysis for LECs DEGs in sham versus SCI dura mater. n = 3 independent biological
replicates per group with each replicate pooled from three mice. (G) Schematic of the strategy for isolating CD45~CD31*Podoplanin* LECs from the

8 of 21 Advanced Science, 2026



2.8 | Ltbr Overexpression Promotes Meningeal
Lymphatic Restoration With Potential Involvement
of PI3K-AKT Signaling After SCI

To investigate whether enhancing LTBR expression is suffi-
cient to promote meningeal lymphatic restoration after SCI, we
generated mice with inducible Ltbr overexpression in LECs by
crossing Prox1-CreERT2 mice with conditional Ltbr knock-in
mice with Libr/1% mice (Figure 7A, Figure S8A). Following
intraperitoneal tamoxifen administration, we validated signifi-
cant upregulation of LTBR levels specifically in the meningeal
LECs of Ltbr®¢+; Prox1-Cre mice, compared with Ltbr®*/* litter-
mate controls (Figure S8B,C). Remarkably, Ltbr overexpression
significantly increased OVA-647 drainage to the dCLNs, expanded
LYVE-1-positive coverage area of mLVs, and enhanced tracer
influx into the brain parenchyma following SCI (Figure 7B-
I), indicating improved meningeal lymphatic and glymphatic
function.

To explore the cellular mechanisms by which LTBR regulates
LECs function, we performed in vitro assays using hLECs.
Lentiviral-mediated overexpression of Ltbr (LV-Ltbr) signifi-
cantly increased cell proliferation, accelerated migration, and
enhanced tube formation compared with the control virus
(Figure 7J-Q), demonstrating that LTBR is sufficient to promote
core lymphangiogenic behaviors. To define the molecular mech-
anisms of these effects, we performed bulk RNA-seq in hLECs
transfected with LV-Ltbr or vector. GSEA revealed significant
enrichment of the PI3K-AKT signaling pathway following Ltbr-
overexpression (Figure 7R). To further validate this association,
we performed pharmacological inhibition using GDC-0941. A
dose-response analysis yielded an IC50 of 1.423 ym(Figure S9A),
and 0.5 pM GDC-0941 was selected for subsequent experiments.
GDC-0941 attenuated LTBR-associated PI3K-AKT activation and
partially reversed the LTBR-induced enhancement of LECs pro-
liferation, migration, and tube formation (Figure S9B-J). Given
the established role of PI3K-AKT signaling in regulating LECs
proliferation, migration, and morphogenesis [21], these findings
suggest that PI3K-AKT signaling is involved in LTBR-mediated
regulation of LECs functions.

2.9 | Ltbr Overexpression Improves Neurological
Function Recovery and Ameliorates Secondary
Brain Pathology After SCI

Finally, we tested whether LTBR-driven lymphatic repair trans-
lates into improved neurological outcomes after SCI. Locomotor
function evaluation showed Ltbr-overexpressing mice exhibited
significantly higher BMS scores compared with littermate con-
trols from 14 dpi onward (Figure 8A). MEP recordings at 56 dpi
revealed decreased latency and increased amplitude in Ltbr-

overexpressing SCI mice (Figure 8B-D), indicating enhanced
corticospinal tract conduction. Ltbr-overexpressing mice also
improved performance in the NOR and Y-maze tests (Figure 8E-
H), indicating enhanced cognitive recovery. Neuropathological
examination at 56 dpi revealed that Ltbr overexpression attenu-
ated SCI-induced brain pathology. The levels of pro-inflammatory
cytokines and the density of Ibal-positive microglia were sig-
nificantly reduced in both the cortex and hippocampus of Ltbr-
overexpressing mice, indicating mitigated neuroinflammation
(Figure 8I-L). Neuronal survival was preserved in the cortex and
hippocampus, and hippocampal neurogenesis was increased fol-
lowing Ltbr overexpression (Figure 8M-P). Together, these results
demonstrate that Ltbr overexpression in meningeal LECs restores
meningeal lymphatic structure and function, thus attenuating
secondary brain neuroinflammation and neuronal damage, and
significantly improving both motor and cognitive recovery after
SCI.

3 | Discussion

SCI is increasingly recognized as a CNS-wide disorder rather
than a lesion confined to the injured spinal cord. Our study
identifies meningeal lymphatic dysfunction as an important
contributor to remote secondary brain pathology after SCI. Across
human imaging, mouse models, and molecular gain- and loss-
of-function approaches, we found that SCI impaired meningeal
lymphatic structure and function, reduced CSF drainage and
glymphatic perfusion, and was associated with neuroinflamma-
tion, neuronal loss, impaired hippocampal neurogenesis, and
motor and cognitive deficits. Integrated single-cell and bulk tran-
scriptomic analyses further identified reduced LTBR expression
in meningeal LECs as a molecular change related to impaired
lymphatic repair after SCI. Together, these findings extend the
concept of secondary brain pathology after SCI to the meningeal
lymphatic system.

A growing body of work has shown that SCI induces secondary
structural and functional alterations in remote brain regions [22,
23], particularly the motor cortex and hippocampus [24, 25], and
that supraspinal neuroinflammation, neuronal injury, and altered
inter-organ signaling may contribute to these abnormalities [1,
26]. Another line of evidence suggests that extracellular vesicles
from the injured spinal cord can enter the blood and trigger
inflammatory and degenerative responses in the brain [27]. These
findings suggest that disability after SCI cannot be attributed
solely to local spinal damage. Instead, complex crosstalk between
the spinal cord and remote brain regions contributes signifi-
cantly. Our findings add meningeal lymphatic dysfunction to
this complex network of pathological responses. This interpre-
tation is also consistent with studies demonstrating roles for
meningeal lymphatics in CSF drainage, solute clearance, and

dura mater for RNA-seq analysis. (H) Representative dot and contour plots showing the gating strategy used to isolate meningeal LECs (DAPI~ CD45~
PDPN™* CD31%). (1, J) GO enrichment analysis and GSEA plots of DEGs in LECs from SCI mice compared to sham controls at 56 dpi. (K) Lollipop plot
showing gene sets associated with proliferation, migration, and tube formation in LECs. n = 3 independent biological replicates per group with each

replicate pooled from six mice. (L) qPCR analysis of Ltbr mRNA expression in the dura mater of sham and SCI mice at 56 dpi (n = 3 mice per group). (M,

N) Representative dual-immunofluorescence images and quantification of LTBR (red) and LYVE-1 (green) co-localization in the dura mater of sham

and SCI mice at 56 dpi (n = 4 mice per group). Scale bar, 100 um. Statistical significance was determined by unpaired two-tailed Student’s t-test. Data

are presented as mean + SEM. **p < 0.01, **p < 0.001.
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FIGURE 5 | The effect of Ltbr knockdown on meningeal lymphatic function after SCI. (A) Schematic timeline of experimental procedures. (B)
Validation of efficient Ltbr knockdown in mouse meninges after AAV9-shLtbr injection, assessed by qPCR (n = 3 mice per group). (C, D) Representative
in vivo fluorescence images and quantification of OVA-647 tracer drainage to dCLNs at 2 h after i.c.m. injection in SCI-AAV9-nc and SCI-AAV9-shLtbr
mice (n = 7 mice per group). (E, F) Representative immunofluorescence images and quantification of dCLNs sections stained for OVA-647 (red), LYVE-
1 (green), and DAPI (blue) at 56 dpi in SCI-AAV9-nc and SCI-AAV9-shLtbr mice (n = 6 mice per group), scale bar, 200 um. (G, H) Representative
immunofluorescence images (LYVE-1, red; DAPI, blue) and quantification of LYVE-1 coverage in SCI-AAV9-nc and SCI-AAV9-shLtbr mice (n = 6 mice
per group). scale bar, 1000 um. (I, J) Representative images and quantification of OVA-647 tracer perfusion into the brain parenchyma in SCI-AAV9-nc
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immune surveillance [15], as well as evidence linking lymphatic
dysfunction to impaired fluid clearance and neuroinflammation
in traumatic brain injury, neurodegenerative disease, and CNS
inflammation [28-30]. Our results therefore extend these obser-
vations to SCI and suggest that impaired meningeal lymphatic
function may represent an additional pathway linking spinal
injury to remote brain pathology.

The human imaging findings provide clinical evidence of altered
glymphatic-related function after SCI. Patients with SCI had a
lower ALPS index than healthy controls, suggesting impaired
glymphatic function, and also exhibited cortical and hippocam-
pal atrophy. The observed association between a lower ALPS
index and reduced brain volume suggests that glymphatic-related
abnormalities are associated with structural brain alterations
after SCI. However, DTI-ALPS is an indirect measure and does
not directly assess meningeal lymphatic outflow [31]. Therefore,
the clinical data cannot determine whether meningeal lym-
phatic dysfunction accompanies or contributes to the observed
glymphatic-related abnormalities in patients with SCI. In our
mouse models, meningeal lymphatic drainage and glymphatic-
related tracer transport were evaluated separately, allowing us to
demonstrate that both processes are impaired after SCI. Never-
theless, whether this relationship is recapitulated in patients with
SCI remains to be determined.

Our molecular analyses further identify LTBR as a potential
regulator of meningeal lymphatic repair after SCI. Notably,
AAV-mediated Ltbr knockdown in wild-type mice under phys-
iological conditions did not significantly alter basal meningeal
lymphatic drainage, suggesting that LTBR is not essential for
maintaining resting lymphatic function. In contrast, Ltbr knock-
down aggravated meningeal lymphatic structural and functional
impairment and secondary brain pathology after SCI, whereas
Ltbr overexpression promoted lymphatic repair and improved
neurological outcomes. This aligns with previous reports showing
that LTBR signaling supports lymphatic endothelial proliferation,
tube formation, and lymphoid stromal organization in peripheral
tissues [32-34]. In cultured hLECs, LTBR enhanced proliferation,
migration, and tube formation, supporting a cell-intrinsic role
in lymphatic remodeling. Together, these findings suggest that
LTBR may play a more prominent role in injury-induced lym-
phatic adaptation and repair rather than in the maintenance of
basal meningeal lymphatic function.

Transcriptomic analysis of LTBR-overexpressing LECs impli-
cated PI3K-AKT signaling in LTBR-associated cellular responses.
Protein-level validation and pharmacological PI3K inhibition
further supported involvement of this pathway in LTBR-mediated

effects on LECs proliferation, migration, and tube formation.
Given the established role of PI3K-AKT signaling in endothelial
survival and remodeling [35, 36], these findings suggest that
PI3K-AKT may contribute to LTBR-mediated lymphatic repair.
However, the present data do not establish PI3K-AKT as the
sole or obligatory downstream pathway, and in vivo genetic
or pharmacological manipulation will be required to deter-
mine its contribution to LTBR-dependent lymphatic repair after
SCIL.

These findings also have potential therapeutic implications,
although important translational challenges remain. VEGF-C
promotes lymphangiogenesis and lymphatic expansion, whereas
Piezol activation has been reported to enhance lymphatic func-
tion through mechanotransduction and increase CSF drainage
[20, 37]. In our model, VEGF-C improved meningeal lymphatic
function and neurological outcomes, whereas LTBR appeared to
promote the intrinsic reparative capacity of LECs. Thus, VEGF-C,
Piezol, and LTBR may modulate complementary aspects of lym-
phatic restoration. However, our interventions were administered
before SCI induction and therefore primarily establish preventive
effects rather than therapeutic efficacy after established injury.
Moreover, systemic LTBR manipulation may produce unintended
immune effects because LTBR has established roles in lymphoid
organogenesis and immune homeostasis [34]. The intracisternal
AAV approach used here is also invasive and may limit clinical
applicability. Selective and less invasive strategies for targeting
meningeal LECs will therefore be required. The safety and effi-
cacy of small-molecule LTBR agonists for meningeal lymphatic
applications have yet to be fully established [38], making pharma-
cological development an important future direction rather than
an immediately translatable strategy.

Our study has several limitations. The human data are cross-
sectional and therefore cannot establish temporal or causal
relationships between glymphatic dysfunction and brain atrophy
after SCI. Moreover, DTI-ALPS provides an indirect measure
of perivascular fluid transport and does not directly assess
meningeal lymphatic drainage. Secondary brain injury after SCI
is a multifactorial process involving neural, immune, vascular,
endocrine, and humoral mechanisms [5]; thus, meningeal lym-
phatic dysfunction is unlikely to be the sole contributor. Although
LTBR emerged as an important regulator of lymphatic repair,
the upstream signals responsible for its downregulation after
SCI remain unknown. Systemic inflammatory mediators and
circulating extracellular vesicles represent plausible candidates
[39, 40], but whether they directly regulate Ltbr transcription
requires further investigation. Finally, it is also unclear whether
interactions between dural immune cells and LECs influence

and SCI-AAV9-shLtbr mice (n = 3 mice per group), scale bar, 1000 mm. Statistical significance was determined using an unpaired two-tailed Student’s

t-test. (K, L) Representative images of mCherry fluorescence confirming successful lentiviral transduction of LV-shnc or LV-shLtbr in hLECs, scale

bar, 100 um, and validation of Ltbr mRNA knockdown by qPCR (n = 3 independent biological replicates). Statistical analysis was performed by one-way

ANOVA followed by Dunnett’s multiple comparisons test. (M, N) Representative immunofluorescence images (EdU, green; DAPI, blue) and quantitative

analysis of EdU-positive proliferating LECs in the LV-shnc and LV-shLtbr groups (n = 5 independent biological replicates), scale bar, 100 um. (O, P)

Representative images and quantification of scratch wound healing assays in LV-shnc and LV-shLtbr LECs at 0 and 24 h (n = 5 independent biological

replicates), scale bar, 200 um. (Q-S) Representative images and quantification of tube formation assays in LV-shnc and LV-shLtbr LECs, showing the

number of nodes and total length (n = 5 independent biological replicates), scale bar, 200 um. Statistical significance was determined using an unpaired
two-tailed Student’s t-test. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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FIGURE 6 | The effect of Ltbr knockdown on neurological deficits and secondary brain pathology after SCI. (A) Time course of BMS scores
evaluating locomotor function in SCI-AAV9-nc and SCI-AAV9-shLtbr mice from 0 to 56 dpi (n = 11-12 mice per group). Statistical significance was
determined by repeated measures ANOVA. (B-D) Representative MEP traces and quantification of MEP latency and amplitude in SCI-AAV9-nc and
SCI-AAV9-shLtbr mice (n = 11-12 mice per group). (E) Quantification of the object recognition index in the NOR test in SCI-AAV9-nc and SCI-AAV9-
shLtbr mice (n = 11-12 mice per group). (F-H) Representative Y-maze heatmaps and quantification of entries into the novel arm and duration spent
in the novel arm in SCI-AAV9-nc and SCI-AAV9-shLtbr mice (n = 11-12 mice per group). (I, J) ELISA quantification of TNF-a and IL-1f levels in the
cortex and hippocampus of SCI-AAV9-nc and SCI-AAV9-shLtbr mice (n = 5 mice per group). (K, L) Representative immunofluorescence images and
quantification of Ibal-positive microglia (red) and DAPI (blue) in the cortex and hippocampus in SCI-AAV9-nc and SCI-AAV9-shLtbr mice (n = 5 mice
per group), scale bar, 50 pm. (M, N) Representative Nissl staining images and quantification of surviving neurons in the cortex and hippocampus in
SCI-AAV9-nc and SCI-AAV9-shLtbr mice (n = 5 mice per group), scale bar, 50 um. (O, P) Representative immunofluorescence images and quantification
of DCX-positive newborn neurons (green) and DAPI (blue) in the hippocampal dentate gyrus in SCI-AAV9-nc and SCI-AAV9-shLtbr mice (n = 5 mice
per group), scale bar, 200 um. Statistical significance was determined using an unpaired two-tailed Student’s t-test. Data are presented as mean + SEM.
*p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.
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illustrating the generation strategy of Ltbr®V/+; Proxl-Cre mice and the subsequent experimental design. These mice enable tamoxifen-inducible
overexpression of Ltbr specifically in LECs. (B, C) Representative in vivo imaging and quantitative analysis of OVA-647 tracer intensity in the dCLNs
between two groups of mice after SCI (n = 6-7 mice per group). (D, E) Representative images and quantification of OVA-647 tracer drainage to the
dCLNs (n = 6 mice per group), scale bar, 100 um. (F, G) Representative immunofluorescence images of LYVE-1(red) and DAPI (blue) in the dura mater
between two groups of mice after SCI, and quantification of LYVE-1* coverage area (n = 6 mice per group), scale bar, 100 um. (H, I) Representative
images showing the distribution of i.c.m-injected OVA-647 tracer (red) and DAPI staining (blue) in brain sections, and quantification of the distribution
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post-injury lymphatic remodeling, whether sex differences exist,
and whether LTBR-targeted interventions can be delivered
selectively and safely to meningeal LECs in clinically relevant
settings.

4 | Conclusion

In conclusion, these findings identify meningeal lymphatic
dysfunction as an important component of secondary brain
pathology after SCI and highlight LTBR as a potential regulator
of lymphatic repair and a candidate target for future therapeutic
investigation.

5 | Materials and Methods

5.1 | Participants and MRI Data Acquisition

This study was approved by the Ethics Committee of
Army Medical University, Chongging, China (Approval
No0.KY2020252), and written informed consent was obtained
from all participants. A total of 72 participants were recruited,
including 40 SCI patients (SP group) and 32 healthy controls
(HC group) matched for age, sex, and educational level.
MRI data were acquired using a Siemens Trio 3.0 T scanner.
DTI was performed with 30 diffusion gradient directions
(b = 1000 s/mm?), and Tl-weighted structural images were
also acquired. The ALPS index was employed to evaluate
glymphatic system function, following a previously described
method [41]. All raw DTI data were preprocessed using FSL
version 6.0 to generate fractional anisotropy (FA) maps
and diffusivity maps along three orthogonal axes (Dxx: left-
right, Dyy: anterior-posterior, Dzz: superior-inferior). Two
neuroimaging physicians, blinded to clinical information,
independently placed circular regions of interest (ROI) with a
diameter of 5 mm on the projection fibers (corticospinal tract)
and association fibers (superior longitudinal fasciculus) at the
level of the lateral ventricular body on the native-space FA
maps. Diffusivity values within each ROI were recorded, and
the ALPS index was calculated using the following formula:
ALPS = Mean(Dx_proj, Dx_assoc)/Mean(Dy_proj, Dz_assoc).

The ALPS index was calculated separately for the left and right
hemispheres, and the bilateral average was used for subsequent
analyses. High-resolution T1-weighted structural images were
preprocessed using CAT12 (SPM12, version r1730) and FreeSurfer
7.0 software. Bilateral volumes of the precentral gyrus and
hippocampus were extracted, and the sum of the left and right
volumes was calculated. All volume values were normalized by
total intracranial volume to account for individual differences in
head size.

5.2 | Animals

Female C57BL/6J mice aged 6-8 weeks were purchased from
Hunan SJA Laboratory Animal Co., Ltd (Hunan, China).
Prox1-CreERT2 mice and LtbrCKI/+ mice (genetic background:
C57BL/6J) were obtained from Cyagen Biosciences (Suzhou,
China). The LtbrCKI/+ mice were mated with Proxl-CreERT2
to generate LtbrCKI/+; Prox1-Cre ERT2(LtbrCKI/+; Proxl1-Cre)
mice in which conditional Ltbr knock-in can be induced by
tamoxifen administration. Littermate LtbrCKI/+ mice lacking
Cre recombinase were used as controls. All animal experi-
ments were approved by the Institutional Animal Care and Use
Committee (AMUWEC20232650).

5.3 | Mouse SCI Model Contusion

A contusive SCI was induced at the T9 vertebral level using a
modified Allen’s weight-drop device as previously described [42].
Briefly, mice were anesthetized with tribromoethanol (20 pl/g,
i.p.), and the T9 spinal cord was exposed following laminectomy.
In sham-operated animals, only laminectomy was performed.
For injury groups, a moderate-grade SCI was produced using an
impact force of 70 dyn. Subsequently, the incisions were cleaned
and sutured in layers. The bladders were manually voided twice
daily until bladder function was restored. In the sham group,
sham mice underwent the same procedure except for contusion.
Animals with unsuccessful SCI induction were excluded.

5.4 | Intra-Cisterna Magna (i.c.m.) Injections of
Drugs and Viral Vectors

Mice were anesthetized with tribromoethanol (20 pL/g) via
intraperitoneal injection. The dorsal neck skin was shaved and
disinfected with 70% ethanol, and the head was secured in a
stereotaxic frame. A small incision was made at the base of
the skull, and the muscle layers were separated to expose the
cisterna magna. A 33-gauge needle connected to a 10-uL Hamilton
microsyringe was used to carefully puncture the dura mater.
All injections were performed using a microinjection pump
(KDS LEGATO 130, RWD) at a rate of 1 uL/min. For tracer
experiments, 10 uL of Alexa Fluor 647-conjugated ovalbumin
(OVA-647, 2 mg/mL; Thermo Fisher Scientific) was injected. For
AAV-mediated gene delivery, 3 uL of virus solution was injected,
including AAVI-VEGF-C (1.44 x 1012 genome copies/mL) and
control AAV1-GFP for VEGF-C overexpression, as well as AAV9-
shLtbr (targeting mouse Ltbr, NM_010736.5; 8.77 X 1012 genome
copies/mL) and control AAV9-GFP (AAV9-nc) for Ltbr knock-
down (all viral vectors were obtained from Genechem Co., Ltd.,
Shanghai, China). Following each injection, the needle was left

of tracer in multiple brain regions (n = 3 mice per group), scale bar, 1000 mm. (J) Validation of Ltbr mRNA overexpression in hLECs transduced with

LV-Ltbr lentivirus, compared to the LV-nc group (n = 3 independent biological replicates). (K, L) Representative images and quantification of EdU

staining (green) and DAPI(blue) in hLECs transduced with LV-nc or LV-Ltbr lentivirus (n = 5 independent biological replicates), scale bar, 100 pm. (M,

N) Representative images and quantification of scratch wound healing assays in LV-nc and LV-Ltbr LECs at 0 and 24 h (n = 5 independent biological

replicates), scale bar, 200 um. (O-Q) Representative images of tube formation assays and quantitative analysis of node number and total tube length in

LV-nc and LV-Ltbr LECs (n = 5 independent biological replicates), scale bar, 200 um. (R) GSEA enrichment plots based on Ltbr overexpression in hLECs

(n = 4-5 independent biological replicates). Statistical significance was determined using an unpaired two-tailed Student’s t-test. Data are presented as

mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 8 | The effect of Ltbr overexpression on neurological recovery and secondary brain pathology after SCI. (A) BMS scores in Ltbr®</+ and
Ltbr®K+; Prox1-Cre mice from 0 to 56 days post-injury (dpi) (n = 10 mice per group). (B) Representative MEP traces from Ltbr“¥//+ and LtbrCKU/+;
Prox1-Cre mice at 56 dpi. Statistical significance was determined by repeated measures ANOVA. (C, D) Quantification of MEP latency and amplitude in
Ltbr/+ and Ltbr®U/+; Prox1-Cre mice at 56 dpi (n = 8 mice per group). (E) Quantification of the object recognition index in the NOR test between two
groups after SCI (n = 10 mice per group). (F) Representative Y-maze heatmaps showing exploration patterns of Ltbr®+ and Ltbr®*V+; Prox1-Cre mice
at 56 dpi after SCI (S: start arm, N: novel arm, F: familiar arm). (G, H) Quantification of the number of entries into the novel arm and the duration spent in
the novel arm in Ltbr®</+ and Ltbr®8/+; Prox1-Cre mice after SCI (n = 10 mice per group). (I, J) TNF-a and IL-18 levels in the cortex and hippocampus
of Ltbr®/+ and Ltbr®kV/+; Prox1-Cre mice at 56 dpi (n = 5 mice per group). (K, L) Representative immunofluorescence images(microglia, red; DAPI,
blue) and quantification of Ibal*microglia in the cortex and hippocampus of LtbrV+ and Ltbr®8!/+; Prox1-Cre mice at 56 dpi (n = 5 mice per group).
Scale bar, 50 um. (M, N) Representative Nissl staining images and quantification of surviving neurons in the cortex and hippocampus of Ltbr®8/+ and
LtbrKV/+; Prox1-Cre mice at 56 dpi (n = 5 mice per group). Scale bar, 50 um. (O, P) Representative immunofluorescence images and quantification of
DCX™* neuronal progenitors (green) and DAPI (blue) in the hippocampal dentate gyrus of Ltbr®€/+ and Ltbr®8+; Prox1-Cre mice at 56 dpi (n = 5 mice
per group). Scale bar, 200 um. Statistical significance was determined using an unpaired two-tailed Student’s t-test. Data are presented as mean + SEM.

*p < 0.05, **p < 0.01, ***p < 0.001.
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in place for an additional 5 min and then slowly withdrawn to
prevent backflow. The wound was closed, and the mouse was
placed on a heating pad for recovery.

5.5 | mLVs Ablation

Visudyne was administered as previously described [43]. The
compound was reconstituted according to the manufacturer’s
instructions(HY-B0146, MedChemExpress) and injected into the
cisterna magna at a rate of 2 uL/min for a total volume of 10 pL
(2 mg/mL). Fifteen minutes post-injection, photoconversion was
performed by exposing five distinct cranial sites to non-thermal
689 nm light: one at the injection site, one over the superior
sagittal sinus, one at the confluence of sinuses (torcular), and
two over the transverse sinuses. Each site received a light dose
of 50 J/cm? at an irradiance of 600 mW/cm? for 83 s per
spot. Control animals received an identical volume of Visudyne
without subsequent light exposure. Following the procedure, the
skin was sutured, and mice were placed on a heating pad for
recovery.

5.6 | Motor Function Assessment

Hindlimb motor function recovery was evaluated using the BMS.
Mice were placed individually in an open field arena (dimensions:
62 x 42 cm) and observed for 5 min. Scoring was performed by two
trained investigators who were blinded to the experimental group
assignments of the animals. BMS scores were recorded pre-injury
and then at specified post-injury time points: day 1, day 7, and
weekly thereafter up to day 56 (specifically on days 14, 28, and 56).
BMS ranged from 0 (complete paraplegia) to 9 (normal function).

5.7 | MEP

MEP were assessed via electromyography on post-injury day 56.
A stimulating electrode was positioned over the scalp region cor-
responding to the motor cortex, while a recording electrode was
inserted into the gastrocnemius muscle. A reference electrode
was placed in the distal tendon of the same hindlimb, and a
ground electrode was subcutaneously implanted in the adjacent
skin. Single-pulse stimuli (5 mA intensity, 0.2 ms duration, 1 Hz
frequency) were delivered, and the resulting MEP latency and
amplitude were recorded for analysis.

5.8 | NOR Test

The novel object recognition test was conducted on post-spinal
cord injury day 53 to assess cognitive function. 24 h prior to the
formal test, mice were individually placed in the center of the
empty open field arena for a 5-minute habituation session. On
the test day, two identical objects were placed along a diagonal
of the arena, with each object placed 12 cm from the nearest
wall. During training, mice were allowed to freely explore for
5 min and then return to the home cages. 1 h later, memory of
the object recognition was tested. Mice were allowed to explore
for 5 min in the same arena with one of the familiar objects was
randomly replaced with a novel object in the original position.
All behaviors were video-recorded and analyzed using Visutrack

software. The recognition index (RI) was calculated as follows:
RI = T novel / (T familiar + T novel).

5.9 | Y-Maze Test

The Y-maze test was performed in a symmetrical Y shaped
apparatus with three identical arms (35 cm long, 6 cm wide, 15 cm
high). The arms were randomly designated as the start arm(S),
novel arm(N), and familiar arm(F), with the central junction
defined as the center zone. During the training, the novel arm
was blocked by a removable partition. Mice were placed at the
distal end of the start arm, facing away from the center, and
allowed to freely explore the two accessible arms for 5 min.
1 h later, mice were permitted to explore all three arms freely
for 5 min with the partition removed. All sessions were video
recorded and analyzed using Visutrack software (version 3.0, X
Ruan Information Technology Co., Ltd). The time spent in and
the number of entries into each arm were recorded and the
percentage of time spent in the novel arm and the percentage of
entries into the novel arm were calculated (%).

5.10 | Tissue Collection

Two hours after intracisternal magna injection of the OVA-647
tracer, mice were deeply anesthetized and transcardially per-
fused. For histological analysis, mice were perfused with ice-cold
phosphate-buffered saline (PBS) followed by 4% paraformalde-
hyde (PFA). dCLNs were dissected and placed in 4% PFA. After
removing the scalp and muscles, the skull was opened, and the
whole brain was extracted and fixed in 4% PFA for 24 h at
4°C. Following this, the whole-mount meninges were carefully
stripped from the skullcap. The collected meningeal tissues were
subsequently stored in PBS at 4°C for later analysis. The fixed
brain and dCLNs tissues were cryoprotected by immersion in
graded sucrose solutions (15%, 25%, and 30% in sequence) until
they sank, followed by embedding in OCT compound and subse-
quent storage at —80°C. Brain sections (100 or 30 pm) were cut
using a Leica cryostat and stored in PBS containing 0.2% sodium
azide at 4°C. dCLNs sections (30 um) were mounted on adhesive
slides and kept at —20°C. For molecular analysis and RNA-
seq, mice were perfused with ice-cold PBS only. dCLNs and the
skullcap were dissected and fixed in 4% PFA for 24 h at 4°C. Then,
the whole-mount meninges were carefully stripped from the
skullcap and stored in PBS. The motor cortex and hippocampus
were rapidly dissected, flash-frozen in liquid nitrogen, and stored
at —80°C for subsequent use.

511 | dCLNs Imaging

The bilateral dCLNs were harvested, and fluorescence imaging
was performed using a small animal in vivo imaging system to
evaluate the total tracer accumulation intensity in the bilateral
dCLNs of each mouse. The dCLNs were stored at 4°C for
subsequent dehydration and sectioning.

5.12 | RNA Extraction and qPCR

Total RNA was extracted from meninges using TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s instructions.
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RNA concentration and purity were determined spectrophoto-
metrically (NanoDrop, Thermo Fisher Scientific, USA) based on
the absorbance ratios at 260/280 nm. qPCR was performed on
a real-time PCR system using the HiScript II One Step qRT-
PCR SYBR Green Kit (Q221, Vazyme, China) following the
manufacturer’s protocol. Each 10 L reaction mixture contained
5 uL of 2x One Step SYBR Green Mix, 0.5 uL of One Step
SYBR Green Enzyme Mix, 0.2 uL each of forward and reverse
primers (10 uM), 1 uL. of RNA template, and 3.1 uL. of RNase-
free water. All reactions were performed in triplicate. Gene
expression levels were normalized to the endogenous refer-
ence gene Gapdh and analyzed using the comparative 2-AACt
method. The primer sequences used in this study are listed in
Table S1.

5.13 | ELISA

Tissue samples of the cerebral cortex and hippocampus were
homogenized to prepare protein suspensions. The concentrations
of TNF-a (BMS607, Invitrogen) and IL-13 (BMS6002, Invitrogen)
were measured using commercial ELISA Kkits according to the
manufacturer’s instructions. Briefly, 100 pL of each sample or
serially diluted standard was added to the corresponding wells of
the pre-coated plate. After incubation and washing steps, specific
antibodies, enzyme conjugates, and chromogenic substrates were
sequentially added following the kit protocol. The absorbance of
each well was measured at 450 nm using a microplate reader. A
standard curve was plotted based on the known concentrations
of the standards and their corresponding absorbance values.
The concentrations of target cytokines in the samples were
then calculated by interpolating their absorbance values into the
standard curve equation.

5.14 | Immunofluorescence Staining

Samples were rinsed three times with PBS (5 min each), per-
meabilized with 0.3% Triton X-100 for 30 min, and blocked
with 5% BSA for 1 h at room temperature. The sections were
then incubated overnight at 4°C with primary antibodies against
LYVE-1(1:500, 67538, Cell Signaling Technology, USA; 14-0443-
82, Invitrogen, USA), Ibal(1:1000, 011-27991, Wako, Japan),
DCX(1:400, 56130, Cell Signaling Technology, USA), Ltbr(1:200,
20331-1, Proteintech, China), Following three washes with PBS,
the sections were incubated with the corresponding secondary
antibody: Alexa Fluor 488-conjugated donkey anti-rabbit(1:500,
ab150073, Abcam, UK), Alexa Fluor 594-conjugated donkey anti-
goat(1:500, ab150132, Abcam, UK), Alexa Fluor 488-conjugated
donkey anti-rat(1:500, ab150153, Abcam, UK) for 1 h at room
temperature. After a final rinse, the slides were counterstained
with Vectashield mounting medium containing DAPI to label
cell nuclei. For dura whole mounts, similar blocking and stain-
ing procedures were conducted in 24-well plates with gentle
agitation. The isolated dura mater was carefully flattened on a
glass slide, with excess moisture removed. Fluorescent images
were acquired using a confocal microscope (Zeiss LSM 880,
Germany). Quantification of fluorescent area, cell counts, or
intensity was performed using ImageJ software. For each animal,
three to five representative sections or fields of view were
analyzed.

5.15 | Nissl Staining

Following perfusion and fixation, the brain tissue was carefully
dissected and post-fixed overnight in a 4% paraformaldehyde
solution. The specimens were then dehydrated through a graded
series of ethanol, cleared in xylene, and embedded in paraffin
blocks according to standard histological procedures. Coronal
sections were serially cut at a thickness of 5 ym using a rotary
microtome. After deparaffinization and rehydration, the sections
were stained with a Nissl staining solution strictly following the
manufacturer’s instructions (G1086, Servicebio). Following the
staining procedure, the sections were dehydrated through graded
ethanol, cleared in xylene, and coverslipped with neutral balsam.
After complete drying, images of the target brain regions were
captured under a light microscope for subsequent analysis. The
number of positive neurons was quantitatively analyzed using
image analysis software.

5.16 | Whole Dura scRNA-seq

Fresh dura mater was harvested from three mice and pooled
as one sample, then stored in sCelLiveTM Tissue Preservation
Solution (Singleron, China) on ice within 30 min after surgery.
Single-cell suspensions were prepared from the dura mater
following the manufacturer’s instructions of the tissue dissocia-
tion kit (1020067, Singleron, China). Cell viability was assessed
using Trypan blue staining. sScRNA-seq libraries were constructed
using the GEXSCOPE Single Cell RNA Library Kits (Singleron)
according to the manufacturer’s protocol [44]. Individual libraries
were diluted to 4 nM, pooled, and sequenced on the Illumina
NovaSeq 6000 platform with 150 bp paired-end reads.

Raw sequencing reads were processed to generate gene expres-
sion profiles using STARSolo v2.0.7 (Singleron Biotechnologies)
with default parameters. Quality control, dimensionality reduc-
tion, and clustering were performed using Scanpy v1.9.3 within
Python 3.10. For each sample, the expression matrix was filtered
according to the following criteria: (1) cells with fewer than 200
genes or with gene counts in the top 2% were excluded; (2)
cells with UMI counts in the top 2% were excluded; (3) cells
with mitochondrial content exceeding 15% were excluded; (4)
genes detected in fewer than five cells were excluded. After
filtering, 69 877 cells were retained for downstream analyses,
with an average of 1409 genes and 3650 UMIs per cell. The raw
count matrix was normalized by total counts per cell and log-
transformed. The top 2000 variable genes were selected using the
flavor parameter set to Seurat v3. Principal component analysis
(PCA) was performed on the scaled variable gene matrix, and the
top 18 principal components were used for clustering and dimen-
sionality reduction. Cells were partitioned into 33 clusters using
the Louvain algorithm with a resolution parameter of 1.2. Clus-
tering results were visualized using UMAP. Batch effects across
samples were corrected using Harmony (v1.0). Prior to Harmony
integration, PCA was performed on the top 2000 highly variable
genes. The top 18 principal components (PCs) were used as input
to Harmony, with the batch assignment variable set to sample_id.
Harmony was run with the following default parameters: ridge
regression penalty lambda = 1, diversity clustering penalty theta
= 2, and maximum Harmony iterations max.iter.harmony = 10.
The Harmony-corrected embeddings were subsequently used
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for downstream dimensionality reduction using UMAP and
unsupervised clustering.

Differentially expressed genes (DEGs) were identified using the
scanpy.tl.rank_genes_groups function. The Wilcoxon rank-sum
test (method = ‘wilcoxon”) was used to compare gene expression
distributions between groups, as it is a non-parametric test robust
to the sparsity and non-normality of scRNA-seq data. Statistical
testing was performed on the normalized, loglp-transformed
expression matrix stored in adata.X (use_raw = False), and all
genes were evaluated without pre-selection (n_genes = None).
P-values were adjusted for multiple hypothesis testing using
the Benjamini-Hochberg procedure (corr_method = ‘benjamini-
hochberg’) to control the false discovery rate (FDR). To ensure
biological relevance and minimize false positives from low-
abundance genes or dropout events, we applied stringent post-
hoc filtering criteria: (1) a gene was required to be expressed in
more than 10% of cells in at least one of the two compared groups
(i.e., percentage of cells expressing the gene > 10% in either the
test or reference group), which excludes genes detected only in
rare cell subsets or driven by technical noise; (2) the average log,
fold change (logFC) was required to exceed 0.25, calculated as
the difference in mean log-expression between the two groups,
ensuring that only genes with substantial expression differences
were retained; and (3) the Benjamini-Hochberg adjusted p-value
(FDR) was required to be less than 0.05.

Cell type annotation was performed based on the expression of
canonical markers from the reference database SynEcoSysTM
(Singleron Biotechnology), which integrates cell type markers
from CellMakerDB, PanglaoDB, and recently published litera-
ture.

To investigate the potential functions of lymphatic endothelial
cells, GO and KEGG pathway enrichment analyses were per-
formed using the clusterProfiler R package (v3.16.1). Pathways
with an adjusted p-value < 0.05 were considered significantly
enriched, and selected pathways were visualized as bar plots.

5.17 | Sorting of Meningeal LECs

Mice were deeply anesthetized and transcardially perfused with
ice-cold PBS. Meningeal LECs were collected according to a
previously reported protocol with modifications [18, 45]. The dura
mater was carefully dissected and minced in DMEM containing
2% fetal bovine serum (FBS), 1% penicillin-streptomycin, 1%
sodium pyruvate,1% l-glutamine, 1% sodium pyruvate, 1% non-
essential amino acids (Gibco, USA). The tissue was then digested
in DMEM supplemented with 1 mg/mL collagenase VIII and
0.5 mg/mL DNase I at 37°C for 30 min. Following digestion, the
meningeal tissue was filtered through a 70 um cell strainer to
obtain a single-cell suspension. Each sample consisted of pooled
cell suspensions derived from 10 meninges. The cell suspension
was centrifuged at 280 g for 10 min at 4°C and resuspended in
ice-cold FACS buffer. Subsequently, cells were incubated with the
following antibody dilutions for 30 min at 4°C: anti-CD45-BB515
(1:200, 564590, BD Biosciences, USA), anti-CD31-Alexa Fluor 647
(1:200, 563606, BD Biosciences, USA), and anti-podoplanin-PE
(1:200, 12-5381-82, eBioscience, USA). Finally, DAPI was added
for 5 min, after which cells were washed and resuspended in

ice-cold FACS buffer. Single cells were gated based on pulse
width using side scatter and forward scatter parameters. Viable
cells were identified by negative DAPI staining. Subsequently,
DAPI-CD45-CD31*PDPN* cells were gated and sorted using a
flow cytometer (BD FACSAria III, BD Biosciences, USA). Sorted
target cells were dispensed in droplets at a volume of 1 pL
and deposited into PCR tubes containing 5 uL of lysis buffer.
Samples were temporarily stored in liquid nitrogen pending
further analysis.

5.18 | Library Preparation and RNA-seq

All RNA sample processing, cDNA library construction, and
RNA-seq were performed by Lianchuan Biotechnology Co., Ltd
(Hangzhou, China). cDNA libraries were constructed from total
RNA isolated from three types of samples: sorted meningeal LECs
from mice in the spinal cord injury (SCI) and sham-operated
groups, cerebral cortex and hippocampal tissues from the same
mouse groups, and hLECs. All libraries were sequenced on an
Illumina Novaseq 6000 platform using a 2 X 150 bp paired-end
strategy. Raw reads were filtered and quality-controlled using
Cutadapt (v1.9) to obtain high-quality clean reads by removing
reads containing adapter sequences, polyA/polyG stretches, reads
with >5% unknown nucleotides (N), and reads with >20% low-
quality bases (Q < 20). Sequencing quality was then evaluated
using FastQC (v0.11.9) by assessing Q20, Q30, and GC content
of the clean reads. A total of G bp of valid paired-end data
were obtained after quality control. Clean reads were mapped
to the reference genome using HISAT2 (v2.2.1), which allowed
up to 2 mismatches and multiple alignments per read, and
optimized alignment using a database of potential splice junc-
tions. Transcript assembly was performed with StringTie (v2.1.6)
under default parameters. All sample transcriptomes were then
merged using gffcompare (v0.9.8) to reconstruct a comprehensive
transcriptome. Expression levels of mRNAs were quantified as
fragments per kilobase of transcript per million mapped reads
(FPKM) using StringTie and ballgown. DEGs between groups
were identified using DESeq2, with thresholds of FDR < 0.05
and llog,FCI > 1. GO functional enrichment and KEGG pathway
enrichment analyses were subsequently performed on DEGs.
GSEA (v4.1.0) with the MSigDB database was further applied
to detect significantly enriched gene sets. Genes were ranked
using the Signal2Noise normalization method, and enrichment
was calculated with default parameters. Terms or pathways with
INES| > 1, NOM p-value <0.05, and FDR Q-value <0.25 were
considered significantly different between groups.

5.19 | hLECs Culture

hLECs was purchased from Yifeng Biosciences (2500, Shanghai,
China) and cultured in endothelial cell conditioned medium
(1001, ScienCell, USA) at 37°C with 5% CO,. The culture medium
was renewed every 2 to 3 days until subsequent experimental
interventions.

5.20 | Lentivirus Transfection

hLECs were seeded into sixwell plates at a density of 1 x 10° cells
per well 24 h prior to transduction to achieve 40%-50% confluence
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at the time of infection. On the day of transduction, the culture
medium was replaced with fresh complete medium containing
5 pg/mL polybrene to enhance transduction efficiency. Lentiviral
particles for Ltbr overexpression and knockdown (Genechem Co.,
Ltd, China) were added to the cells at a multiplicity of infection
(MOI) of 10, which was optimized in preliminary experiments.
Cells were incubated with the virus for 12 h, after which the
medium was replaced with fresh complete medium to remove
residual viral particles. Cells were then cultured for an additional
48 h before subsequent experiments.

5.21 | Cell Proliferation Assay

Two hours prior to staining, cells were incubated with 10 pmol/L
EdU (C0071S, Beyotime, China) at 37°C for 2 h. After EAU
labeling, cells were fixed with 4% paraformaldehyde at room
temperature for 15 min and permeabilized with 0.3% Triton
X-100 for 10 min. Subsequently, the Click-iT reaction cocktail
containing Alexa Fluor 488 azide was added and incubated
for 30 min at room temperature protected from light. Nuclei
were counterstained with DAPI (1:1000) for 5 min. Stained cells
were visualized under a fluorescence microscope. At least three
random fields per sample were selected, and the proliferation rate
was calculated as the percentage of EAU positive cells relative to
the total number of DAPI-stained nuclei.

5.22 | Wound Healing Assay

Transfected cells were seeded into 12-well plates at a density of
1.4 x 10° cells per well and cultured in endothelial cell conditioned
medium until reaching 100% confluence. A linear scratch was
then made across the cell monolayer using a sterile 200 pL
plastic pipette tip. Detached cells were gently removed by washing
with PBS, and the culture medium was replaced with low-serum
medium containing 1% FBS without growth factors. Images were
captured under an inverted microscope at 0 and 12 h post-
scratching, and the wound healing area was quantified using
Image]J software.

5.23 | Tube Formation Experiment

Matrigel (354248, Corning, USA) was thawed on ice at 4°C
overnight. A total of 50 uL of pre-cooled Matrigel was evenly
coated onto the bottom of a pre-cooled 24-well plate, taking care
to avoid bubble formation. The coated plate was then incubated
at 37°C for 30 min to allow the Matrigel to solidify. Subsequently,
transfected cells were harvested and seeded at a density of
7 x 10* cells per well into the pre-coated 24-well plate, and
cultured at 37°C in a 5% CO, incubator for 12 h. After incubation,
the culture medium was aspirated, and the cells were gently
washed with PBS. The cells were then stained with Calcein-
AM (C542, Beyotime, China) for 10 min at 37°C in the dark.
Following staining, cells were washed with PBS and immediately
visualized and photographed under an inverted fluorescence
microscope. Tubule length and the number of branch points were
quantitatively analyzed using the angiogenesis analyzer plugin
for ImageJ software. All image evaluations were performed by
researchers blinded to the experimental groups.

5.24 | GDC-0941 Intervention in hLECs

After successful lentiviral transduction, cells were seeded in
sixwell plates at 1 x 10° cells per well and cultured under standard
conditions until they reached approximately 80% confluence. The
PI3K inhibitor GDC-0941 (pictilisib; HY-50094, MedChemEx-
press, USA) was prepared as a stock solution in DMSO and diluted
with complete culture medium immediately before treatment.
The working concentration of GDC-0941 (0.5 uM) was selected
based on the concentration-response relationship determined
by the Cell Counting Kit-8 assay and the corresponding IC50
analysis. Cells were assigned to four treatment groups comprising
Ltbr overexpression (-/+) and GDC-0941 treatment (-/+): LV-nc
+ vehicle, LV-nc + GDC-0941, LV-Ltbr + vehicle, and LV-Ltbr
+ GDC-0941. Cells in the inhibitor-treated groups were exposed
to 0.5 uM GDC-0941 for 24 h, whereas the corresponding control
groups received an equivalent volume of vehicle. The final vehicle
concentration was maintained identical among all experimental
groups.

5.25 | Western Blotting

After 24 h of intervention, the culture medium was removed, and
cells were washed three times with PBS. Cells were subsequently
harvested for total protein extraction using RIPA supplemented
with protease inhibitors and phosphatase inhibitors. Cell lysates
were incubated on ice for 30 min and subsequently centrifuged at
12000 rpm for 15 min at 4°C. Following centrifugation, the protein
content of the hLECs supernatants was quantified using a BCA
Protein Assay Kit (Beyotime, China). Total proteins (30 ug per
sample) were subjected to SDS-PAGE using 10% polyacrylamide
gels and subsequently electrotransferred onto PVDF membranes
(Millipore, USA). The membranes were blocked with 5% skim
milk in TBST for 2 h at room temperature and then incubated
at 4°C overnight with primary antibodies against PI3K and
phospho-PI3K (1:1000, AF6241, AF3242, Affinity Biosciences,
China), AKT and phospho-AKT (1:2000, 4619S, 4060S, Cell Sig-
naling Technology, USA), and GAPDH (1:5000, A19056, ABclonal,
China). After washing with TBST, the membranes were incubated
with HRP-conjugated secondary antibodies at room tempera-
ture for 1 h. Immunoreactive bands were visualized using an
enhanced chemiluminescence detection system (Bio-Rad, USA).
Band intensities were quantified using ImageJ software. PI3K and
AKT phosphorylation levels were evaluated as the p-PI3K/PI3K
and p-AKT/AKT ratios, respectively.

5.26 | Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9.0.
Data are presented as mean + SEM. The number of independent
biological replicates (n) for each experiment is specified in the
Figure legends. Before parametric testing, the normal distribution
and homogeneity of variances of data were assessed. For compar-
isons between two groups, statistical significance was determined
using an unpaired two-tailed Student’s t-test. For comparisons
multiple groups, statistical significance was determined using
one-way analysis of variance (ANOVA) followed by Dunnett’s or
Tukey’s multiple comparisons test. Repeated measures ANOVA
was performed to analyze the BMS scores over time. Statistical
significance was defined as p<0.05.
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