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SUMMARY

The meninges lie in the interface between the skull and brain, harboring lymphatic vasculature 

and skull progenitor cells (SPCs). How the skull and brain communicate remains largely unknown. 

We found that impaired meningeal lymphatics and brain perfusion drive neurocognitive defects 

in Twist1+/− mice, an animal model of craniosynostosis recapitulating human Saethre-Chotzen 

syndrome. Loss of SPCs leads to skull deformities and elevated intracranial pressure (ICP), while 

transplanting SPCs back into mutant mice mitigates lymphatic and brain defects through two 

mechanisms: (i) decreasing elevated ICP by skull correction; and (ii) promoting the growth and 

migration of lymphatic endothelial cells (LECs) via SPC-secreted vascular endothelial growth 

factor-C (VEGF-C). Treating Twist1+/− mice with VEGF-C promotes meningeal lymphatic 

growth and rescues defects in ICP, brain perfusion, and neurocognitive functions. Thus, the 

skull functionally integrates with the brain via meningeal lymphatics, which is impaired in 

craniosynostosis and can be restored by SPC-driven lymphatic activation via VEGF-C.
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In brief

Chen and colleagues found that the skull communicates with the brain through meningeal 

lymphatic vasculature. Skull progenitor cells directly support lymphatic vessel growth and can 

be exploited to activate brain lymphatic drainage functions as a therapeutic strategy for treating 

neurocognitive defects in craniosynostosis diseases.
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INTRODUCTION

The meninges lie between the skull (calvaria) and the brain and are composed of three 

layers: the dura, arachnoid, and pia maters1,2. The dura mater consists of two layers: the 

outermost layer is closely adherent to the underside of skull bones and forms the periosteum; 

the inner layer immediately contacts the arachnoid mater cells2,3. The dura mater contains 

skull progenitor cells (SPCs), which contribute to calvarial bone development, homeostasis, 

and injury repair. Calvarial bones are separated by fibrous joints called cranial sutures, 

whose patency allows postnatal skull expansion to accommodate brain growth4. The 

meninges contain a heterogeneous population of cells, including fibroblasts, SPCs, blood 

and lymphatic vessels, and immune cells2. The meningeal lymphatic system is a network 

of lymphatic vessels located at the brain border. Unlike other organs, the brain parenchyma 

is devoid of conventional lymphatic vessels. Instead, interstitial fluid (ISF) reabsorption 

in brain parenchyma relies on a paravascular (glymphatic) route5, in which the space 

between blood vessels and brain tissues is deployed for cerebrospinal fluid (CSF) influx and 

ISF efflux. Recent (re)discovery and characterization of meningeal lymphatic vessels has 
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revealed their functions in brain CSF drainage6,7. The meningeal lymphatic outflow of CSF 

at the brain border is functionally linked with brain glymphatic fluid circulation inside the 

brain parenchyma5,8, which helps remove brain waste and promote neurocognitive function. 

Studies have shown that the meninges communicate with the skull9, as has communication 

with the brain via meningeal lymphatics8,10, while meningeal dura cells actively participate 

in calvarial bone development and injury repair10. However, how the skull functionally 

integrates with meningeal lymphatics and the brain under pathophysiological conditions 

remains largely unknown.

Craniosynostosis is a major congenital craniofacial disorder and occurs in 1 in 2000–

2500 human births. It is characterized by the premature fusion of cranial suture(s). 

The suture provides a niche for the SPCs of the calvarial bones, and SPC loss 

contributes to the premature suture fusion in craniosynostosis10,11. In addition to 

skull dysmorphology, neurocognitive dysfunctions are found in subpopulations of 

craniosynostosis patients12,13. Increased intracranial pressure (ICP) occurs in patients14,15 

and correlates with neurocognitive defects in craniosynostosis16,17. Currently, the main 

treatment for craniosynostosis is complex skull surgery13,18, which is invasive and often 

causes significant blood loss in young patients. In many cases, the calvarial bones fuse 

again (resynostose) with a chronically high level of ICP, necessitating re-operation19,20. 

We recently established an animal model of neurological deficits in craniosynostosis 

using Twist1+/− mice21, which recapitulate human Saethre-Chotzen syndrome22,23. Using 

a biodegradable material combined with implanted Gli1+ SPCs, we regenerated a functional 

cranial suture that reduced neurocognitive behavioral deficits in Twist1+/− craniosynostosis 

mice21. It is important to determine how Gli1+ SPC-based suture regeneration provides 

beneficial effects on brains.

In this study, we identified a functional circuit of skull-meningeal lymphatics-brain. We 

discovered meningeal lymphatic morphology and functional impairments in Twist1+/− mice 

with craniosynostosis. Loss of SPCs in mutant mice leads to skull dysmorphology and 

elevated ICP, as well as reduced meningeal VEGF-C, which collectively disrupt meningeal 

lymphatic vessels. Transplanting Gli1+ SPCs back restores ICP and meningeal lymphatics, 

resulting in improved cognitive functions. VEGF-C mediates cell-cell interactions between 

Gli1+ SPCs and lymphatic endothelial cells (LECs). Treating Twist1+/− mice with VEGF-C 

enhances meningeal lymphatic functions and rescues defects in ICP, brain fluid homeostasis, 

and cognitive behaviors, providing a potential therapeutic strategy to treat craniosynostosis.

RESULTS

Impaired meningeal lymphatics and brain perfusion in Twist1+/− mice with 
craniosynostosis

Skull dysmorphology, as well as structural and functional brain defects, co-exist in 

Twist1+/− craniosynostosis patients and mouse models11,12,21. Given the close proximity 

of meningeal lymphatics to both the skull and the brain, we hypothesized that meningeal 

lymphatic impairment might connect skull and brain defects in craniosynostosis. To test this 

hypothesis, we examined the morphology of meningeal lymphatic vasculature in Twist1+/− 

mice with craniosynostosis (referred to as MUT). We generated Twist1+/−;Prox1-eGFP 
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mice, in which Prox1-eGFP fluorescently labels Prox1+ lymphatic vessels24. Following this, 

we performed ultimate 3D imaging of solvent-cleared organs (uDISCO) in adult mouse 

heads25, a procedure that left the skull nearly transparent (Figure 1A). Three-dimensional 

reconstructed imaging with light-sheet microscopy showed a decreased density of Prox1+ 

meningeal lymphatic vessels in the mutant mice (Figure 1B). Next, we used lymphatic 

vessel endothelial receptor 1 (LYVE1) coupled with Prox1-eGFP mouse genetics to 

specifically label lymphatic vessels. Whole mount immunostaining of LYVE1 and Prox1-

eGFP in the meninges confirmed significantly reduced meningeal lymphatic coverage in 

MUT mice (Figures 1C and 1D). To examine meningeal lymphatic drainage functions 

in mice, 2 ul of Alexa Fluor 647-conjugated ovalbumin (OVA-647) protein was injected 

intra-cisterna magna (i.c.m.), which allows it to drain to the deep cervical lymph nodes 

(dCLNs). We measured the presence of this tracer in mouse dCLNs two hours after injection 

(Figure 1E) using the clear, unobstructed brain/body imaging cocktails and computational 

analysis (CUBIC) tissue clearing method. There was a significant decrease in OVA-647 

drainage to the dCLNs in MUT mice (Figures 1F and 1G; Video S1). Thus, we combined 

uDISCO, light sheet imaging, CUBIC, and mouse genetic reporters and identified meningeal 

lymphatic morphology and drainage function defects in Twist1+/− craniosynostosis mice.

The CSF enters the brain parenchyma along paravascular spaces in between the penetrating 

arteries and brain tissues, known as the paravascular (glymphatic) pathway5. The disruption 

of meningeal lymphatic vessel function slows paravascular influx of CSF macromolecules 

into the brain and reduces efflux of macromolecules from the interstitial fluid (ISF) into 

the brain parenchyma8. To determine the effect of meningeal lymphatic defects on brain 

fluid homeostasis, we examined CSF influx by performing an OVA-647 conjugate i.c.m. 

injection on Twist1+/− mice, followed by serial brain sectioning at 1 hr post-injection. The 

area fraction of OVA-647 was significantly reduced in MUT compared to WT controls 

(Figures 1H and 1I), suggesting that the brain influx of CSF macromolecules through 

paravascular pathways is compromised in mutant mice. The i.c.m. injection of tracers 

is for monitoring CSF influx, while the intra-parenchymal injection of dye is used to 

assess ISF efflux of biomolecules out of the brain into circulation8. Next, we investigated 

how the ISF efflux from the brain parenchyma is affected by meningeal lymphatic vessel 

defects in mutant mice. To this end, we performed stereotaxic injection of amyloid-beta42-

HyLite488 (Aβ42-488), an Alzheimer’s Disease (AD)-relevant peptide, and OVA-647 tracer 

into the corpus striatum (CPu). 1 hour after injection, we collected the whole brain sample, 

followed by brain serial section analysis (Figure 1J). Larger amounts of the Aβ42-488 

as well as OVA-647 remained in the brain parenchyma of the MUT mice compared to 

controls (Figures 1K and 1L), indicating impaired ISF macromolecule efflux from the 

brain parenchyma as a consequence of meningeal lymphatic vessel disruption in Twist1+/− 

craniosynostosis mice. Together, these results suggest that impaired meningeal lymphatics 

is coupled with CSF influx and ISF efflux defects in the brains of Twist1+/− mice with 

craniosynostosis.
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Meningeal lymphatic impairment is rescued by implanted Gli1+ SPCs in Twist1+/− mice with 
craniosynostosis

Loss of Gli1+ SPCs contributes to premature cranial suture fusion and leads to skull 

dysmorphology, resulting in ICP elevation due to craniocerebral disproportion21,26. 

Increased ICP can disrupt meningeal lymphatic functions27. Therefore, we hypothesized that 

elevated ICP drives meningeal lymphatic defects in Twist1+/− mice with craniosynostosis. 

To test this hypothesis, we attempted to reduce elevated ICP using our previously established 

SPC transplantation method21. Specifically, we investigated whether adding Gli1+ SPCs 

back into Twist1+/− craniosynostosis mice could rescue meningeal lymphatic defects by 

reducing ICP. We performed a suturectomy and bilaterally implanted Gli1+ SPCs combined 

with a biodegradable material into Twist1+/− craniosynostosis mice (Figure 2A). We 

used Gli1-CreERT2;Rosa26-tdTomato mice to genetically label implanted Gli1+ SPCs and 

confirmed their presence in the regenerating sutures (Figure 2B, white arrows), as well as 

in the dura mater where they migrate from the suture area (Figure 2B, white arrowheads). 

Furthermore, this suture regeneration surgery released the intracranial hypertension of the 

MUT mice, as evidenced by significantly reduced ICP in Twist1+/− mice with regenerated 

sutures (referred to as REG) compared to the MUT mice (Figures 2C–2E). Together, these 

results suggest that we can use SPC implantation to reduce elevated ICP in mutant mice.

Next, we examined how SPC implantation-mediated ICP reduction impacts meningeal 

lymphatic vessel morphology and functions in MUT mice. Whole meningeal staining of 

LYVE1 showed that the lymphatic vessel coverage was restored in REG mice at 3 months 

(Figures 2F and 2H) but not at 1 month (Figures S1A and S1B) after SPC implantation. 

In contrast to bilateral implantation, unilateral SPC transplantation on Twist1+/− mice with 

bilateral craniosynostosis failed to rescue meningeal lymphatic morphology (Figures S2A 

and S2D), drainage functions (Figures S2B and S2E), and CSF influx (Figures S2C and 

S2F). Therefore, we focused on our analyses at 3 months after bilateral SPC implantation. 

Increased amounts of OVA-647 CSF tracer were detected in the dCLNs of REG mice 

compared to those in the MUT mice and resembled the tracer levels in WT mice at 2 hr 

after i.c.m. injection (Figures 2G and 2I). This suggests that SPC implantation can rescue 

meningeal drainage defects in Twist1+/− mice with craniosynostosis. Meanwhile, the amount 

of OVA-647 perfused into the brain parenchyma by CSF in REG mice was comparable 

to that in WT controls (Figures 2J and 2L). The reduced ISF efflux defect in MUT mice 

was also restored by Gli1+ SPC implantation, as evidenced by the significantly decreased 

amount of Aβ42-488 and OVA-647 remnants in the brain parenchyma (Figures 2K, 2M, 

S1C and S1D). Thus, Gli1+ SPC implantation in Twist1+/− mice reduces ICP and meningeal 

lymphatic defects.

Twist1+/− mice phenocopy meningeal lymphatic vessel defects in vessel ablation mice

To evaluate the severity of meningeal lymphatic defects in Twist1+/− mice with 

craniosynostosis, we investigated the extent to which Twist1+/− mice phenocopy meningeal 

lymphatic vessel defects in vessel ablation mice. For this, we used a Visudyne-based 

pharmacological approach, which has been established to selectively ablate the meningeal 

lymphatic vessels without damaging the surrounding blood vasculature8,28. Visudyne was 

i.c.m. injected into the CSF, followed by non-thermal 689 nm wavelength laser treatment. 
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Injection of the vehicle followed by photoconversion served as the negative control (Sham). 

Mice treated by Visudyne i.c.m. injection without photoconversion showed no changes in 

ICP and neurocognitive behaviors (data not shown). The use of this method effectively 

ablated meningeal lymphatic vessels (Figures 3A and 3C), resulting in functional defects in 

the dCLN drainage of CSF macromolecules (Figures 3B and 3D). In terms of meningeal 

lymphatic vessel coverage and drainage function defects, Twist1+/− mice displayed a half 

severity level of that in vessel ablation mice (Figures 3C and 3D). The CSF influx defect 

in the brain parenchyma of Twist1+/− mice is about one-fourth the severity of that in vessel 

ablation mice (Figures 3E and 3G), whereas the ISF efflux defect is around half the severity 

of that in vessel ablation mice, regardless of Aβ42-488 or OVA-647 injection (Figures 

3F, 3H, S1E and S1F). Together, we showed that Twist1+/− mice phenocopy meningeal 

lymphatic defects in vessel ablation mice, including reduced meningeal lymphatic vessel 

coverage and dCLN drainage, as well as impaired CSF influx and ISF efflux of the brain 

parenchyma.

Meningeal lymphatic vessel ablation blocks SPC implantation-mediated beneficial effects 
on neurocognitive functions in Twist1+/− mice with craniosynostosis

We reasoned that meningeal lymphatic disruption might drive neurocognitive defects in 

Twist1+/− craniosynostosis mice. This is because meningeal lymphatic vessel impairment 

can induce cognitive behavioral abnormalities due to impaired CSF influx and ISF efflux8, 

which occurred in our MUT mice. We have previously established cognitive behavioral 

abnormalities in Twist1+/− craniosynostosis mice21, recapitulating features of human 

Saethre-Chotzen syndrome. Gli1+ SPC implantation successfully rescued neurocognitive 

defects in MUT mice21. Here we investigated if and to what extent meningeal lymphatic 

restoration in Twist1+/− REG mice is responsible for neurocognitive improvement. To 

address this issue, we performed Visudyne-based meningeal lymphatic vessel ablation 

followed by behavioral analysis on Twist1+/− craniosynostosis mice with Gli1+ SPC 

implantation (referred to as REG + Vessel ablation), while REG mice with vehicle i.c.m. 

injection coupled with photoconversion served as the controls (referred to as REG + Sham) 

(Figure 3I). The reduced ICP in Twist1+/− mice with regenerated sutures was elevated after 

lymphatic vessel ablation (Ves- [Vessel ablation], Figures 2C and 2E). The novel object test 

showed that meningeal lymphatic vessel ablation significantly reduced preference for the 

novel object in REG mice, resembling that in MUT mice (Figures 3J and 3L). This suggests 

that hippocampus-dependent spatial recognition improvement by implanted SPCs in REG 

mice is abolished after meningeal lymphatic vessel ablation. The three-chamber test showed 

that REG mice exhibited a strong preference for the stranger mouse in the sociability session 

and the novel stranger mouse in the social memory session, while the REG mice after 

vessel ablation lost these social behavioral improvements and displayed similar cognitive 

defects as the MUT mice (Figures 3K, 3M, and 3N). Therefore, meningeal lymphatic vessel 

ablation blunts the SPC implantation-mediated benefits to cognitive behaviors in REG mice. 

Together, suture SPC loss causes skull dysmorphology and elevated ICP, which in turn 

disrupts meningeal lymphatics leading to brain perfusion and neurocognitive defects. All of 

these defects can be rescued by adding SPCs back to restore ICP and meningeal lymphatics 

in Twist1+/− mice with craniosynostosis.
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SPCs promote lymphatic endothelial cell (LEC) growth and migration

We previously reported a loss of Gli1+ SPCs in Twist1+/− mice with craniosynostosis26, 

which is likely due to Twist1 deficiency-induced proliferation reduction and premature 

osteogenic differentiation of Gli1+ SPCs (Figure S3). Gli1+ SPC loss in Twist1+/− mice is 

coupled with the diminished meningeal lymphatic vasculature found in this study. So far, 

we have shown that adding SPCs back can promote meningeal lymphatics by modulating 

ICP. To further investigate mechanistic links between SPCs and meningeal lymphatic 

vessels, we explored the potential direct interaction between Gli1+ SPCs and lymphatic 

endothelial cells (LECs). Gli1+ SPC implantation can regenerate a functional suture and 

expand the underlying meningeal dura, which contains abundant SPCs21. We first generated 

Gli1-CreERT2;Rosa26-tdTomato mice with Cre expression induction by Tamoxifen injection 

for 48 hours. We found that genetically labeled Gli1-tdTomato+ cells are rarely overlapped 

with Col1a1+ fibroblasts (Figure S4A, S4B and S4E) as well as NG2+ and αSMA+ cells 

(Figure S4A, S4C, S4D and S4F) at different dura regions such as the transverse sinus 

(TS), sagittal sinus (SS), and non-sinus (NS) area. Gli1-tdTomato+ cells are proximally 

localized with LYVE1+ meningeal LECs at different dura regions, including the middle 

meningeal artery (MMA), superior sagittal sinus (SS), and TS (Figure 4A), suggesting that 

Gli1+ SPCs in the dura might directly interact with meningeal lymphatic vessels. To test 

this hypothesis, we performed a co-culture of phenotypically characterized human primary 

LECs (Figure S4G–S4J) with conditional medium (CM) from Gli1+ SPCs or human induced 

pluripotent stem cell (hiPSC) control cells. The culture media from Gli1+ SPCs or hiPSCs 

(control) were transferred to the LECs, followed by proliferation and wound healing assays 

(Figure 4B). EdU incorporation assays showed that there is a significant increase of EdU+ 

LECs after the treatment of SPC-CM compared to controls (Figures 4C and 4D). There 

was an increase in the percentage of Ki67+ LECs after SPC-CM exposure (Figures 4E and 

4F). The phosphohistone H3 (p-H3) staining showed that SPC-CM promotes the mitotic 

progression of LECs (Figures 4G and 4H). These results indicated that SPC-CM could 

promote LEC proliferation. Wound healing assays showed that LECs treated with SPC-CM 

have a faster migration speed than those treated with control-CM (Figures 4I and 4J), 

suggesting that SPC-CM promotes the LEC migration. These experiments were performed 

using CM without direct contact between SPCs and LECs. Therefore, SPCs might secrete 

factors that are important for meningeal LEC functions.

Gli1+ SPCs secrete VEGF-C that is critical for mediating SPC-LEC interaction

To investigate molecular mechanisms underlying the SPC-LEC interaction, we focused 

on VEGF-C signaling. VEGF-C signals through VEGFR3 and plays an essential role in 

meningeal lymphatic vessel development and maintenance6,29. We found that VEGF-C 

is highly expressed in Gli1+ SPCs in both cranial sutures and meningeal dura (Figure 

5A). Importantly, VEGF-C-expressing Gli1+ SPCs are localized in the proximity of LYVE1-

labeled meningeal LECs (Figure 5A). We performed i.c.m. injection of VEGF-C in Prox1-

eGFP mice (Figure 5C) and found that VEGF-C promotes meningeal lymphatic vessel 

cell proliferation in vivo, as reflected by a significant increase in EdU+ and Ki67+ LECs 

labeled by LYVE1 and Prox1-eGFP in VEGF-C treated mice (Figures 5D, 5E, and S5). 

We hypothesized that SPCs secrete VEGF-C that binds to VEGFR3 in LECs to promote 

their growth and migration. To test this hypothesis, we performed an ELISA and found 
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that VEGF-C was detected with a drastically increased concentration in the SPC-CM 

compared to controls (Figure 5B), suggesting that VEGF-C can be secreted by SPCs. To 

investigate how SPC-CM impacts VEGFR3 downstream signaling, we performed a Western 

blot (WB) on LECs exposed to SPC-CM or control-CM. The expression of VEGFR3, the 

main receptor of VEGF-C in lymphatic vessels, was significantly increased in LECs with 

SPC-CM treatment compared to controls (Figures 5F and 5G). SPC-CM treatment also 

significantly increased the expression of downstream signaling molecules, including the 

phosphorylated ERK (p-ERK), Akt (p-AKT), and ribosome protein S6 (p-S6) (Figures 5F 

and 5G). These results suggest that SPCs secrete VEGF-C, which then activates VEGFR3 

signaling in adjacent LECs, leading to their increased proliferation and migration. To 

investigate the functional importance of VEGF-C in mediating the SPC-LEC crosstalk, an 

antibody against VEGF-C was added to the SPC-CM and the control medium, while the 

IgG antibody isotype was used as the negative control. VEGF-C blockage significantly 

blunted SPC-CM-mediated promotion of LEC proliferation, as evidenced by robustly 

reduced EdU+ cells in SPC-CM treatment with VEGF-C antibodies (Figures 5H and 5I). 

Similarly, the SPC-CM-mediated enhancement of LEC migration was also diminished by 

VEGF-C blockage based on a wound healing assay (Figures 5J and 5K). Together, these 

results suggest that SPCs communicate with meningeal LECs through VEGF-C-VEGFR3 

signaling, leading to the promotion of LEC cell proliferation and migration.

VEGF-C treatment restores meningeal lymphatic morphology and drainage function in 
Twist1+/− mice with craniosynostosis

Our study implicates VEGF-C-VEGFR3 signaling as a potential therapeutic target for 

treating neurological defects in craniosynostosis. We genetically labeled Gli1+ SPCs and 

performed meningeal whole mounting staining of VEGF-C and LYVE1. Direct co-labeling 

of meningeal dura further confirmed that Gli1+ SPCs adjacent to meningeal lymphatic 

vessels express a high level of VEGF-C, while VEGF-C is mainly localized to Gli1+ 

cells (Figure 6A). Together, these results suggest that Gli1+ SPCs are a cellular source 

of VEGF-C in meningeal dura. The loss of Gli1+ SPCs in cranial sutures and dura in 

Twist1+/− mice with craniosynostosis is expected to cause VEGF-C downregulation in the 

meninges. Indeed, our ELISA showed that there is a significant decrease in the concentration 

of VEGF-C in the meninges of Twist1+/− mice with craniosynostosis (Figure 6B). We then 

hypothesized that adding VEGF-C back might reverse the phenotypes of MUT mice. To this 

end, we used i.c.m. delivery of VEGF-C by adenovirus gene therapy using adeno-associated 

virus serotype 1 (AAV1), which has been previously used to rejuvenate meningeal lymphatic 

draining function8. We performed an i.c.m. injection to deliver the AAV1-mVEGF-C or the 

AAV1-GFP control virus into the CSF of MUT and control WT mice, allowing 4 weeks 

for the virus to spread and fully express VEGF-C in the meninges (Figure 6C). In MUT 

mice with AAV1-VEGF-C treatment, ICP elevation was reduced to a level comparable to 

that of the control groups (Figure 6D). Treatment of Twist1+/− craniosynostosis mice (MUT) 

with AAV1-VEGF-C significantly promoted meningeal lymphatic vessel growth, which was 

comparable to that in their WT control counterparts (Figures 6E and 6G). As expected, 

increased meningeal lymphatic vessel growth by VEGF-C treatment was coupled with its 

functional improvement, as evidenced by more OVA-647 CSF tracer drainage to the dCLNs 

in VEGF-C overexpression groups (Figures 6F and 6H).
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VEGF-D is homologous to VEGF-C and regulates lymphangiogenesis30. To examine effects 

of VEGF-D on meningeal lymphatics, we generated AAV1-VEGF-D viruses, which were 

introduced into WT or Twist1+/− craniosynostosis mice via i.c.m injection. The meningeal 

lymphatic vessels were partially restored in MUT mice (Figures S6A and S6F). Similar 

partial rescue effects were also observed in the drainage functions of meningeal lymphatic 

vessels (Figures S6B and 6G). However, VEGF-D is not as potent as VEGF-C in rescuing 

meningeal lymphatic morphology and drainage functions. Together, these results suggest 

that VEGF-C (and VEGF-D to a lesser extent) promotes meningeal lymphatic vessel growth 

as well as its drainage function in Twist1+/− mice with craniosynostosis.

VEGF-C treatment rescues brain fluid and behavioral deficits in Twist1+/− mice with 
craniosynostosis

To investigate how AAV1-VEGF-C treatment influences brain fluid homeostasis, we 

examined paravascular CSF macromolecule influx in the brain parenchyma. AAV1-VEGF-C 

treatment significantly increased brain perfusion by CSF tracer OVA-647 in both control 

and MUT mice (Figures 6I and 6K), resulting in a full rescue of CSF influx defects 

in MUT mice. Independent of the nature of fluorescent tracers Aβ42-488 or OVA-647, 

levels of remnants were significantly reduced in the brains of MUT mice treated with AAV1-

VEGF-C compared to control groups treated with AAV1-eGFP (Figures 6J, 6L, S1G and 

S1H), suggesting that VEGF-C overexpression rescued ISF efflux defects in MUT mice. In 

parallel, we examined the effects of VEGF-D on brain fluid homeostasis. VEGF-D treatment 

had a partial rescue of CSF influx and ISF efflux defects in Twist1+/− craniosynostosis mice 

(Figures S6D, S6E, S6I and S6J), although the rescuing effect was not as robust as VEGF-C.

To investigate the beneficial effects of AAV1-VEGF-C treatment on animal behaviors, 

we raised a cohort of WT and Twist1+/− craniosynostosis mice (MUT) with AAV1-

eGFP or AAV1-VEGF-C i.c.m. injection, followed by behavioral analyses at 1 month 

post-injection. Three-chamber assays showed that AAV1-VEGF-C treatment significantly 

rescued sociability and social memory defects in MUT mice, with minimal effects on WT 

control mice (Figures 7A, 7C and 7D). The novel object test showed that AAV1-VEGF-C 

treatment fully rescued hippocampus-dependent spatial recognition defects in MUT mice 

(Figures 7B and 7E). Rotarod assays were used to monitor motor learning behavior (Figure 

7F), which was robustly impaired in MUT mice (Figure 7G). AAV1-VEGF-C treatment 

mitigated and nearly fully rescued this motor learning defect (Figure 7G). In parallel, we 

examined the effect of VEGF-D treatment on animal behaviors. The three-chamber test 

showed that VEGF-D treatment failed to significantly increase the sociability and social 

novelty function of the MUT mice (Figures S6L and S6M). Similarly, the novel object 

recognition test showed that the hippocampus-dependent spatial recognition in MUT mice 

was not significantly improved by VEGF-D (Figures S6N and S6O). The rotarod assay 

showed that the motor learning defect in MUT mice was partially rescued by VEGF-D 

treatment (Figure 6K). Together, these results suggest that meningeal lymphatic vessel 

activation by VEGF-C treatment can effectively rescue brain fluid homeostasis defects as 

well as neurocognitive abnormalities in Twist1+/− mice with craniosynostosis.
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DISCUSSION

Our studies revealed a functional integration of the skull with meningeal lymphatics and 

the brain (Figure S7). Meningeal lymphatic vessels are functionally connected with the 

glymphatic system to regulate fluid homeostasis in the brain parenchyma5,8. Studies have 

separately revealed the meninges communication with the skull and the interaction between 

the meninges and the brain8,9. How skull-meningeal lymphatics-brain functionally integrate 

beyond their anatomic closeness remains largely unknown and is addressed in this study. 

We found that SPC-derived VEGF-C, which itself does not restore the skull dysmorphology, 

can rescue the neurocognitive defects in craniosynostosis through improving the lymphatic 

functions. Factors crucial in regulating meningeal lymphatics remain largely unknown31. We 

showed that cranial SPCs are a key pathophysiological modulator of meningeal lymphatics. 

Loss of suture SPCs leads to premature suture fusion, skull dysmorphology, and elevated 

ICP, which disrupts meningeal lymphatics. Meanwhile, dura SPCs directly interact with 

meningeal lymphatic endothelial cells (LECs) by secreting VEGF-C, which activates 

VEGFR3 in LECs to promote their proliferation and migration. Therefore, we identified 

SPCs as the key cellular source of VEGF-C, which plays crucial roles in meningeal 

lymphatic development and homeostasis6,29.

We found that meningeal lymphatic vasculature plays an essential role in craniosynostosis. 

Meningeal lymphatic vessel defects have been identified in Alzheimer’s and Parkinson’s 

diseases, which are aging-related neurological disorders31. Toxic macromolecules and 

waste products in the CNS parenchyma are removed from the brain by being transported 

into blood vessels via transvascular clearance32. As transvascular clearance gradually 

deteriorates with age, the increased burden of waste clearance is passed onto the meningeal 

lymphatic system32. Overall, aging is a critical factor in assessing meningeal lymphatics, 

and it remains unclear how important meningeal lymphatics is in regulating brain tissue 

homeostasis at developmental stages when blood vessel-based transvascular systems remain 

relatively intact. Here, we demonstrated that defective meningeal lymphatics can cause 

neurocognitive defects in craniosynostosis, and their restoration is sufficient to rescue these 

defects. Our study establishes meningeal lymphatics as a key pathological factor in the 

developmental disorder craniosynostosis.

Our studies provide insights into the disease mechanisms of craniosynostosis. The in 
vitro studies identified cell-autonomous roles of Twist1 deficiency in Gli1+ cells. Twist1 
deficiency causes the reduction of Gli1+ cell proliferation and their premature osteogenic 

differentiation. These results explain the depletion of Gli1+ SPCs leading to synostosis 

in craniosynostosis. A recent study suggested abnormal meningeal lymphatic networks in 

craniosynostosis33. This finding was carried out using Twist1fl/fl;Sm22a-Cre homozygous 

knockout mice, which is different from Twist1+/− heterozygous mutations in human 

Saethre-Chotzen syndrome. Twist1fl/fl;Sm22a-Cre mice have severe phenotypes and show 

defects in cerebral veins, osteoblast differentiation, and suture and skull morphologies, as 

well as partial embryonic lethality14. In contrast, Twist1+/− mice have milder phenotypes 

and show reduced SPC numbers with their premature osteogenic differentiation but 

are viable and fertile26, which more faithfully recapitulates human Saethre-Chotzen 

syndrome. Using the Twist1+/− mouse as a genetically and physiologically relevant animal 
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model of craniosynostosis, we showed meningeal lymphatic morphology and functional 

defects in drainage, CSF influx, and ISF efflux in the brain leading to neurocognitive 

dysfunctions. Our studies provided a comprehensive phenotypical characterization of 

meningeal lymphatics in craniosynostosis. We further demonstrated that meningeal 

lymphatic dysfunction is a key disease mechanism that drives the neurocognitive defects 

in craniosynostosis. Our skull-meningeal lymphatics-brain circuit dysregulation explains, at 

the mechanistic level, the comorbidity of skull dysmorphology and neurocognitive defects in 

craniosynostosis.

We identified meningeal lymphatics as a potential therapeutic target for treating 

craniosynostosis. Current clinical treatment for craniosynostosis is a complex and 

invasive surgery with substantial blood loss and possible resynostosis13,18, necessitating 

re-operation19,20. We recently established an SPC-based suture regeneration approach 

to decrease ICP and mitigate neurological defects in Twist1+/− craniosynostosis mice21. 

How decreasing ICP by implanted SPCs provides beneficial effects on the brain remains 

unknown. Here, we demonstrated that meningeal lymphatic restoration is a key mediator 

of SPCs’ beneficial effects. Importantly, VEGF-C treatment without SPC implantation is 

sufficient to rescue major meningeal lymphatic and neurocognitive defects in Twist1+/− mice 

with craniosynostosis. Overall, both SPC implantation and VEGF-C signaling activation can 

promote meningeal lymphatic function, which in turn enhances neurocognitive functions. 

Future studies should determine the efficacy and safety of SPC implantation and VEGF-

C gene therapy as therapeutic strategies in treating craniosynostosis. In summary, the 

functional integration of the skull-meningeal lymphatics-brain is orchestrated by SPCs via 

VEGF-C signaling, which are disrupted in craniosynostosis. SPCs are a key cellular source 

of VEGF-C and a key cell type in modulating meningeal lymphatic functions. Meningeal 

lymphatic promotion by SPC implantation or VEGF-C gene therapy might provide a 

promising therapeutic strategy for treating craniosynostosis.

Limitations of the study

Our SPC implantation leads to the whole meningeal lymphatic restoration in Twist1+/− 

craniosynostosis mice. How a local SPC implantation leads to the global meningeal 

lymphatic recovery remains to be investigated. In addition to ICP relief and SPC-derived 

VEGF-C, it will be interesting to determine whether dural fibroblasts or pericytes secrete 

VEGF-C contributing to the meningeal lymphatic restoration. Another limitation of this 

study is that we do not know whether different type(s) of fibroblasts have the similar 

effects as Gli1+ SPCs in rescuing meningeal lymphatic and cognitive defects in Twist1+/− 

craniosynostosis mice. Our studies suggest that ICP relief by SPC implantation in Twist1+/− 

mice initially triggers lymphatic vessel restoration, which in turn helps reduce ICP and 

forms a positive feedback loop along the suture regeneration. However, the exact sequence 

and causative relationship between ICP relief and lymphatic vessel restoration remain to be 

experimentally determined.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Jianfu Chen (jianfu@usc.edu).

Materials availability—All new reagents will be made available upon request for 

scientific research while a completed Materials Transfer Agreement may be required.

Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—All animal experiments were conducted in accordance with the guidelines 

of the Institutional Animal Care and Use Committee (IACUC), University of Southern 

California. Mice were housed under standard conditions and given chow and water ad 

libitum. Twist1+/− mice were obtained from Dr. Robert Maxson (University of Southern 

California; JAX no.002221). C57BL/6J (JAX no. 000664), Gli1-CreERT2 (JAX no. 007913), 

ROSA26LoxP-STOP-LoxP-tdTomato (JAX no. 007905) were purchased from the Jackson 

Laboratory. Prox1-eGFP mice were obtained from Dr. Young-Kwon Hong24. Animals were 

maintained on mixed C57BL/6J and 129S6 backgrounds and included both males and 

females. The skull progenitor cell implantation surgery was performed on postnatal day 

14. Behavioral tests, intra-cisterna magna injection, intracranial injection and the Visudyne-

based meningeal lymphatic vessel ablation surgeries were performed at 8–10 weeks old or 

three months after SPC implantation.

Cell lines—The Gli1+ suture progenitor cells were isolated from Gli1-

CreERT2;ROSA26LoxP-STOP-LoxP-tdTomato P1 mouse cranial sutures as described in previous 

studies21. The minced suture tissues were digested by TrypLE at 37°C. Gli1-tdTomato+ cells 

were sorted by flow cytometry and cultured in aMEM based complete medium.

The human primary lymphatic endothelial cells were generated and obtained from Hong 

Lab35. culture conditions for different cell lines are detailed in the “methods details” section 

below.

HEK293T cells were purchased from ATCC and cultured following the manufacturer’s 

instruction (ATCC, Cat #CRL-3216).

METHOD DETAILS

Generation and osteogenic differentiation of Gli1+ suture progenitor cells—
The Cre-dependent tdTomato expression in Gli1-CreERT2;ROSA26LoxP-STOP-LoxP-tdTomato 

Ma et al. Page 12

Cell Stem Cell. Author manuscript; available in PMC 2024 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice was induced by intraperitoneal injection (i.p.) of Tamoxifen (Sigma Aldrich, 

T5648, 20 mg/ml in corn oil) at a dosage of 1.5 mg/10 g body weight 

daily at two days before euthanasia. The sagittal and coronal sutures of P1 Gli1-

CreERT2;ROSA26LoxP-STOP-LoxP-tdTomato pups were excised within 0.5 mm of abutting 

bones on both sides under a dissection microscope (Leica, M60). The attached periosteum 

and dura mater were removed and suture tissues were minced and digested by TrypLE 

(GIBCO, 1897328) at 37°C. The undigested tissues were removed by filtering through a 40 

mm cell strainer (Falcon, 352340) and tdTomato+ cells were sorted by flow cytometry (BD 

FACSAria II system). The tdTomato+ cells were cultured in aMEM (GIBCO, 2065542) 

supplemented with 10% FBS (GIBCO, 2100184), 2 mM L-glutamine (Contained in 

antibiotics), 55 mM 2-mercaptoethanol (GIBCO, 2090354), 100 U/ml penicillin, and 100 

mg/ml streptomycin (GIBCO, 2019321). Donor Gli1+ SPCs were cultured and passaged 

once. Then the SPCs were harvested for implantation without further sorting at confluency 

of ~90%. The osteogenic differentiation was performed using StemPro Osteogenesis 

Differentiation Kit (Gibco, Cat # A1007201) according to the manufacturer’s instructions. 

Briefly, the isolated Gli1+ cells were seeded into 12-well plates or Millicell EC slides 

(Millipore, Cat #PEZGS0416) at 5 × 103 cells/m2 and cultured for two days. Then the media 

was replaced with Complete Osteogenic Differentiation Medium (Gibco, Cat # A1007201). 

The Sp7 immunofluorescent staining was performed at 48 hours after osteogenic incubation. 

For Alizarin Red staining, cells were fixed in 4% PFA for 30 min at 14 days after osteogenic 

differentiation, followed by staining with 2% Alizarin Red solution (pH 4.2) for 2–3 min.

Human primary lymphatic endothelial cell (LEC) isolation and culture—The 

human primary LECs were isolated from deidentified, otherwise-discarded human foreskins 

as previously described34 under the approval of the Institutional Review Board (IRB) at 

the University of Southern California (Principal Investigator: Young-Kwon Hong). Isolated 

primary cells were characterized and cultured in media based on Endothelial Basal Media 

(EBM, Lonza, Cat #CC-3124) or modified MCDB131 media (Sigma-Aldrich, Cat #M8537) 

as previously described35. All primary cells were used for the experiments in this study 

before they reached eight passages.

Tissue collection and processing—Animals were deeply anesthetized and 

transcardially perfused with phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA). After perfusion, the deep cervical lymph nodes and brains were 

dissected and fixed in 4% PFA for 12 or 24 hours respectively at 4°C. The fixed lymph 

nodes were washed with PBS, dehydrated with 30% sucrose (pH 7.4 in PBS) and snap 

frozen in Tissue-Plus O.C.T. compound (Thermo Fisher Scientific, Cat #23-730-571). The 

fixed brains were washed with PBS and stored in PBS with 0.02 % azide at 4°C for 

sectioning. The top of the skull (skullcap) was separated from the skull base using surgical 

scissors and fixed in 4% PFA for 12 hours at 4°C. The fixed skullcap was washed with PBS, 

decalcified in 10% EDTA (pH 7.4) for three days at room temperature. Then the decalcified 

skullcap was dehydrated with 30% sucrose (pH 7.4 in PBS) and snap frozen in Tissue-Plus® 

O.C.T. compound. For dura whole-mount staining, after fixation in 4% PFA, the dura was 

carefully peeled from the skullcap using fine-tip forceps and washed with PBS three times 

(5 min each time). Then the dura was mounted on a glass slide. The fixed and frozen lymph 
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nodes and skullcap were sliced using a cryostat (Leica, Cat #CM1950) with thickness of 

30 μm and 12 μm respectively. The fixed brains were sliced (150 μm thick coronal section) 

using a vibratome (Ted Pella, Cat #10111N). Sections were stored in PBS with 0.02 % azide 

at 4°C for further use.

uDISCO tissue clearing and 3D imaging—The uDISCO tissue clearing was 

performed as described in previous studies with minor modifications25. Briefly, the mice 

were deeply anesthetized with an intraperitoneal injection of Ketamine/Xylazine (100/10 

mg/kg). The anesthetized mice were perfused with PBS containing heparin (10 U/ml) 

followed by 4% PFA. The mouse heads were dissected and post-fixed in 4% PFA overnight 

at 4°C. The samples were washed with PBS three times over the course of a day at RT 

and then decalcified in 20% EDTA (Sigma, Cat. E9884) for 5 days with continuous shaking 

at 37 °C. The decalcified samples were incubated sequentially in 30%, 50%, 70%, 80%, 

90%, 96%, and 100% tert-butanol (Sigma, Cat. 360538) at 37 °C for 12 hours each for 

dehydration. In the clearing step, the samples were sequentially incubated in BABB [benzyl 

alcohol (Sigma, Cat. 402834) + benzyl benzoate (Sigma, Cat. B6630) 1:2] for 3–6 hours 

and diphenyl ether (DPE) (Sigma, Cat. 240834) at a ratio of 15:1 BABB to DPE (BABB-D) 

for 3–6 hours at room temperature (RT). 3D Images datasets were captured by LaVision 

Light Sheet microscope (California Institute of Technology, Biological Imaging Facility). 

The datasets were analyzed for 3D visualization using Imaris 9 imaging analysis software 

(Bitplane).

Intracranial pressure measurement—Intracranial pressure was measured as described 

previously with minor modifications21. Briefly, mice were anaesthetized with 2% isoflurane 

and their head was fixed on a stereotaxic frame (David KOPF Instruments, Model 900LS). 

A hole was drilled on the parietal bone that was 2 mm lateral and 2 mm posterior from 

Bregma. A 10 mL pipette tip (cut to 5 mm in length) used as the sensor guide was 

inserted into the hole and fixed with dental cement. After the dental cement dried, the 

sensor guide was filled with sterile PBS and the fiber-optic intracranial pressure probe (FISO 

Technologies) was inserted until the tip of the probe touched the dura. Caulking material 

was applied around the probe and the head of the sensor guide to form an airtight seal. 

Intracranial pressure was recorded with Evolution software (FISO Technologies).

Stereotaxic surgeries—Mice were anesthetized with 2% isoflurane frame and aligned on 

a stereotactic frame. The skull was exposed and a small craniotomy was made with a thin 

drill. 1 μl of Alexa Fluor 647-conjugated OVA (0.5 μg/μl, Thermo Fisher Scientific) or 1μl 

Alexa Fluor 488-conjugated amyloid-β42 (0.05 μg/μl) was injected into striatum (AP +1.4 

mm. ML −1.4 mm, DV −3.0 mm) at a rate of 100 nl/min using a 10 μl Hamilton syringe 

(Hamilton Company, Cat. No. 1701). The syringe needle was left in place for additional 10 

min to prevent backflow. Mice were euthanized 60 min after injection for examination.

AAV1-VEGF-D vector production—The plasmids pAAV: psubCMV-mVEGF-D-WPRE 

(gift from Kari Alitalo lab, Addgene plasmid #119226), pAAV2/1 (gift from James M. 

Willson Lab, Addgene palsmid #112862), and pAdDeltaF6 (gift from James M. Willson 

Lab, Addgene palsmid #112867) were transfected together into HEK293 T cells (ATCC, 

Ma et al. Page 14

Cell Stem Cell. Author manuscript; available in PMC 2024 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cat #CRL-3216) with Polyethylenimine (Polyscience, Cat #23966–1). The culture medium 

was collected after 72 hours of transfection followed by the final collection of both cells 

and media after 120 hours. The virus particles were precipitated from the medium with 40% 

polyethylene in 500 mM NaCl and mixed with cell pellets and then the cell pellets were 

suspended in the solution containing 500 mM NaCl, 40 mM Tris, 2.5 mM MgCl2 and 25 

U/μl of salt-activated nuclease (ArcticZymes, Cat #10977–023). AAVs were extracted from 

cell lysates using iodixanol step gradients (60% (wt/vol) iodixanol; Cosmo Bio USA, Cat 

#AXS-1114542–5) and ultracentrifugation at speed of 350000g at 18°C. AAVs were then 

filtered by Syringe filter units (0.22 um; Millipore; Cat #SLGP033RS) and concentrated 

through Amicon filters (100 kDa; Millipore, Cat #UCF910024). The viral titer (2.1 × 1013 

GC/mL) was determined by qPCR analysis of WPRE element.

Intra-cisterna magna injection—Mice were anaesthetized with 2% isoflurane and their 

head was fixed on a stereotaxic frame (David KOPF Instruments, Model 900LS). The head 

was slightly tilted so that it formed an angle of 120° to the body. A midline incision 

was made in the skin overlying the neck, and the neck muscles were separated carefully 

to expose the cisterna magna. 2 μl of Alexa Fluor 647-conjugated OVA (0.5 μg/μl), 2 

μl AAV1-CMV-eGFP (1.1 ×1013 GC/mL, Vector Biolabs), AAV1-CMV-mVEGF-C (5.6 

×1013 GC/mL, Vector Biolabs), AAV1-CMV-mVEGF-D (2.1 × 1013 GC/mL) or 2 μl 

recombinant human VEGF-C (Cys156Ser) protein (2 μg/μl in aCSF, R&D systems, Cat 

#752-VC-025/CF) was injected into cisterna magna compartment at a rate of 500 nl/min 

using a 10 μl Hamilton syringe (Hamilton Company, Cat. No. 1701). Before viral injection, 

the titer of AAV1-CMV-mVEGF-C and AAV1-CMV-mVEGF-D was adjusted to that of 

AAV1-CMV-eGFP (1.1 ×1013 GC/mL) by diluting 2 μl aliquot with 8 μl and 1.8 μl artificial 

CSF (Tocris Bioscience, Cat. #3525) respectively as to have the consistent amount of 

AAV1-VEGF-C, AAV1-mVEGF-D and AAV1-GFP viral injection. The syringe needle was 

left in place for additional 3 min to prevent backflow and then was carefully withdrawn. The 

incision was sutured and the mouse was subcutaneously injected with buprenorphine (0.05 

mg/kg) and allowed to recover on heating pad.

Immunofluorescence—The cultured Gli1+ cells were fixed with 4% PFA for 15 min at 

room temperature and washed in PBS three times (5 min each time). The following steps 

were generally applied for the fixed cultured cells, sections of skullcap with dura or the dura 

whole mounts. Sample was washed in PBS three times (5 min each time) and then incubated 

with blocking solution (5% normal goat serum, 1% BSA, 0.3% Triton X-100 in PBS) for 

2 h at room temperature. The blocking step was followed by incubation with the following 

primary antibodies: rat anti-LYVE1 (1:200, Invitrogen, 14-0443-82), rabbit anti-VEGF-C 

(1:200, NovusBio, NB110–61022), rabbit anti-Ki67 (1:200, Abcam, Cat #ab15580), goat 

anti-LYVE1 (1:400, R&D systems, Cat #AF2089), rabbit anti-Sp7 (1:400, Abcam, Cat 

#ab209484), rabbit anti-aSMA (1:200, Abcam, Cat #ab5694), rabbit anti-NG2 (1:200, 

Sigma-Aldrich, Cat #AB5320), goat anti-PROX1 (1:400, R&D systems, Cat #AF2737), 

goat anti-VEGFR3 (1:400, R&D systems, Cat #AF743) in blocking solution overnight 

at 4°C. The rat IgG (1:200, Invitrogen, Cat #31933) and rabbit IgG (1:200, Proteintech, 

Cat #30000–0-AP) were used as negative control. After washing in PBS three times (5 

min each time), the samples were incubated with species-specific fluorescently conjugated 
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secondary antibodies (1:200, Invitrogen) and DAPI (1:1,000) in blocking solution for 2 h 

at room temperature. After washing in PBS three times (5 min each time), sections were 

mounted with Vectashield mounting medium (Vector Laboratories, Cat #H-1000). Images 

were acquired using Keyence Fluorescence microscope (Keyence, Cat #BZ-X810).

Twist1 knockdown in suture progenitor cells (SPCs) using shRNA lentivirus
—Twist1 knockdown in SPCs was performed using TWIST1 shRNA lentivirus particles 

according to manufacturer’s protocol (Santa Cruz Biotechnology, Cat #sc-38604-V). Briefly, 

Gli1+ SPCs were seeded into 24-well plate one day before viral infection. At 60% 

confluence, the cells were transduced with either 0.6 μl of TWIST1 shRNA lentiviral 

particles (Santa Cruz Biotechnology, cat #sc-38604-V) or control shRNA lentiviral particles-

A (Santa Cruz Biotechnology, cat #sc-108080) per well in the α-MEM culture medium with 

5 μg/mL polybrene for 12 hours. Then the media was replaced with α-MEM culture medium 

without polybrene.

EdU incorporation and wound healing assay—EdU (Thermo Fisher Scientific, 

Cat #A10044) was dissolved in PBS to 10 mg/ml. Prox1-eGFP mice were injected 

intraperitoneally with EdU (50 μg/g body weight) for 8 h before being euthanized. The 

dura was dissected and fixed as described above. For in vitro experiment, EdU was added 

into cell culture medium (10 μM) at two hours before staining. The Gli1+ cells were 

fixed as described above and EdU staining was performed according to the manufacturer’s 

instructions using Click-iT plus EdU cell proliferation kit (Thermo Fisher Scientific, 

Cat #C10637). For the wound healing assay, the conditioned medium was prepared by 

incubation of Gli1+ SPCs with DMEM (10% FBS) for 48 hours, and the control medium 

was collected by incubation of hIPSCs after 48 hours. The human LECs were cultured 

in a 35 mm cell culture dish and the wound healing assays were performed when cells 

reached 100% confluency. Scratches were made with a 200 μl sterile plastic pipette tip on 

the monolayer cells and then the culture medium was replaced with SPC-CM or control 

medium. Cells were fixed with 4% paraformaldehyde at 0, 4, 8, 16 and 24 hours after 

scratching. After washing with PBS for 15 min three times, cells were stained with 0.01% 

violet acetate (Sigma, Cat #C5042) for 10 min to improve the visibility of cells before 

imaging.

In situ hybridization—Staining was performed using RNAscope Multiplex Fluorescent 

v2 kit (Advanced Cell Diagnostics, 323100) according to the manufacturer’s instructions. 

Briefly, the fixed dura or cultured Gli1+ cells were treated with H2O2 at room temperature 

for 10 min followed by protease treatment for 7 min at 40 °C. Probe for Col1a1 (Advanced 

Cell Diagnostics, Cat #319371) or Twist1 (Advanced Cell Diagnostics, Cat #1266861) 

was then hybridized for 2 h at 40 °C. Signals were amplified using serial amplification 

reagents provided in the kit and detected by TSA Plus Cyanine 5 system (PerkinElmer, Cat 

#NEL745001KT).

Behavioral assays—Mice were acclimated to the behavior room at least 60 minutes 

before the behavioral tests. Experimenters were blinded to animal genotypes during 

behavioral tests and data analyses. The novel object test was performed to measure 
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hippocampus-dependent spatial recognition. Briefly, the subject mice were habituated to 

the test chamber (L × W × H = 48 cm × 27 cm × 22 cm) for 10 min. After 24 hours, two 

identical objects were taped to floor, 10 cm away from the south and north walls. The mouse 

was placed in the center of the cage facing the east or west wall and allowed to explore for 

10 min. After another 24 hours, one of the two objects was replaced with a novel object with 

a different shape but similar size. The mouse was placed in the test chamber and allowed 

to explore for 10 min. Mouse behavior was video-recorded and the time exploring the 

novel or familiar objects was manually documented. The preference index was calculated as 

(Tn − Tf)/(Tn + Tf) × 100% (Tn and Tf represent the time spent exploring the novel and 

familiar object respectively). The test chamber and objects were thoroughly cleaned with 

75% ethanol to remove olfactory cues between each trial.

The three-chamber test was used to measure sociability and social memory. The three-

chamber social interaction test was performed in a Plexiglas box (L × W × H = 60 cm × 

42 cm × 22 cm) containing three compartments connected by small openings that allowed 

mice free access to each compartment. Subject mouse was allowed to freely explore the 

three empty chambers for 10 min. Then a stranger mouse was placed in the inverted wire 

cup in one side chamber, and an empty wire cup was placed in the other side chamber, 

and the subject mouse was allowed to freely explore the chambers for 10 min. In the last 

session, a second stranger mouse was placed in the previous empty wire cup and the subject 

mouse was allowed to freely explore for another 10 min. The time of the subject mouse 

spent sniffing each wire cup was quantified and the preference index was calculated as 

(Ts1 − Te)/Ts1 + Te) × 100% or (Ts2 – Ts1)/(Ts2 + Ts1) × 100% (Te, Ts1, and Ts2 

represent the time spent exploring empty, stranger 1, and stranger 2 wire cups respectively). 

The three-chamber apparatus and wire cups were thoroughly cleaned with 75% ethanol to 

remove olfactory cues between tests for each mouse.

The rotarod test was used to measure motor learning. This test consists of training and 

test phases. Mice were first trained by placing them on a rotating rod (Panlab, Havard 

Apparatus) at a constant speed of 4 rpm until they were able to stay on the rotating rod for 

20 seconds. The test phase was performed 24 hours after the training phase. The rotarod 

apparatus was set to accelerate from 4 to 40 rpm in 300 seconds, and subject mice were 

placed on the rod initially rotating at 4 rpm. The latency (time) to falling off the rod was 

determined as the latency to fall (second). Each mouse was tested three times a day at 15 

min intervals for five consecutive days.

Gel synthesis and suture regeneration surgery—Methacrylated gelatin (GelMA) 

was synthesized as previously described21. Briefly, methacrylic anhydride (MA, Sigma-

Aldrich, Cat #276685) was added to 10% gelatin (Sigma-Aldrich, Cat #69391) in PBS 

(w/v) solution (pH 9.0) at a rate of 0.4~0.5 ml/min with constantly stirring, to achieve 

a final MA-to-gelatin ratio of 0.3 ml/g. After incubation at 50°C for 2.5~3 h, the 

solution was dialyzed against distilled water at 40°C for 7 days to remove the excessive 

methacrylic acid and anhydride, then filtered through a 0.22 mm membrane and freeze-

dried. The GelMA was dissolved in aMEM containing 0.5% (w/v) lithium phenyl-2, 4, 6-

trimethylbenzoylphosphinate (LAP, TOCRIS, Cat #6146) to achieve the final concentration 

of 5% (w/v). The modified GelMA (M-GM) was made by mixing 5% GelMA solution with 
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Matrigel (Corning, 8015323) and 3 mg/mL collagen I (GIBCO, Cat #A10483–01) at 4°C 

with a volume ratio of 10:2:1.

Calvarial defect generation—Two-three weeks old Twist1+/− mice were confirmed 

with bilateral coronal suture fusion by microCT scanning and used for suture regeneration 

surgery. A midline sagittal incision was made in the skin overlying the skull and the 

skull cap was exposed. The overlying periosteum on the coronal suture area was carefully 

removed using fine forceps. Then, a drill (NSKI, Cat #Strong90) with round dental burr 

(Brasseler, Cat #H52. 11. 003) was used to create a rectangular defect with 0.3–0.4 mm 

width by referencing the residual hallmark of the fused suture and the landmark of a normal 

coronal suture, while taking care to avoid damage to the sagittal suture and the dura mater 

underneath. The tdTomato+ cells isolated from Gli1-CreERT2;ROSA26LoxP-STOP-LoxP-

eGFP-DTA mice were mixed with modified GelMA (M-GM) at a density of 5 × 107 cells/ml 

and ~2 μl of the cell suspension was added to fill the bone defect. The M-GM was then 

cured with UV light with a wavelength of 365 nm for a few seconds to completely crosslink 

the hydrogels. The scalp was then closed with 5–0 nylon sutures.

Meningeal lymphatic vessel ablation—The Visudyne-based meningeal lymphatic 

vessel ablation was performed as previously described8. Briefly, mice were anaesthetized 

with 2% isoflurane and their head was fixed on a stereotaxic frame. 5 μl Visudyne (2 

mg/ml, APExBIO, Cat #A8327) was injected into the cisterna magna compartment at a 

rate of 1 μl/min using a 10 μl Hamilton syringe (Hamilton Company, Cat #1701). The 

syringe needle was left in place for an additional 3 min to prevent backflow and then was 

carefully withdrawn. After 15 min, the Visudyne was photoconverted by non-thermal 689 

nm wavelength laser light (Coherent Opal Photoactivator, Lumenis) at five different spots 

(the injection site, the bilateral transverse sinuses, the junction of all sinuses and the superior 

sagittal sinus) above the intact skull. Each spot was irradiated with a dose of 50 J/cm2 at an 

intensity of 600 mW/cm2 for a total of 83 seconds. Vehicle was injected into the cisterna 

magna with identical photoconversion treatment as control group.

Western blot analysis—The human LECs were lysed RIPA buffer (Cell Signaling, 

Cat #9806) with protease inhibitor (Thermo Fisher Scientific, Cat #1861278) and PMSF 

(Thermo Fisher Scientific, Cat #36978) for 30 min at 4 °C. The soluble fraction was 

isolated with centrifugation at 14,000 × g at 4 °C for 15 min. The protein concentrations 

were calculated using the BCA protein assay kit (Thermo Fisher Scientific, Cat #23227) 

according to the manufacturer’s protocol. The protein extracts were loaded and separated 

by 10% SDS-PAGE and transferred to PVDF membranes (Millipore, Cat #ISEQ00005). 

Membranes were then blocked with 5% non-fat dry milk dissolved in TBST for one hour 

at room temperature, then incubated with primary antibodies: anti-VEGFR3 (ReliaTech, 

Cat #101-M36, 1:1000), anti-pERK (Cell Signaling technology Cat #4370, 1:1000), anti-

ERK (Cell Signaling technology, Cat #4695, 1:1000), anti-pAkt (Ser473) (Cell Signaling 

technology, Cat #4060, 1:1000), anti-Akt (Cell Signaling technology, Cat #9272, 1:1000), 

anti-pS6 (S240/244) (Cell Signaling technology, Cat #35708, 1:1000), anti-S6 (Cell 

Signaling technology, Cat #2217, 1:1000), and anti-GAPDH (Cell Signaling technology, 

Cat #2118, 1:1000) overnight at 4°C, followed by corresponding horseradish-peroxidase 
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(HRP)-conjugated secondary antibodies (Goat Anti-Rabbit-HRP Conjugate (Biorad, Cat 

#1705046, 1:2000) and Goat Anti-Mouse-HRP Conjugate (Biorad, Cat #1705047, 1:2000). 

The protein expression was detected by Azure 300 (Azure Biosystems) and the protein band 

intensities were analyzed in ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed with GraphPad Prism 8 and statistical data are 

presented as individual points and mean ± SEM. The number of mice and the statistical tests 

used for individual experiments are included in the figure legends. The following symbols 

are used in the figure legends for P values: ns: not significant; *: P < 0.05; **: P < 0.01; ***: 

P < 0.001; ****: P < 0.0001.

Both non-parametric tests and parametric tests were used, depending on data normality, for 

comparing two independent groups (Student’s t test) or multiple groups (one-way ANOVA 

with Tukey post hoc tests). Mice were randomly allocated into experimental groups when 

possible. Experiments were replicated in multiple animals (N ⩾ 3 for histological and N⩾10 

for behavior experiments). Behavioral tests were performed by experimenters who were 

blinded to genotype. Both data from behavioral tests and histological imaging were analyzed 

by investigators who were blinded to genotype whenever possible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Meningeal lymphatic dysfunction drives neurocognitive defects in 

craniosynostosis

• Gli1+ cell implantation reduces intracranial pressure (ICP) and restores 

lymphatics

• Gli1+ cells secrete VEGF-C to promote lymphatic endothelial cell growth

• VEGF-C rescues ICP, brain perfusion, and neurocognitive defects in 

craniosynostosis
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Figure 1. Twist1+/− mice with craniosynostosis exhibit impaired meningeal lymphatics, CSF 
influx, and ISF efflux
(A) Brightfield representative images of mouse head before (top) and after (bottom) 

uDISCO clearing. Scale bar, 2 mm. The mouse heads are outlined by dashed lines. The 

orange box indicates the zoomed imaging areas shown in (B).

(B) The low magnification light sheet microscopy images of a Prox1-eGFP mouse head after 

clearing. The skulls are outline by dashed lines, and the orange boxes indicate the zoomed 

imaging areas shown in the lower panel (B’ and B”). Scale bars, 2 mm and 1 mm (inset).

(C) Representative images of meningeal whole-mount staining from Prox1-eGFP and Prox1-

eGFP;Twist1+/− mice with antibody against LYVE1 (red). Nuclei were counterstained with 

DAPI (blue). The lymphatic vessels were outlined with dashed lines. Scale bar, 1 mm and 

100 μm (inset).
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(D) Quantification of area fraction of PROX1+ (left, Prox1-eGFP, n=5; Prox1-

eGFP;Twist1+/−, n=5 mice) and LYVE1+ (right, Prox1-eGFP, n=4; Prox1-eGFP;Twist1+/−, 

n=4 mice) lymphatic vessels.

(E) Diagram showing that WT or MUT mice were injected (i.c.m.) with OVA-647, and after 

two hours, the brain and dCLNs samples were collected for analysis.

(F) The representative images of dCLN sections collected from mice injected (i.c.m.) with 

OVA647 (green). Sections were counterstained with DAPI (blue). Scale bar, 200 μm.

(G) Quantification of OVA-647+ volume fraction of dCLNs (WT, n=5 and MUT, n=4 mice).

(H) The representative images of brain coronal sections with OVA647 (red). Nuclei were 

counterstained with DAPI (blue). Scale bars, 2 mm and 1mm (inset).

(I) Quantification of OVA-647+ area fraction of brain sections (WT, n=3 and MUT, n=3 

mice).

(J) Diagrams showing that mouse corpus striatum (CPu) was intracranially injected with 

OVA-647 or Aβ42-488, and brain samples were collected after 60 min.

(K) The representative images of brain coronal sections of mouse intracranially injected with 

Aβ42-488 (left panel) or OVA-647 (right panel). Nuclei were counterstained with DAPI. 

Scale bars, 2 mm.

(L) Quantification of Aβ42-488+ or OVA-647+ area fraction of brain sections (WT, n=3 and 

MUT, n=3 mice). WT, wild-type mice; MUT, Twist1+/− mice with bilateral suture fusion.

Data are mean ± SEM (d, g, i, and l). *p<0.05, **p<0.01, ***p<0.001 calculated by 

two-tailed unpaired t test.
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Figure 2. Meningeal lymphatic defects are restored by SPC implantation in Twist1+/− mice
(A) The schematic of Gli1+ SPC implantation on Twist1+/− mouse with bilateral 

craniosynostosis.

(B) 3-D reconstructed microCT images of the calvaria of Twist1+/− mice with SPC 

implantation at one month post-surgery (upper panel) and immunofluorescent imaging of 

a coronal section of the Gli1+ SPC implantation site (lower panel). White arrows indicate 

regenerating sutures, and white arrowheads indicate dura. Scale bars, 1 mm (upper panel) 

and 50 μm (lower panel).

(C) A schematic of the ICP measurement setup.

(D and E) Representative ICP traces and quantification of ICP values (WT, n = 6; MUT, n = 

5; REG, n=5; Ves- [Vessel ablation], n=6 mice).

(F) Representative images of meningeal whole-mount staining with antibody against LYVE1 

(red). Nuclei were counterstained with DAPI (blue). Scale bar, 500 μm.

(G) Representative images of dCLN sections of mice injected (i.c.m.) with OVA-647 

(green). Nuclei were counterstained with DAPI (blue). Scale bar, 100 μm.

(H) Quantification of area fraction of LYVE1+ lymphatic vessels (WT, n=6; MUT, n=6; 

REG, n=6 mice).

(I) Quantification of OVA-647+ volume fraction of dCLNs (WT, n=5; MUT, n=4; REG, n=4 

mice).

(J) Representative images of brain coronal sections collected from mice injected (i.c.m.) 

with OVA-647 (red). Nuclei were counterstained with DAPI (Blue). Scale bar, 2 mm.
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(K) The representative images of brain coronal sections collected from mice intracranially 

injected with Aβ42-488. Nuclei were counterstained with DAPI (blue). Scale bar, 2 mm.

(L) Quantification of OVA-647+ area fraction of brain sections (WT, n=6; MUT, n=6; REG, 

n=6 mice).

(M) Quantification of Aβ42-488+ area fraction of brain sections (WT, n=3; MUT, n=3; REG, 

n=3 mice).

Data are mean ± SEM calculated by one-way ANOVA with Tukey post hoc tests. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3. Meningeal lymphatic vessel ablation blocks SPC implantation-mediated beneficial 
effects on neurocognitive function in Twist1+/− mice
(A) Representative images of meningeal whole-mount staining with antibody against 

LYVE1 (red). Nuclei were counterstained with DAPI (blue). Scale bar, 500 μm.

(B) Representative images of dCLN sections collected from mice injected (i.c.m.) with 

OVA-488. Nuclei were counterstained with DAPI. Scale bar, 100 μm.

(C and D) Quantification of area fraction of LYVE1+ lymphatic vessels and OVA-647+ 

volume fraction of dCLNs (Sham, n=3; Vessel ablation, n=3; MUT, n=3 mice).

(E) The representative images of brain coronal sections collected from mice injected (i.c.m.) 

with OVA-647 (red). Nuclei were counterstained with DAPI (blue). Scale bar, 2 mm and 1 

mm (inset).

(F) The representative images of brain coronal sections of mice intracranially injected with 

Aβ42-488 after 60 min. Sections were counterstained with DAPI. Scale bars, 2 mm.
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(G) Quantification of OVA-647+ area fraction of brain sections after intra-cisterna magna 

injection (Sham, n=3; Vessel ablation, n=3; MUT, n=3 mice).

(H) Quantification of Aβ42-488+ (I) area fraction of brain sections collected from mice after 

intracranial injection (Sham, n=3; Vessel ablation, n=3; MUT, n=3 mice).

(I) Schematic of the lymphatic ablation performed on REG mice.

(J and K) Schematics of novel object (J) and three-chamber tests (K).

(L-N) Quantification of the preference index in the novel object test (L) as well as sociability 

(M) and social memory (N) in the three-chamber test (Sham, n=10; Vessel ablation, n=10; 

MUT, n=10 mice).

Data are mean ± SEM calculated by one-way ANOVA with Tukey post hoc tests. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4. SPCs promote lymphatic endothelial cell (LEC) proliferation and migration
(A) Representative images of immunofluorescent staining of meningeal whole-mount 

staining with antibody against LYVE1 (green) focusing on the middle meningeal artery 

(MMA), superior sagittal sinus (SS), and transverse sinus (TS) regions. Gli1+ cells were 

labeled with Gli1-CreERT2;Rosa26-tdTomato after Tamoxifen induction (Gli1-tdT, red). 

Scale bar, 500 μm and 50 μm (inset).

(B) Diagram showing that SPC conditioned medium (CM) was transferred into LECs 

followed by downstream assays.

(C, E, G) Representative images of EdU (C), Ki67 (E) and p-H3 (G) staining of the cultured 

LEC. Nuclei were stained with DAPI (blue). Scale bar, 50 μm.

(D, F, H) Quantification of the percentage of EdU+ (D), Ki67+(F) and p-H3+ (H) cells out of 

total cells (Control, n=6–8; SPC-CM, n=6–8 mice).
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(I) Representative images of cell scratch wound healing at the indicated time points after 

scratching. Scale bar, 200 μm.

(J) Quantification of scratch-wound area monitored over time in LECs (Control, n=3; SPC-

CM, n=3).

Data are mean ± SEM calculated by two-tailed unpaired t test or one-way ANOVA with 

Tukey post hoc tests (*p<0.05).
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Figure 5. VEGF-C signaling is essential for SPC-LEC interaction
(A) Representative images of lambdoid suture staining with VEGF-C (green) and 

LYVE1 (white). Gli1+ SPCs (red) were labeled with Gli1-CreERT2;Rosa26-tdTomato with 

Tamoxifen induction. Nuclei were counterstained with DAPI (blue). Scale bar, 100 μm and 

20 μm (inset).

(B) ELISA measurement of VEGF-C concentrations in the LEC medium, hiPSC control, or 

SPC-CM (Medium, n= 3; Control, n=4; SPC-CM, n=4).

(C) Diagram showing that Prox1-eGFP+ mice were injected (i.c.m.) with VEGF-C at P20, 

and after four days, EdU was injected (i.p.) and chased for eight hours before samples 

collection.

(D) Representative images of meningeal whole-mount staining with EdU (red) and LYVE1 

(blue). Arrow heads indicate the EdU+ cells co-labeled with Prox1-eGFP. The LYVE1+ 

Ma et al. Page 31

Cell Stem Cell. Author manuscript; available in PMC 2024 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lymphatic vessels were outlined with dashed lines in the zoomed area. Scale bar, 100 μm and 

50 μm (inset).

(E) Quantification of the percentage of EdU+;Prox1+ co-labeled cells to the total Prox1-

eGFP+ cells. (Vehicle, n=5; VEGF-C, n=5 mice).

(F and G) Western blot analyses (F) and quantification of protein expression (G) in the LECs 

cultured with control or SPC-CM. The ratio of pAkt/Akt, pErk/Erk, or pS6/S6 of LECs 

co-cultured with control CM was set to 1, respectively (Control, n=3; SPC-CM, n=3).

(H) EdU staining of the LEC cultured in control or SPC-CM treated with anti-VEGF-C 

antibody or IgG isotype control. Nuclei were stained with DAPI (blue). Scale bar, 50 μm.

(I) Quantification of the percentage of EdU+ cells out of total cells (n=6 per group).

(J) Representative images of cell scratch wound healing at the indicated time points after 

scratching. Scale bar, 200 μm.

(K) Quantification of scratch-wound area monitored over time in LECs with different 

treatments (n=3 per group). Data are mean ± SEM. *p<0.05, ***p<0.001, ****p<0.0001, 

calculated by one-way ANOVA with Tukey post hoc tests or two-tailed unpaired t test.
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Figure 6. VEGF-C treatment restores meningeal lymphatics, CSF influx, and ISF efflux in 
Twist1+/− mice with craniosynostosis
(A) Representative images of meningeal whole-mount staining with antibodies against 

VEGF-C (green) and LYVE1 (blue). Gli1+ SPCs (red) were labeled with Gli1-
CreERT2;Rosa26-tdTomato with Tamoxifen induction. Scale bar, 50 μm.

(B) ELISA measurement of VEGF-C concentrations in meningeal lysates (WT, n= 3; MUT, 

n=3).

(C) Diagrams showing that WT or MUT mice were injected (i.c.m.) with AAV1-eGFP or 

AAV1-VEGF-C, and 4 weeks later injected (i.c.m.) with Aβ42-488 or OVA-647. Brain and 

dCLN samples were collected two hours after tracer injection.

(D) Quantification of the ICP (WTGFP, n=4; WTVEGF-C, n=6; MUTGFP, n=4; MUTVEGF-C, 

n=6 mice).

(E) Representative images of meningeal whole-mount staining with antibody against LYVE1 

(red). Nuclei were counterstained with DAPI (blue). Scale bar, 500 μm.

(F) The representative images of dCLN sections of mice injected (i.c.m.) with OVA-647. 

Sections were counterstained with DAPI. Scale bar, 100 μm.

(G) Quantification of area fraction of LYVE1+ lymphatic vessels (WTGFP, n=6; WTVEGF-C, 

n=6; MUTGFP, n=6; MUTVEGF-C, n=6 mice).

(H) Quantification of OVA-647+ volume fraction of dCLNs (WTGFP, n=4; WTVEGF-C, n=4; 

MUTGFP, n=4; MUTVEGF-C, n=4 mice).

(I) Representative images of brain coronal sections of a mouse injected (i.c.m.) with 

OVA-647. Sections were counterstained with DAPI. Scale bar, 2 mm.
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(J) The representative images of brain coronal sections collected from mice intracranially 

injected with Aβ42-488 after 60 min. Nuclei were counterstained with DAPI (blue). Scale 

bar, 2 mm.

(K) Quantification of OVA-647+ area fraction of brain sections (WTGFP, n=3; WTVEGF-C, 

n=3; MUTGFP, n=3; MUTVEGF-C, n=3 mice).

(L) Quantification of Aβ42-488+ area fraction of brain sections (WTGFP, n=3; WTVEGF-C, 

n=3; MUTGFP, n=3; MUTVEGF-C, n=3 mice).

Data are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, calculated by 

one-way ANOVA with Tukey post hoc tests.
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Figure 7. VEGF-C treatment rescues the neurocognitive and motor behavior deficits of Twist1+/− 

mice with craniosynostosis
(A) Representative animal tracks of sociability (upper panels) and social memory (lower 

panels) in the three-chamber test.

(B) Representative animal tracks of novel object test.

(C and D) Quantification of the preference index in sociability (C) and social memory (D) 

of three-chamber test (WTGFP, n=10; WTVEGF-C, n=10; MUTGFP, n=10; MUTVEGF-C, n=10 

mice).

(E) Quantification of the preference index in the novel object test (WTGFP, n=10; 

WTVEGF-C, n=10; MUTGFP, n=10; MUTVEGF-C, n=10 mice).

(F) Schematics of the rotarod test.

(G) Rotarod performance scored as time (seconds) on the rotarod (WTGFP, n=10; 

WTVEGF-C, n=10; MUTGFP, n=10; MUTVEGF-C, n=10 mice).
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Data are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, calculated by 

one-way ANOVA with Tukey post hoc tests.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Sp7 Abcam ab209484

Rat anti-LYVE1 Invitrogen 14-0443-82

Rabbit anti-VEGF-C NovusBio NB110-61022

Rabbit anti-Ki67 Abcam ab15580

Goat anti-LYVE1 R&D systems AF2089

Rabbit anti-aSMA Abcam ab5694

Rabbit anti-NG2 Sigma-Aldrich AB5320

Goat anti-PROX1 R&D systems AF2737

Goat anti-VEGFR3 R&D systems AF743

Mouse Anti-Human VEGFR-3/FLT-4 ReliaTech 101-M36

Rabbit anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Cell Signaling technology 4370

Rabbit anti-p44/42 MAPK (Erk1/2) Cell Signaling technology 4695

Rabbit anti-Phospho-Akt (Ser473) Cell Signaling technology 4060

Rabbit anti-Akt Cell Signaling technology 9272

Rabbit anti-Phospho-S6 Ribosomal Protein (Ser240/244) Cell Signaling technology 35708

Rabbit anti-S6 Ribosomal Protein Cell Signaling technology 2217

Rabbit anti-GAPDH Cell Signaling technology 2118

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 Thermo Fisher Scientific A-11011

Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647 Thermo Fisher Scientific A-21247

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 Thermo Fisher Scientific A-11055

Goat Anti-Rabbit (GAR)-HRP Conjugate Biorad 1705046

Goat Anti-Mouse (GAM)-HRP Conjugate Biorad 1705047

Bacterial and virus strains

AAV1-CMV-eGFP Vector Biolabs 7002

AAV1-CMV-mVEGF-C Vector Biolabs AAV-275994

TWIST1 shRNA lentiviral particles Santa Cruz Biotechnology sc-38604-V

Control shRNA lentiviral particles-A Santa Cruz Biotechnology sc-108080

Chemicals, peptides, and recombinant proteins

Methacrylic anhydride Sigma-Aldrich 276685

Gelatin Sigma-Aldrich 69391

Matrigel Corning 8015323

Collagen I GIBCO A10483-01

Lithium phenyl-2, 4, 6-trimethylbenzoylphosphinate TOCRIS 6146

TrypLE Express Enzyme (1X) GIBCO 1897328

MEM α, nucleosides GIBCO 2065542
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fetal Bovine Serum GIBCO 2100184

2-mercaptoethanol GIBCO 2090354

Penicillin-Streptomycin (10000 U/mL) GIBCO 2019321

EDTA Sigma-Aldrich E9884

Tert-Butanol Sigma-Aldrich 360538

Benzyl alcohol Sigma-Aldrich 402834

Benzyl benzoate Sigma-Aldrich B6630

Diphenyl ether Sigma-Aldrich 240834

Alexa Fluor 647-conjugated OVA Thermo Fisher Scientific O34784

Beta-Amyloid (1–42), HiLyte™ Fluor 488 AnaSpec AS-60479-01

Visudyne APExBIO A8327

TRIzol™ Reagent Thermo Fisher Scientific 15596026

Tamoxifen Sigma-Aldrich T5648

Paraformaldehyde, 4% in PBS Thermo Fisher Scientific J61899-AP

D-(+)-Sucrose, Ultrapure DNase-, RNase-free VWR 97061-432

Tissue-Plus O.C.T. compound Thermo Fisher Scientific 23-730-571

Sodium azide Sigma-Aldrich S2002

Heparin sodium salt Sigma-Aldrich H3149

Polyethylenimine Polyscience 23966-1

Polybrene Sigma-Aldrich R-1003-G

Salt-activated nuclease ArcticZymes 10977-023

OptiPrep - Density Gradient Media (Iodixanol) Cosmo Bio USA AXS-1114542-5

Recombinant human VEGF-C (Cys156Ser) protein R&D systems 752-VC-025/CF

Artificial CSF Tocris Bioscience 3525

Rat IgG Isotype Control Invitrogen 31933

Rabbit IgG Isotype Control Proteintech 30000-0-AP

VECTASHIELD® Antifade Mounting Medium Vector Laboratories H-1000

RIPA buffer Cell Signaling technology 9806

Protease Inhibitor Cocktails Thermo Fisher Scientific 1861278

PMSF Protease Inhibitor Thermo Fisher Scientific 36978

Cresyl Violet acetate Sigma-Aldrich C5042

5-ethynyl-2’-deoxyuridine (EdU) Thermo Fisher Scientific A10044

Critical commercial assays

StemPro Osteogenesis Differentiation Kit Gibco A1007201

BCA protein assay kit Thermo Fisher Scientific 23227

Azure 300 Azure Biosystems Azure 300

EGM™ Endothelial Cell Growth Medium BulletKit™ Lonza CC-3124

MCDB131 media Sigma-Aldrich M8537
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REAGENT or RESOURCE SOURCE IDENTIFIER

Click-iT™ RNA Alexa Fluor™ 594 Imaging Kit Thermo Fisher Scientific C10330

RNAscope Multiplex Fluorescent v2 kit Advanced Cell Diagnostics 323100

TSA Plus Cyanine 5 system PerkinElmer NEL745001KT

SuperScript™ VILO™ cDNA Synthesis Kit Thermo Fisher Scientific 11754050

SsoAdvanced™ Universal SYBR® Green Supermix Biorad 1725271

Deposited data

Experimental models: Cell lines

HEK293T cells ATCC CRL-3216

Human primary lymphatic endothelial cells Hirakawa et al.34 N/A

Gli1+ cells This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory 000664

Mouse: Gli1-CreERT2 (Gli1tm3(cre/ERT2)Alj/J) The Jackson Laboratory 007913

Mouse: B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J The Jackson Laboratory 007905

Mouse: Twist-null (B6;129S-Twist1tm1Bhr/J) The Jackson Laboratory 002221

Mouse: Prox1-GFP Choi et al.24 N/A

Oligonucleotides

RNAscope™ Probe- Mm-Twist1-O1-C1 Advanced Cell Diagnostics 1266861

RNAscope™ Probe- Mm-Col1a1 Advanced Cell Diagnostics 319371

qPCR primers: Twist1 forward: GGACAAGCTGAGCAAGATTCA; Integrated DNA 
Technologies

N/A

qPCR primers: Twist1 reverse: GGACAAGCTGAGCAAGATTCA Integrated DNA 
Technologies

N/A

qPCR primers: Actb forward: TCCGGCACTACCGAGTTATC Integrated DNA 
Technologies

N/A

qPCR primers: Actb reverse: GATCCGGTGTAGCAGATCGC Integrated DNA 
Technologies

N/A

qPCR primers: WPRE forward: GGCTGTTGGGCACTGACAAT Invitrogen N/A

qPCR primers: WPRE reverse: CCGAAGGGACGTAGCAGAAG Invitrogen N/A

Recombinant DNA

psubCMV-mVEGF-D-WPRE Kari Alitalo Lab Addgene, 
#119226

pAAV2/1 James M. Wilson Lab Addgene, 
#112862

pAdDeltaF6 James M. Wilson Lab Addgene, 
#112867

Software and algorithms

Evolution https://fiso.com/en/
product-software-
downloads/

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Smart v3.0 https://
www.harvardapparatus.co
m/smart-video-tracking-
system.html

76-0696

Imaris 9 https://imaris.oxinst.com/ N/A

ImageJ https://fiji.sc/ N/A

Leica Application Suite X https://www.leica-
microsystems.com/
products/microscope-
software/p/leica-las-x-ls/

N/A

Prism 8 https://
www.graphpad.com/
scientific-software/prism/

N/A
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