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A B S T R A C T   

Recent studies have described the importance of lymphatics in numerous organ-specific physiological and 
pathological processes. The role of meningeal lymphatics in various neurological and cerebrovascular diseases 
has been suggested. It has also been shown that these structures develop postnatally and are altered by aging and 
that the vascular endothelial growth factor C (VEGFC)/ vascular endothelial growth factor receptor 3 (VEGFR3) 
signaling plays an essential role in the development and maintenance of them. However, the molecular mech
anisms governing the development and maintenance of meningeal lymphatics are still poorly characterized. 
Recent in vitro cell culture-based experiments, and in vivo studies in zebrafish and mouse skin suggest that 
collagen and calcium binding EGF domains 1 (CCBE1) is involved in the processing of VEGFC. However, the 
organ-specific role of CCBE1 in developmental lymphangiogenesis and maintenance of lymphatics remains un
clear. Here, we aimed to investigate the organ-specific functions of CCBE1 in developmental lymphangiogenesis 
and maintenance of meningeal lymphatics during aging. We demonstrate that inducible deletion of CCBE1 leads 
to impaired postnatal development of the meningeal lymphatics and decreased macromolecule drainage to deep 
cervical lymph nodes. The structural integrity and density of meningeal lymphatics are gradually altered during 
aging. Furthermore, the meningeal lymphatic structures in adults showed regression after inducible CCBE1 
deletion. Collectively, our results indicate the importance of CCBE1-dependent mechanisms not only in the 
development, but also in the prevention of the age-related regression of meningeal lymphatics. Therefore, tar
geting CCBE1 may be a good therapeutic strategy to prevent age-related degeneration of meningeal lymphatics.   

1. Introduction 

Lymphatics play an essential role in maintaining fluid homeostasis 
by facilitating the drainage of interstitial fluid and macromolecules, 
providing immune surveillance by transporting immune cells and solu
ble antigens, and mediating the absorption and transport of dietary 
lipids from the small intestine [1,2]. A vast amount of recent experi
mental data indicates that the lymphatic system has several novel and 
unexpected physiological and pathophysiological functions, including a 
role in obesity, cardiac regeneration, hypertension, postnatal pulmonary 
adaptation and meningeal lymphatics mediated clearance of macro
molecules from the central nervous system (CNS) [1–4]. Most of these 

functions show organ- and tissue-specific characteristics, highlighting 
the importance of understanding the organ-specific functions of 
lymphatics. 

Vascular endothelial growth factor C (VEGFC) is the most important 
known lymphangiogenic factor [1,2]. Lack of VEGFC leads to the 
abrogation of lymphatic development [5]. It has also been described that 
proteolytic cleavage of VEGFC is required to generate the mature form, 
which mediates the stimulation of lymphatic growth and function 
through vascular endothelial growth factor receptor-3 (VEGFR3) 
signaling [6–8]. Loss of function mutations in the gene FLT4, encoding 
VEGFR3, reportedly disrupt the VEGFC/VEGFR3 signaling axis, and 
thereby are responsible for the pathophysiology of Milroy’s disease, a 
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typical form of primary lymphedema. [9]. 
Primary lymphedema is also the leading symptom in Hennekam 

syndrome, a condition additionally associated with mental retardation 
and bone developmental defects [10]. Mutations of collagen and cal
cium binding EGF domains 1 (CCBE1) were identified to cause Henne
kam syndrome in many affected patients in an autosomal recessive 
manner [11,12]. Further investigation of CCBE1 revealed its important 
role in embryonic lymphangiogenesis in zebrafish and mice [13–16]. 
Thereafter, in vitro studies using cell culture-based models and zebrafish 
experiments suggested that CCBE1 is involved in the processing of the 
full-length form of VEGFC [17,18]. After the harvesting from cell culture 
supernatants, A disintegrin and metalloproteinase with thrombospondin 
motifs-3 (ADAMTS3) protease was identified as a catalyst of VEGFC 
processing in cooperation with CCBE1 [17]. Thereafter, in vivo studies 
indicated the role of CCBE1 in the processing of VEGFC in the mouse 
skin to generate the active and mature form of the lymphangiogenic 
factor [19]. However, the organ-specific role of CCBE1 in lymphangio
genesis and maintenance of lymphatics remains unclear in other tissues 
and organs. 

It is well established that lymphatics are present in the dura mater 
adjacent to the venous sinuses [3,4,20–22]. Meningeal lymphatic vessels 
were identified not only in mice but also in non-human primates and 
humans [23]. Studies in mouse models have suggested the possible role 
of meningeal lymphatic vessels in various neurological diseases 
affecting the CNS, such as Alzheimer’s disease, multiple sclerosis and 
autoimmune encephalitis [21,22,24–27]. These findings indicate that 
meningeal lymphatic vessels, which develop postnatally, play an 
essential role in maintaining physiological functions of the CNS and 
their possible involvement in various pathophysiological processes [3, 
20,21,28]. The morphology and function of meningeal lymphatic vessels 
in mice have been observed to be impaired by aging [4,28]. A similar 
age-dependent decrease in the function of meningeal lymphatic vessels 
was found in aged humans [29]. The VEGFC/VEGFR3 signaling axis is 
essential for their development and maintenance [30]. However, the 
potential role of other regulators of the developmental program and 
maintenance of meningeal lymphatic vessels, such as CCBE1, remains 
unclear. 

Here, we aimed to characterize the age-dependent changes of 
meningeal lymphatic vessels and the role of CCBE1 in the developmental 
program and maintenance of these vessels, using a conditional knock- 
out mouse strain, which enables for the induced deletion of CCBE1 in 
vivo. Our findings demonstrate a CCBE1-dependent mechanism in the 
development and the prevention of age-related regression of meningeal 
lymphatic vessels. Our results suggest that targeting CCBE1 may be a 
good therapeutic strategy to prevent age-related regression of meningeal 
lymphatic vessels. 

2. Materials and methods 

2.1. Animals 

Newborn, adult (1–6 months), middle-aged (10–14 months) and old 
(older than 18 months) C57BL/6 wild type and Prox1GFP lymphatic re
porter mice were used to visualize lymphatic vasculature [31]. Prox1GFP 

mice were maintained in heterozygous form and genotyped by a trans
gene specific PCR using 5′ - GAT GTG CCA TAA ATC CCA GAG CCT AT – 
3′forward and 5′ - GGT CGG GGT AGC GGC TGA A - 3′ reverse primers. 
To characterize the expression pattern of CCBE1 in the dura mater we 
used 7-and 15-day-old (P7 and P15) Ccbe1LacZ/+ and littermate control 
mice (note that the Ccbe1LacZ reporter allele is a null Ccbe1- allele) [15, 
32]. To investigate the possible role of CCBE1 in the organ-specific 
lymphatic development and maintenance, we used newborn and adult 
(1–6 months) Ub-CreERT2; Ccbe1fl/- and littermate control mice [15,19, 
32]. The strain was maintained in heterozygous form and allele-specific 
PCR was performed to genotype the Ub-CreERT2, Ccbe1fl/- strain. The 
following primers were used: for the Ccbe1 knockout allele, forward (5′ – 

TGG GAG TTG AAT CCC TGA TGG TCT – 3′) and reverse (5′ – AGG CCA 
TAC AAG TGT TGG GCA TTG – 3), for the Ccbe1 wild type allele, specific 
forward (5′ – CAG AGC AAA GGG ACA ACA GGT G – 3′) and reverse (5′ – 
TAA ACA CGG CAG CAG CAA CC – 3′), for the Ccbe1 conditional allele, 
forward (5′ – GGG GTC CAT GCT TAG CAA GC – 3′) and reverse (5′ – TTT 
AGG GCT AGG CTG TGT AAT TGG – 3′), and for Ub-Cre, forward (5′ – 
GCG GTC TGG CAG TAA AAA CTA TC – 3′) and reverse (5′ – GTG AAA 
CAG CAT TGC TGT CAC TT – 3′) primers. Mice of all strains were kept in 
an environment with controlled temperature and humidity, on 12 h 
light/dark cycles. Experimental animals were housed in either specific 
pathogen free or conventional animal facilities. 

2.2. Induction of Cre-mediated Ccbe1 deletion 

To induce the Cre-mediated deletion of Ccbe1 in newborn mice, the 
newborns were injected with intragastrical Tamoxifen (Sigma-Aldrich, 
St. Louis, USA) (50 µL 2 mg/ml Tamoxifen dissolved in ethanol/ corn 
oil) on day 1 after birth (P1). In adult mice, deletion of Ccbe1 was 
induced in 2-month-old mice by a 3 week-long Tamoxifen diet as 
described previously [19]. 

2.3. Isolation of meninges 

To study the structural characteristics of meningeal lymphatics 
during development and aging, we isolated meninges of newborn (5 
days old), adult (1–6 months old), middle-aged (10–14 months old) and 
old (18 or more months old) mice. Our isolation protocol was based on 
the protocol of Louveau and Kipnis as described previously [20,33]. 
Mice were transcardially perfused with 10 ml phosphate-buffered saline 
(PBS) followed by 10 ml of 4% paraformaldehyde (PFA) (Sigma-Aldrich, 
St. Louis, USA). Using scissors and forceps, skin and muscles were 
removed from the skull followed by the dissection of optic nerves, 
eyeballs and mandibles. After removal of the lower orbits and nasal 
bone, the basal portion of the skull was cut and separated. After the skull 
was separated, the brain was scooped out of the dorsal half of the skull. 
Meninges attached to the skull were then fixed in 4% PFA overnight at 
4 ◦C and washed with PBS. 

2.4. Whole-Mount Immunostaining 

Isolated meninges and ears were incubated for 1 h in PBS containing 
10% goat or horse serum at room temperature, followed by staining with 
antibodies for LYVE-1 (R&D Systems, AF2125, Minneapolis, USA), 
PDPN (BioLegend, 127402, San Diego, USA), VWF (Thermo Fisher Sci
entific, PA5–16634, Waltham, USA), GFP (Life Technologies, A11122, 
Waltham, USA) as described previously [33]. All primary antibodies 
were diluted 1:170 in the presence of 10% serum and 0.1% Tween 20 
(Sigma-Aldrich, St. Louis, USA) and incubated for 24 h at 4 ◦C. There
after, samples were incubated for 1 h with Alexa Fluor 488/568/594 
anti-rabbit/anti-goat/anti-Syrian hamster IgG antibodies (Life Tech
nologies, A21206, A11055, A11057, A11006, A11077, A21113 at 
1:1000, Waltham, USA) at room temperature in PBS containing 2% 
serum and 0.1% Tween 20. After the staining, tissues were washed with 
PBS. Control immunostaining of samples for all experiments has been 
performed. 

2.5. β-galactosidase staining 

CCBE1 reporter gene expression was investigated in wild type 
(Ccbe1+/+) and Ccbe1LacZ/+ mice at P7 and P15 using whole-mount 
samples for detecting β-galactosidase activity, based on the method
described by Puri et al. [34] further optimized for the staining of 
meninges. Skull samples with attached meninges were dissected in PBS 
and then fixed in 2% PFA for 30 min. Post-fixation, the samples were 
washed with PBS for 30 min at 4 ◦C. The samples were then stained in 
25 mg/ml X-gal (Sigma-Aldrich, St. Louis, USA) (dissolved in 
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dimethylformamide (Acros Organics, Waltham, USA)), 2.5 mM K3[Fe 
(CN)6] (Fisher Scientific, Waltham, USA), 2.5 mM K4[Fe(CN)6] (Acros 
Organics, Waltham, USA), 5 mM MgCl2 (Fisher Scientific, Waltham, 
USA) in PBS at 37 ◦C for 12–18 h. Following LacZ staining, samples were 
washed at room temperature for 30 min and then fixed in 2% PFA 
overnight. After the second fixation, samples were washed and stored in 
PBS, then examined with a stereomicroscope. Next, the samples were 
embedded in paraffin, sectioned and stained using antibodies against 
blood and lymphatic vessel markers as previously described [32,35]. 

2.6. Assessment of meningeal lymphatic function 

To monitor meningeal lymphatic function, mice were anesthetized 
by an intraperitoneal injection of 2.5 % Avertin (Sigma-Aldrich, St. 
Louis, USA) followed by an injection of 2.5 µL of 70 kDa Rhodamine 
dextran (RhD) (Life Technologies, Waltham, USA) from a 10 mg/ml 
stock 2 mm deep into the dorsal prefrontal cortex of the right hemi
sphere or into the cisterna magna of mice. For intraparenchymal injec
tion, a midline skin incision was made to reveal the skull bone, which 
was thinned 2 mm lateral and 1.5 mm caudal to the bregma. The tracer 
was slowly injected ~2 mm deep with a Hamilton syringe using a blunt- 
ended 30 G needle over 3 min. For intra-cisterna magna injections, the 
neck muscles were dissected through a small midline incision followed 
by injection of 70 kDa RhD into the cisterna magna with a Hamilton 
syringe using a sharp-ended 32 G needle over 3 min. After intra
parenchymal or intra-cisterna magna injection, the needle was left in 
natural position, then it was slowly removed after 5 min to prevent 
leakage. All mice were sacrificed 100 min post-injection, and the 
appropriate injection location was confirmed. If the injection was un
successful, the mouse was excluded from the dataset. The uptake of 
fluorescently labeled macromolecules in the meningeal vessels or the 
deep cervical lymph nodes was investigated by fluorescence stereo
microscopy. Additionally, a lymphatic endothelial cell specific immu
nostaining was performed to visualize lymphatics. Drainage of the 
injected fluorescently labeled molecules into the cervical lymph nodes 
was quantified by measuring the mean fluorescence intensity of the area 
of the lymph nodes (mean fluorescent intensity of background sub
tracted from the mean fluorescence intensity of lymph nodes) using NIS- 
Elements Imaging Software (Nikon Instruments, Tokyo, Japan) as 
described previously [33]. 

2.7. Histological analyses 

Decalcification of the previously fixed skull with the attached dura 
mater was performed using Osteosoft (Merck, Darmstadt, Germany) for 
1 week at 4 ◦C, followed by sequential dehydration in 50%, 70%, 95%, 
and 100% ethanol and embedding in paraffin using an embedding sta
tion (Leica, Wetzlar, Germany). Ear samples were harvested and fixed in 
4% PFA overnight at 4 ◦C, followed by sequential dehydration in 50%, 
70%, 95%, and 100% ethanol, and embedding in paraffin. Eight- 
micrometer-thick sections were generated using a microtome (Thermo 
Fisher Scientific, HM340E, Waltham, USA) and immunostained with the 
following primary and secondary antibodies: anti-LYVE-1 (R&D Sys
tems, AF2125, Minneapolis, USA), anti-PDPN (BioLegend, 127402, San 
Diego, USA), Alexa Fluor 488/568/594 anti-rabbit/anti-goat/anti- 
Syrian hamster IgG antibodies (Life Technologies, A21206, A11055, 
A11057, A11006, A11077, A21113, Waltham, USA) [32,35]. Nuclei 
were labeled with Vectashield DAPI Mounting Medium (Vector Labo
ratories, H-1200, Burlingame, USA). 

2.8. Image acquisition and analysis 

For microscopic imaging of histology slides, an upright microscope 
(Nikon Instruments, ECLIPSE Ni-U, Tokyo, Japan) with a 20 × dry 
objective connected to a camera (Nikon Instruments, DS-Ri2) was used. 
Whole-mount images were taken with a stereomicroscope (Nikon 

Instruments, SMZ-25) connected to a camera (Nikon Instruments, DS- 
Ri2), or a confocal microscope (Nikon Instruments, A1 HD25) using a 
10x dry objective. For quantitative analysis of the dorsal meningeal 
lymphatics, stereomicroscopy images were used. Importantly, to quan
tify the meningeal lymphatics in the basal area (situated between the 
middle meningeal artery and the pterygopalatine artery), confocal im
aging was required. Quantitative assessments including macromolecule 
drainage, length and area measurements were performed using NIS- 
Elements Imaging Software. Structure of the dorsal meningeal 
lymphatic vessels was characterized by two independent investigators 
blinded for all parameters (genotype, age, etc.) using a clinical score 
system on a scale from 0–15. The following parameters were assessed: 
continuity of meningeal lymphatic vessels; structural malformations of 
the meningeal lymphatics; presence of lymphatic vessels adjacent to the 
superior sagittal sinus, transverse sinus, and the middle meningeal ar
teries (dorsal region); and the number of branching points as previously 
described [33]. 

2.9. Presentation of data and statistical analysis 

Experiments were performed the indicated number of times. For all 
experiments, investigators were blinded for the genotype of mice and 
treatment from the time of euthanasia to the end of the analysis. 
Quantitative graphs show mean ± SEM. Statistical analysis of data was 
performed using Graph Pad Prism 7.0 and Microsoft Office Excel soft
ware programs. Specific statistical tests for each experiment are indi
cated in the figure legends. P-values below 0.05 were considered 
statistically significant. 

3. Results 

3.1. CCBE1 reporter is expressed in the dura mater along the sinuses 
during the postnatal development of meningeal lymphatics 

It has been well documented that meningeal lymphatics develop 
postnatally [30,33,36]. First, we characterized the developmental pro
gram of the meningeal lymphatic network by whole-mount immuno
staining with anti-LYVE1 and anti-VWF antibodies to visualize 
lymphatic and blood endothelial markers. We found that meningeal 
lymphatic vessels were absent at P5 but well-developed lymphatics were 
detectable in young adult mice by P35 next to the transverse sinuses, 
sagittal sinuses, and basal area shown by stereo and confocal microscopy 
(Fig. 1A, D). The presence of the lymphatic structures was also quanti
fied during the developmental period (Fig. 1B, C). 

Next, we monitored the expression of CCBE1 during the postnatal 
developmental period using Ccbe1LacZ/+ mice carrying a reporter allele 
and littermate controls. Importantly, we detected a robust CCBE1 re
porter expression in the dura mater adjacent to sinuses before the 
presence of mature meningeal lymphatics at P7 and P15 compared to the 
Ccbe1+/+ littermate controls (Fig. 2A and Suppl. Fig. 1). Notably, the 
expression levels of the CCBE1 reporter appeared to be stronger at the 
earlier time point. Histological analysis of the same samples was per
formed using anti-LYVE1 and anti-VWF antibodies. The VWF single 
positive blood vessels (confluence of sinuses) were apparent in the dura 
mater, but LYVE1 positive lymphatic vessels were not present at P7, 
while the formation of these lymphatic structures was detected by P15 
(Fig. 2B). Importantly, blue precipitate was present in Ccbe1LacZ/+ re
porter mice in the dural layer next to the sinuses. We described the 
spatiotemporal changes of CCBE1 expression in the dural layers after 
birth indicating the strong expression of the marker adjacent to the 
venous sinuses alongside the developing lymphatic structures. These 
findings suggested that CCBE1 might be a regulator of the develop
mental program of meningeal lymphatics. 
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Fig. 1. Postnatal development of meningeal lymphatic vessels. A: LYVE1 and VWF whole-mount staining of the dural meninges adjacent to the transverse and 
the superior sagittal sinuses of newborn (P5) and young adult (P35) C57BL/6 wild type mice. Representative stereomicroscopy images are shown from n = 3 mice per 
group. Bars, 500 µm. B, C: Quantitative data are shown for clinical scores (0− 15) representing structural integrity of the dorsal meningeal lymphatics (B) or length of 
the dorsal meningeal lymphatic vessels (mm) (C) of newborn mice (P5) and young adult (P35) C57BL/6 wild type mice. Data represented as mean ± SEM; unpaired 
two-tailed t-test; n = 3 mice per group; ***P < 0.001, ****P < 0.0001. D: LYVE1 and VWF whole-mount staining of the dural meninges adjacent to the transverse 
sinus, superior sagittal sinus, or middle meningeal artery (at the basal region) of newborn mice (P5) and young adult (P35) C57BL/6 wild type mice. Representative 
confocal (D) images are shown from n = 3 mice per group. Bars, 500 µm. 
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3.2. CCBE1 is essential for the postnatal development of meningeal 
lymphatics 

First, to test our conditional gene deletion strategy and to confirm 
prior findings showing the role of CCBE1 in lymphatic growth of the 
mouse skin [19], CCBE1 deletion was induced immediately after birth 
and lymphatic growth was monitored in the mouse ear, in an organ that 
develops postnatally (newborn mice have no ear formed), 45 days after 
birth. Lymphatic growth in the ear skin was greatly reduced in 
CCBE1-deleted mice compared to the littermate controls (Suppl. Fig. 2A, 
D). After quantification, the area and number of lymphatic vessels in the 
ear skin of CCBE1-deleted mice were significantly decreased in com
parison to the control ears (Suppl. Fig. 2B, C). 

Thereafter, we investigated the development of meningeal lym
phatics after birth in mice with inducible deletion of Ccbe1 at P0. To this 
end, deletion of the Ccbe1 was induced in newborn mice at P0 in the Ub- 
CreERT2 system with intragastric Tamoxifen injection and in littermate 
controls, and the animals were sacrificed at P45. We found less menin
geal lymphatics with altered structure along the transverse sinuses, 
sagittal sinuses, and the area of the basal skull in Ub-CreERT2; Ccbe1fl/- 

mice by fluorescence stereomicroscopy 45 days after Tamoxifen treat
ment of newborns compared to the littermate controls (Fig. 3A). The 
evaluation of meningeal lymphatic vessels showed a decrease in score 
representing the structural integrity of meningeal lymphatics and the 
total length of the lymphatic network (Fig. 3B, C). Confocal imaging also 
indicated the great decrease of meningeal lymphatic structures in the 
dorsal region of Ub-CreERT2; Ccbe1fl/- mice as well as in the basal region 
(Fig. 3D). Confocal imaging was used to quantify the dramatic decrease 

of meningeal lymphatics in the basal area (Fig. 3E). Of note, in the 
heterozygous mice (Ccbe1fl/- with no Cre expression), there is no sig
nificant difference in the presence of the meningeal structures compared 
to the wild type animals 45 days after birth (Suppl. Fig. 3A, B, C). 
Collectively, these findings indicate that CCBE1 acts as an important 
regulator in the organ-specific development of meningeal lymphatics. 

3.3. Deletion of CCBE1 after birth reduces the lymphatic-mediated 
drainage of macromolecules 

Next, we aimed to characterize the lymphatic-mediated macromol
ecule drainage from the CNS to the cervical region in mice with post
natal CCBE1 deletion immediately after birth. Labeled 70 kDa RhD was 
injected into the cisterna magna and brain parenchyma at 45 days after 
Tamoxifen treatment. The drainage of labeled macromolecules was 
assessed in the deep cervical lymph nodes of Ub-CreERT2; Ccbe1fl/- mice 
and littermate controls. The accumulation of RhD in the deep cervical 
lymph nodes was greatly reduced in Ub-CreERT2; Ccbe1fl/- mice after the 
cisterna magna and intraparenchymal injections (Fig. 4A, C). Quantifi
cation of the data indicates significantly impaired drainage to the deep 
cervical lymph nodes in Ub-CreERT2; Ccbe1fl/- mice in comparison to the 
control mice (Fig. 4B, D). Confocal imaging revealed that absence of 
CCBE1 led to decreased macromolecule uptake into the meningeal 
lymphatic vessels after fluorescently labeled macromolecule injection 
(Fig. 4E). We also found accumulation of cells taking up RhD adjacent to 
the sinuses, especially in the CCBE1 deleted animals (Fig. 4E). These 
experiments indicate that impaired meningeal lymphatic development 
in animals with CCBE1 deletion at birth is associated with decreased 

Fig. 2. CCBE1 reporter expression in the dura mater during the postnatal period. A: β-Gal whole-mount staining of the dural meninges of P7 and P15 wild type 
(Ccbe1+/+) and Ccbe1LacZ/+ reporter mice. Images were acquired by stereomicroscopy. Bars, 500 µm B: Cross-sections of the dural meninges of P7 and P15 wild type 
(Ccbe1+/+) and Ccbe1LacZ/+ mice, stained with β-Gal staining (upper panel) and immunofluorescence staining (lower panel) with antibodies against LYVE1 and VWF 
markers. White asterisks indicate the meningeal lymphatic vessels adjacent to the sinuses. Bars, 50 µm. Representative images of the experiments are shown; n = 3 
mice per group. 
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macromolecular drainage from the CNS to the deep cervical lymph 
nodes. 

3.4. Meningeal lymphatic structures are altered by aging, mostly affecting 
the dorsal but not the basal meningeal compartments 

Although it has been described that meningeal lymphatics are 
altered by aging, most of these studies have focused on characterizing 
the dorsal region of the compartment in detail, we have only limited 
knowledge about the aging associated morphological changes of the 
basal area [4,28,29]. Therefore, we characterized the morphological 
changes of meningeal lymphatics by aging not only next to the trans
versal and sagittal sinuses but also in the basal area of the skull. Here we 
found a decrease in meningeal lymphatic vessel coverage in old (older 
than 18 months) mice in the dorsal region compared to adult (1–6 

months) and middle-aged (10–14 months) animals (Fig. 5A; Suppl. 
Fig. 4A, B). Quantification of data showed a significant decrease in 
length and clinical score representing the integrity of the network of 
dorsal meningeal lymphatic vessels both in wild type and Prox1GFP re
porter mice (Fig. 5B, C; Suppl. Fig. 4C, D, E, F). In contrast, the basal 
meningeal lymphatic vessels did not show major signs of regression, 
instead they displayed structural alterations with a hyperplastic 
phenotype in aged mice compared to young mice in our experiments 
(Fig. 5D-G). Our results indicate that age-dependent alteration of 
meningeal lymphatic vessels mainly affects the dorsal region of the 
meningeal compartment. 

Fig. 3. Postnatal deletion of Ccbe1 prevents the development of meningeal lymphatic structures. A: LYVE1 and PDPN whole-mount staining of the dural 
meninges adjacent to transverse sinuses or the superior sagittal sinus of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 45 days post Tamoxifen treatment at P0. Repre
sentative fluorescence stereomicroscope images are shown from n = 3 mice per group. Bars, 1000 µm upper panel, 500 µm lower panel. B, C: Quantitative data are 
shown for clinical scores (0− 15) representing structural malformations of the dorsal meningeal lymphatics (B) or length of the dorsal meningeal lymphatic vessels 
(mm) (C) in Ccbe1fl/fl, and Ub-CreERT2; Ccbe1fl/- mice 45 days post Tamoxifen treatment at P0. Data represented as mean ± SEM; unpaired two-tailed t-test (B) and 
Mann-Whitney U test (C); n = 15–16 mice per group; ****P < 0.0001. D: LYVE1 and VWF expression in the dural meninges adjacent to the transverse sinuses, 
superior sagittal sinus or at the basal region (next to middle meningeal artery and pterygopalatine artery) of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 45 days post 
Tamoxifen treatment at P0. Representative confocal images are shown from n = 3 mice per group. Bars, 500 µm. E: Quantitative data are shown for length of the 
basal meningeal lymphatic vessels (mm) representing structural malformations of the meningeal lymphatics in Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 45 days post 
Tamoxifen treatment at P0. Data represented as mean ± SEM; unpaired two-tailed t-test; n = 3 mice per group; **P < 0.01. 

Z. Ocskay et al.                                                                                                                                                                                                                                 



Biomedicine & Pharmacotherapy 170 (2024) 116032

7

Fig. 4. Macromolecule drainage from the CNS after postnatal deletion of Ccbe1 after birth. A: Drainage of 70 kDa RhD into the deep cervical lymph nodes after 
injection of fluorescently labeled macromolecules into the cisterna magna of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 45 days post Tamoxifen treatment at P0. 
Representative fluorescence stereomicroscope images are shown from n = 3–4 mice per group. Bars, 500 µm. B: Quantitative data are shown for the mean fluo
rescence intensity in the deep cervical lymph nodes (mean fluorescence intensity of background subtracted from the mean fluorescence intensity of lymph nodes) 
after intra-cisterna magna (A) injection of 70 kDa RhD into Ccbe1fl/fl or Ub-CreERT2; Ccbe1fl/- mice 45 days post Tamoxifen treatment at P0. Data represented as mean 
± SEM; unpaired two-tailed t-test; n = 3–6 mice per group; *P < 0.05. C: Drainage of 70 kDa RhD into the deep cervical lymph nodes after injection of fluorescently 
labeled macromolecules into the brain parenchyma of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 45 days post Tamoxifen treatment at P0. Representative fluorescence 
stereomicroscope images are shown from n = 3–4 mice per group. Bars, 500 µm. D: Quantitative data are shown for the mean fluorescence intensity in the deep 
cervical lymph nodes (mean fluorescence intensity of background subtracted from the mean fluorescence intensity of lymph nodes) after into the brain parenchyma 
(C) injection of 70 kDa RhD into Ccbe1fl/fl or Ub-CreERT2; Ccbe1fl/- mice 45 days post Tamoxifen treatment at P0. Data represented as mean ± SEM; Mann-Whitney U 
test; n = 3–6 mice per group; **P < 0.01. E: Representative confocal images shown for the RhD uptake by meningeal lymphatic vessels of transverse sinus, superior 
sagittal sinus and middle meningeal artery (at the basal region) 100 min after intraparenchymal injection of 70 kDa RhD into Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 
45 days post Tamoxifen treatment at P0. Representative images are shown from n = 3 mouse per group. Bars, 500 µm. 
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Fig. 5. Alterations of the meningeal lymphatic structures by aging. A: LYVE1 and PDPN whole-mount staining of the dural meninges adjacent to the transverse 
sinuses and superior sagittal sinus of adult (1–6 months old), middle-aged (10–14 months old) and old (18 or more months old) C57BL/6 wild type mice. Repre
sentative fluorescence stereomicroscope images are shown from n = 6–10 mice per group. White arrowheads indicate the meningeal lymphatic vessels adjacent to 
the sinuses. Bars, upper panel 1000 µm, lower panel 500 µm. B, C: Quantitative data are shown for clinical scores (0− 15) representing structural malformations of 
the dorsal meningeal lymphatics (B) or length of the dorsal meningeal lymphatic vessels (mm) (C) in adult (1–6 months old), middle aged (10–14 months old) and old 
aged (18 or more months old) C57BL/6 wild type mice. Data represented as mean ± SEM; One-way ANOVA; Dunnett’s post-hoc test, n = 6–10 mice per group, 
**P < 0.01; ****P < 0.0001. D: LYVE1 and VWF whole-mount staining of the dural meninges adjacent to the transverse sinuses, superior sagittal sinus or middle 
meningeal artery (at the basal region) of adult (1–6 months old) and old aged (18 or more months old) C57BL/6 wild type mice. Representative confocal images are 
shown from n = 3 mice per group. Bars 500 µm. E: LYVE1 and GFP whole-mount staining of the dural meninges adjacent to the transverse sinuses, superior sagittal 
sinus or middle meningeal artery (at the basal region) of adult (1–6 months old) and old (18 or more months old) Prox1GFP lymphatic reporter mice. Representative 
confocal images are shown from n = 3 mice per group. Bars 500 µm. F: Quantitative data are shown for length of the basal meningeal lymphatic vessels (mm) 
representing structural malformations of the meningeal lymphatics in adult (1–6 months old), and old aged (18 or more months old) C57BL/6 wild type mice. Data 
represented as mean ± SEM; unpaired two-tailed t-test; n = 3 mice per group; ns: not significant. G: Quantitative data are shown for length of the basal meningeal 
lymphatic vessels (mm) representing structural malformations of the meningeal lymphatics in adult (1–6 months old), and old (18 or more months old) Prox1GFP 

lymphatic reporter mice. Data represented as mean ± SEM; unpaired two-tailed t-test; n = 3 mice per group, ns: not significant. 
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3.5. Deletion of CCBE1 in adults accelerates the age-dependent structural 
regression of meningeal lymphatic vessels 

Meningeal lymphatics are fully developed by 35 days after birth (as 
shown in Fig. 1), and we found that meningeal lymphatics are not 
altered in young adult heterozygous mice at 45 days (Suppl. Fig. 3). 
Next, we characterized the role of CCBE1 in the maintenance of 
meningeal lymphatic vessels in adult animals. To this end, we induced 
the deletion of CCBE1 in 2-month-old animals, and assessed the 
lymphatic morphology and function at 3 months post deletion. We found 
regression of the meningeal lymphatic vessels not only in the dorsal but 
also in the basal region 3 months after the deletion of CCBE1 compared 
to control mice (Fig. 6A, D). The clinical score and total length repre
senting the integrity of the lymphatic network of meningeal lymphatic 

vessels were significantly reduced compared to the littermate controls in 
Ub-CreERT2; Ccbe1fl/- adult mice (Fig. 6B, C, E). Of note, no difference 
was detected in the presence and structure of blood vessels in the same 
animals. In older adult heterozygous mice (Ccbe1fl/- in the absence of the 
Cre expression), there was also some reduction in the presence of the 
meningeal structures compared to the wild type animals at 6–12 months 
of age (Suppl. Fig. 5), further suggesting the importance of CCBE1 levels 
(dosage) in the maintenance of meningeal lymphatic structures. In 
parallel, the morphology of ear lymphatics was characterized after 
CCBE1 deletion in adult animals. We performed the deletion of CCBE1 at 
2 months of age and assessed the lymphatic morphology at 6 months 
post deletion by comparing it to the littermate controls. Importantly, no 
alterations were observed in the lymphatics of the ear skin in adult mice 
with Ub-CreERT2; Ccbe1fl/- genotype (Suppl. Fig. 6). These results 

Fig. 6. Accelerated regression of meningeal lymphatics in adult Ccbe1-deleted mice. A: LYVE1 and PDPN whole-mount staining of the dural meninges adjacent 
to the transverse sinuses or superior sagittal sinus of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 months post Tamoxifen treatment of 2-month-old mice. Repre
sentative fluorescence stereomicroscope images are shown from n = 3 mice per group. White arrowheads indicate the meningeal lymphatic vessels adjacent to the 
sinuses. Bars, 1000 µm upper panel, 500 µm lower panels. B, C: Quantitative data are shown for clinical scores (0− 15) representing structural malformations of the 
dorsal meningeal lymphatics (B) or length of the dorsal meningeal lymphatic vessels (mm) (C) in Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 months post Tamoxifen 
treatment of 2-month-old mice. Data represented as mean ± SEM; Mann-Whitney U test; n = 11–17 mice per group; ****P < 0.0001. D: LYVE1 and VWF expression 
in the dural meninges and adjacent to the superior sagittal sinus, transverse sinuses or at the basal region of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/-mice 3 months post 
Tamoxifen treatment of 2-month-old mice. Representative confocal images are shown from n = 3 mice per group. White arrowheads indicate the meningeal 
lymphatic vessels adjacent to the sinuses. Bars, 100 µm. E: Quantitative data are shown for length of the basal meningeal lymphatic vessels (mm) representing 
structural malformations of the meningeal lymphatics in Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 months post Tamoxifen treatment of 2-month-old mice. Data 
represented as Mean ± SEM; unpaired two-tailed t-test; n = 3 mice per group; **P < 0.01. 
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suggest an organ-specific importance of CCBE1 in the maintenance of 
meningeal lymphatic vessels. 

3.6. The function of meningeal lymphatic vessels of CCBE1-deleted adult 
mice 

To characterize the function of meningeal lymphatic vessels in Ub- 
CreERT2; Ccbe1fl/- mice with the deletion during adulthood, we also 
monitored the RhD accumulation in deep cervical lymph nodes after 
CNS injections 3 months after the Cre induction at 2 months after birth. 
We found reduced labeled macromolecule accumulation in the deep 
cervical lymph nodes of Ub-CreERT2; Ccbe1fl/- adult mice compared to 
the littermate controls, but the differences were not significant (Fig. 7 A- 
D). Importantly, there were fewer lymphatic vessels in the dorsal and 
basal region of Ub-CreERT2; Ccbe1fl/- adult mice (Fig. 6E). Of note, the 
accumulation of RhD was detectable in the meningeal compartment 
with impaired meningeal lymphatic structures in Ub-CreERT2; Ccbe1fl/- 

adult mice, especially next to the sinuses (Fig. 6E). In conclusion, the 
assessment of meningeal lymphatic vessels showed a significantly 
impaired morphology in mice with the adult deletion of CCBE1, and the 
drainage of macromolecules to the deep cervical lymph nodes was not 
significantly affected under our experimental conditions. These findings 
indicate that CCBE1 is needed for the normal maintenance of meningeal 
lymphatics in adult animals. 

4. Discussion 

In our studies, we have demonstrated that meningeal lymphatic 
structures develop during the postnatal period, in accordance with 
former publications [4,30,33,36]. Here, we also included the charac
terization of the developmental program of the lymphatic structures of 
the basal compartment in the dura mater (Fig. 1), which region has been 
implicated a critical functional role mediating the macromolecule 
drainage of the CNS [28]. 

The role of the VEGFC/VEGFR3 axis has already been described in 
the development of lymphatic vessels in various organs. The impaired 
VEGFC/VEGFR3 signaling pathway led to an arrest of the development 
and maturation of lymphatic vessels in the skin, intestine, and dura 
mater [30,37]. However, other organ-specific regulators that promote 
developmental lymphangiogenesis either by producing the mature and 
active form of VEGFC or through an independent signaling mechanism, 
are yet to be identified. Different molecules including ADAMTS3, CCBE1 
and KLK3 were suggested being involved in the processing of VEGFC, 
mostly based on in vitro studies, and experiments focusing on the mouse 
skin, zebrafish models and spermatogenesis [17,18,38,39]. Here, we 
showed CCBE1 reporter expression in the dura mater after birth next to 
the sinuses, in parallel with the developmental process of meningeal 
lymphatics (Fig. 2). The histology samples show CCBE1 accumulation in 
cells adjacent to the VWF positive blood vessels and LYVE1 positive 
sprouting lymphatic vessels. Results in zebrafish suggest that CCBE1 is 
involved in the migration of lymphatic endothelial cells [40], and our 
finding raise the possibility a similar mechanism might be present in the 
meningeal compartment, but further studies are needed to characterize 
this process. A study suggested that lymphatic vessels draining the CNS 
are affected by the deletion of CCBE1 in zebrafish [41], but it is 
important to note that there are known differences in the molecular 
mechanisms in zebrafish and mouse models (e.g. Prox1 is dispensable 
for developmental lymphangiogenesis in zebrafish, while it is a critical 
factor in mice and humans) [42]. Therefore, we demonstrated in an 
inducible mouse model that CCBE1 has an organ-specific essential role 
in the development of meningeal lymphatics in different compartments 
of the dura mater (Fig. 3). Postnatal deletion of the CCBE1 arrested the 
developmental program of meningeal lymphatics affecting the dorsal 
region of the meningeal lymphatic vessels (next to the superior sagittal 
and transverse sinuses), and immature looking sprouting lymphatics 
were found at the basal region of the skull (Fig. 3). Impaired drainage of 

macromolecules from the CNS into the deep cervical lymph nodes 
mediated by meningeal lymphatics was also detected in the 
CCBE1-deleted young animals (Fig. 4). This impairment of lymphatic 
function was in accordance with the previous studies with the postnatal 
deletion of VEGFC lymphangiogenic factor where defective meningeal 
lymphatic development was associated with the decreased drainage of 
macromolecules to the deep cervical lymph nodes [30]. 

Age-dependent decline of lymphatic density and function has been 
described in the skin and the meningeal compartment, suggesting that 
alterations of organ-specific lymphatics function may be an important 
factor in the pathogenesis of aging-associated diseases [28,43,44]. In 
accordance, we found that the meningeal lymphatic structures in the 
dorsal region, particularly in vessels adjacent to superior sagittal sinus, 
are impaired in old mice (over 18 months) (Fig. 5), indicating that 
alteration of meningeal lymphatic vessels by aging mainly affects the 
dorsal region of the meningeal compartment. These results correlate 
with former studies describing that the initial meningeal lymphatic 
vessels are impaired by aging, and with those that reported malforma
tion of the lymphatic structures in the basal region [4,28,29]. Further 
studies will be needed to better understand the age–related mechanisms 
involved in these regression processes. 

In connection to the physiological regulators of the maintenance of 
meningeal lymphatics, we found a similar regressed pattern of menin
geal lymphatic vessels in the dorsal region after the deletion of CCBE1 in 
adult mice to that present in aged wild type animals (Fig. 6). In addition, 
the inducible deletion of CCBE1 also affected the meningeal lymphatic 
vessels of the basal area (Fig. 6). Investigating the lymphatic function in 
CCBE1 deleted adult mice, we found a reduced tendency in the macro
molecule drainage from the CNS (Fig. 7). It is possible that the presence 
of some remaining basal meningeal lymphatics or alternative draining 
routes may compensate the clearance of the macromolecules in CCBE1- 
deleted adult mice. Alternatively, our experimental setup for monitoring 
the drainage of macromolecules may not be sensitive enough for this 
adult functional model. Notably, both LYVE1-positive and non-positive 
cells adjacent to the sinuses were accumulated in the CCBE1-deleted 
adult mice, suggesting the impairment of the uptake and drainage of 
the macromolecules and cells (Fig. 7). Nevertheless, our results suggest 
that CCBE1-deleted mechanisms play an important role for the pre
vention of the age-related degeneration of meningeal lymphatics. In 
further experiments, the spatiotemporal expression pattern of CCBE1 
should be investigated, which might have a different impact on the 
maintenance of meningeal lymphatics in various regions of the skull. Of 
note, no major alterations were present in the ear skin lymphatics in 
CCBE1-deleted adult mice indicating that CCBE1 has an organ-specific 
role in the meningeal compartment, where the protein showed a 
dosage-dependent role in the maintenance of lymphatic structures 
(Suppl. Fig. 6 and Fig. 6). 

VEGFC/VEGFR3 signaling axis was reported to prevent the age- 
dependent regression of meningeal lymphatics, therefore the pathway 
is involved in the normal maintenance of these structures [30]. Further 
studies will be needed to reveal whether CCBE1 is important to support 
VEGFC/VEGFR3 signaling or is essential for an independent mechanism. 
Based on the prior in vitro cell culture-based, zebrafish and mouse skin 
studies focusing on developmental lymphangiogenesis the first possi
bility is the more likely scenario [17–19]. Importantly, our results sug
gest that CCBE1 is a potential therapeutic target to prevent the 
age-dependent regression of meningeal lymphatics, the structures 
which can be involved in the pathogenesis of diseases affecting the 
central nervous system (e.g., Alzheimer’s disease, experimental auto
immune encephalomyelitis, etc.). 

A recent study described another layer of the meninges, referred to as 
the subarachnoid lymphatic-like membrane (SLYM) [45]. The role of 
this structure raises many new questions in this field. It would be 
interesting to explore the effects of CCBE1 deficiency, for instance, on 
this extra layer, and to understand the distribution of the clearance 
between the meningeal lymphatic vessels and SLYM. In the future, it will 
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be of great importance to characterize these connections in detail. 
Taken together, our results indicate the importance of CCBE1- 

dependent mechanisms not only in the development, but also in the 
prevention of the age-related regression of meningeal lymphatics. 
Therefore, targeting CCBE1 may be a good therapeutic strategy to pre
vent age-related degeneration of meningeal lymphatics. 
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Fig. 7. Macromolecule drainage from the CNS after conditional deletion of Ccbe1 in adult mice. A: Drainage of fluorescently labeled macromolecules into the 
deep cervical lymph nodes 100 min after the injection of 70 kDa RhD into the cisterna magna of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 months post Tamoxifen 
treatment of 2-month-old mice. Representative fluorescence stereomicroscope images are shown from n = 3 mice per group. Bars, 500 µm. B: Quantitative data are 
shown for mean fluorescence intensity in the deep cervical lymph nodes (mean fluorescence intensity of background subtracted from the mean fluorescence intensity 
of lymph nodes) after intra-cisterna magna (A) injection of 70 kDa RhD into Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 months post Tamoxifen treatment of 2-month- 
old mice. Data represented as mean ± SEM; unpaired two-tailed t-test; n = 3 mice per group. C: Drainage of fluorescently labeled macromolecules into the deep 
cervical lymph nodes 100 min after the injection of 70 kDa RhD into the brain parenchyma of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 months post Tamoxifen 
treatment of 2-month-old mice. Representative fluorescence stereomicroscope images are shown from n = 4–6 mice per group. Bars, 500 µm. D: Quantitative data are 
shown for mean fluorescence intensity in the deep cervical lymph nodes (mean fluorescence intensity of background subtracted from the mean fluorescent intensity 
of lymph nodes) after intraparenchymal (C) injection of 70 kDa RhD into Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 months post Tamoxifen treatment of 2-month-old 
mice. Data represented as mean ± SEM; unpaired two-tailed t-test; n = 4–6 mice per group. E: RhD uptake by meningeal lymphatic vessels adjacent to the transverse 
sinuses and middle meningeal artery (at the basal region) 100 min after intraparenchymal injection of 70 kDa RhD of Ccbe1fl/fl and Ub-CreERT2; Ccbe1fl/- mice 3 
months post Tamoxifen treatment of 2-month-old mice. Representative images are shown from n = 3 mouse per group. Bars, 100 µm. 
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