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Meningeal lymphatic vessels at the skull 
base drain cerebrospinal fluid
Ji Hoon Ahn1,6, Hyunsoo cho2,6, Jun-Hee Kim3,6, Shin Heun Kim4, Je-Seok Ham3, intae Park2, Sang Heon Suh1, Seon Pyo Hong2, 
Joo-Hye Song2, Young-Kwon Hong5, Yong Jeong1,3,4, Sung-Hong Park3,4,7* & Gou Young Koh1,2,7*

Recent work has shown that meningeal lymphatic vessels (mLVs), mainly in the dorsal part of the skull, are involved 
in the clearance of cerebrospinal fluid (CSF), but the precise route of CSF drainage is still unknown. Here we reveal 
the importance of mLVs in the basal part of the skull for this process by visualizing their distinct anatomical location 
and characterizing their specialized morphological features, which facilitate the uptake and drainage of CSF. Unlike 
dorsal mLVs, basal mLVs have lymphatic valves and capillaries located adjacent to the subarachnoid space in mice. We 
also show that basal mLVs are hotspots for the clearance of CSF macromolecules and that both mLV integrity and CSF 
drainage are impaired with ageing. Our findings should increase the understanding of how mLVs contribute to the 
neuropathophysiological processes that are associated with ageing.

It has been proposed that mLVs represent a vasculature that clears CSF 
and interstitial fluid (ISF) into the cervical lymph nodes (cLNs)1–8. 
These previous studies focused mainly on dorsal mLVs, which are 
located within dural folds along the superior sagittal sinus (SSS) and 
transverse sinus, and emphasized their functional importance1–6. 
However, although the drainage of exogenous tracers and T cells from 
the CSF into cLNs has been described1–5, dorsal mLVs do not take 
up and drain CSF tracers9. Indeed, mLVs in other parts of the CNS, 
such as lateral or basal parts of the skull (basal mLVs), have largely 
been unexplored. This is attributable to the fact that the skull base is 
an extremely complicated region that contains enormous bony struc-
tures and subarachnoid cisterns, as well as foramina that contain blood  
vessels and cranial nerves10,11, thus making it more difficult to study 
the lymphatic vessels of this area.

In this study, we successfully characterized the specialized mor-
phologic features of basal mLVs in distinct locations by careful dis-
section of the skull base in mice. The basal mLVs revealed to be more 
suitable for CSF uptake and clearance compared with dorsal mLVs. 
Functional assessment of mLVs using CSF contrast-enhanced magnetic 
resonance imaging (MRI) and fluorescent imaging further revealed 
that basal mLVs are the major routes for CSF macromolecular uptake 
and drainage. Finally, we demonstrate that the basal mLVs undergo 
lymphedematous changes with age, which may be associated with the 
impaired CSF clearance observed in aged individuals.

Morphology and anatomic location of basal mLVs
Because LVs have specialized features that depend on their location 
and functionality12–16, we first hypothesized that the ‘hotspots’ respon-
sible for CSF drainage into the lymphatic system could be identified if 
we understood the accurate anatomical locations and morphology of 
mLVs. Using Prox1–GFP lymphatic reporter mice17, we found that dor-
sal mLVs running along the SSS and transverse sinus had small diam-
eters with largely discontinuous vascular structures (Extended Data 
Fig. 1a–d). Furthermore, most dorsal mLVs were not stretched out, but 
rather they were clustered within a dural fold that envelopes SSS and 
transverse sinus without lymphatic valves (Fig. 1a, c, Extended Data 

Fig. 1c, d). By contrast, basal mLVs running along the petrosquamosal 
sinus (PSS) and sigmoid sinus had larger diameters and abundant pro-
truding capillary branches with blunt ends consisting of typical oak 
leaf-shaped lymphatic endothelial cells (LECs) and lymphatic valves, 
which were similar to functional classic LVs (Fig. 1b–e, Extended Data 
Fig. 1e–j).

The recently rediscovered dorsal mLVs have been considered to 
have features of capillary LVs1,2. However, dorsal mLVs show mostly 
a continuously sealed zipper-like junctional pattern with immature 
morphology, which seems to be unsuited for uptake or drainage of 
CSF macromolecules (Fig. 1a, f). By contrast, the capillary branches of 
basal mLVs consisted mostly of a prominent, discontinuously sealed 
loose button-like junctional pattern of LECs (Fig. 1b–h), reminiscent of 
the dominant junctional pattern observed in the lymphatic capillaries 
of peripheral organs (Extended Data Fig. 2a).

LECs constitute the inner lining of peripheral LVs, and these LVs 
are classified into two types: capillaries and collecting LVs12–16. The 
capillary network of LVs is specialized for the uptake of fluid and mac-
romolecules, characterized by loose button-like LEC junctions and the 
lack of smooth muscle cell (SMC) coverage (Extended Data Fig. 2a, f). 
Collecting LVs have the capacity for periodic propulsion of lymph, as 
they are covered with SMCs and have tight zipper-like LEC junctions 
and a lymphatic valve at each lymphangion segment (Extended Data 
Fig. 2a, f). Notably, lymphatic pre-collectors are known to have the 
features of both capillaries and collecting LVs, as they lack SMC cover-
age but possess valves and have a mix of both button- and zipper-like 
junctional patterns (Extended Data Fig. 2a, f). Basal mLVs around the 
skull foramina have more zipper-type junctions and contain lymphatic 
valves, similar to the collecting LVs of peripheral organs (Extended 
Data Fig. 2b–f). However, these mLVs showed hybrid features of both 
capillary and collecting LVs, characterized by heterogeneity in both 
junctional pattern and the level of LYVE-1 expression; in addition, 
they lacked SMC coverage (Extended Data Fig. 2c–f). Therefore, we 
classified the collecting part of basal mLVs harbouring lymphatic valves 
as ‘pre-collecting mLVs’ rather than as ‘collecting mLVs’ (Extended 
Data Fig. 2g–i). These characteristic features of pre-collecting LVs may 
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enable basal mLVs to have a dual role, carrying out both uptake and 
transport of CSF12–16.

Notably, unlike those of dorsal mLVs, the capillary branches of basal 
mLVs are located in close proximity to the subarachnoid space within a 
much thinner dura layer, and with only a loose intervening arachnoid 
barrier, meaning that basal mLVs would be more likely than dorsal 
mLVs to facilitate CSF uptake and transport (Fig. 1i–k). Furthermore, 

we observed a substantial number of T cells entering through the blunt 
end to the lumen of basal mLVs (Extended Data Fig. 1k–m), suggesting 
more trafficking of immune cells through basal mLVs.

Further analysis of the skull base around the stylomastoid foramen 
(SMF) demonstrated that basal mLVs include all necessary features for 
the uptake and drainage of CSF—capillary LVs located adjacent to the 
subarachnoid space, pre-collecting LVs containing lymphatic valves 
around the foramen, and draining extracranial LVs (Extended Data 
Fig. 3a–c). Developing mLVs also showed a direct connection between 
mLVs and extracranial LVs through the skull foramina (Extended Data 
Fig. 3d–f). Lymphatic outflow through the skull base has been pos-
tulated to follow perineural routes, on the basis of findings that both 
LVs and cranial nerves exit the cranial cavity via the skull foramina9. 
However, basal mLVs around the foramina are located apart from the 
nerve fibres, and mLVs around the jugular foramen were intact even 
after removal of the cranial nerves (Extended Data Fig. 3g–j), which 
suggests that basal mLVs are not part of a perineural lymphatic system. 
Collectively, the discrete morphological features and distinct anatomic 
locations of basal mLVs suggest that they may be the main routes of 
CSF uptake and drainage.

CSF drains preferentially through the basal outflow
To track the lymphatic outflow of CSF into the deep cLNs, we used a 
T2-FLAIR MRI sequence and visualized CSF contrast18. We carried 
out MRI scanning of rats while monitoring physiological param-
eters and infused CSF contrast (GadoSpin P, Viscover) into the cis-
terna magna at a concentration optimized by phantom experiments 
(Fig. 2a–c, Extended Data Fig. 4a). Three-dimensional reconstruction 
of T1-FLASH MRI revealed that the CSF contrast diffused quickly and 
became globally localized at the subarachnoid cisterns (Fig. 2d). In 
T2-FLAIR MRI, we observed obvious lymphatic outflow through the 
jugular foramen (Fig. 2e). The signal intensity of CSF contrast in the 
cisterna magna rapidly peaked and this was immediately followed by 
an increase in basal outflow and contrast in cervical LVs (Fig. 2f–i). 
Contrast signal in the deep cLNs also rapidly peaked before the dorsal 
area around the confluence of sinuses (COS) and transverse sinus, and 
declined gradually thereafter (Fig. 2f–i). The signal intensity in the 
dorsal area increased at a delayed time point and decreased slowly over 
time, and there was little contrast signal within the SSS throughout the 
experiments (Fig. 2f–i). The mLVs around the jugular foramen were 
also visualized by immunostaining of rat meninges, and delivery of 
contrast through the lateral ventricle with stable vital signs showed a 
similar time course of contrast enhancement, where the rapid increase 
in contrast was seen first in the right lateral ventricle and immedi-
ately followed by basal outflow and contrast in the deep cervical LNs 
(Extended Data Fig. 4b–h). We observed a transient increase (about 
3 mm Hg) in intracranial pressure (ICP) during the course of contrast 
infusion into the cisterna magna, but only minor changes in other phys-
iologic parameters (Extended Data Fig. 4i–l). These results suggest that 
CSF runs mainly through the basal lymphatic outflow.

Basal mLVs are hotspots for lymphatic drainage of CSF
To better delineate the functionality of basal mLVs, we infused the mac-
romolecular tracer Quantum Dot 705 (QD705) into the cisterna magna 
or brain parenchyma of Prox1–GFP mice and traced the signal under 
a high-resolution fluorescence stereomicroscope. QD705 was largely 
present along and inside the capillary branches of basal mLVs 5 min 
after infusion into the cisterna magna and became abundant at 15 min; 
the signal subsequently went through the petrosquamous fissure (PSF), 
SMF, and jugular foramen to exit the cranial cavity (Fig. 3a–n, Extended 
Data Fig. 5a, b). However, consistent with a previous report9, we were 
unable to detect tracer uptake at any time point in dorsal mLVs, despite 
the obvious QD705 signals nearby (Extended Data Fig. 5c, d). When 
QD705 was infused into the brain parenchyma, strong tracer signal was 
noted in the basal mLVs on the ipsilateral side of injection, but not in 
the dorsal mLVs (Extended Data Fig. 6a–q). Subsequent drainage was 
observed in the ipsilateral deep cLNs but not on the contralateral side  

P = 0.0079

N
um

b
er

 o
f b

ra
nc

he
s

p
er

 m
m

 v
es

se
l l

en
gt

h

0

40

80

Z
ip

p
er

-t
yp

e
ju

nc
tio

n 
(%

)

(n = 5)

VE-cadherin

ba
Basal mLVsDorsal mLVs

h

P
R

O
X

1–
G

FP
 L

Y
V

E
-1

 V
E

-c
ad

he
rin

f

SSS

TS

P
R

O
X

1–
G

FP
 L

Y
V

E
-1

 V
E

-c
ad

he
rin

g

PSS

SS

k

P
R

O
X

1–
G

FP
LY

V
E

-1
 

C
D

31
 D

A
P

I

i

E
R

-T
R

7 
LY

V
E

-1
C

D
31

 D
A

P
I

j

P
R

O
X

1–
G

FP
 E

-c
ad

he
rin

TS

Cranial 
cavity

Cranial
cavity

TS

Skull 

SAS

TS SAS

SS

SS

Cranial
cavity

Skull 

Cranial 
cavity

Skull 

SS

Basal mLVs
Dorsal mLVs

P < 0.0001

0

35

70

D
ur

a 
th

ic
kn

es
s

co
ve

rin
g 

m
LV

s 
(μ

m
)

(n = 4)

0

15

30

Th
ic

kn
es

s 
b

et
w

ee
n 

m
LV

s
an

d
 d

ur
al

 b
or

d
er

 (μ
m

)

(n = 4)

P < 0.0001

PSS
SS

SSS
TS

COS
TS

0

25

50

B
ut

to
n-

ty
p

e
ju

nc
tio

n 
(%

)
(n = 5)

P = 0.0079

VE-cadherin

P
R

O
X

1–
G

FP

dc

PSS
SSP

R
O

X
1–

G
FP

TSTS

COS

0

5

10

(n = 5)

P = 0.0079

Fi
b

ro
ne

ct
in

 D
A

P
I

P
R

O
X

1–
G

FP
 E

-c
ad

he
rin

E
R

-T
R

7 
D

A
P

I

e

Fig. 1 | Basal mLVs have distinct morphologic features and an anatomic 
location that is more suitable for CSF uptake and drainage than dorsal 
mLVs. a, b, Schematic images of dorsal mLVs mostly with zipper-like 
junctions (a, red lines) and basal mLVs predominantly with button-like 
junctions (b, red dots). TS, transverse sinus; SS, sigmoid sinus. 
c, d, Representative images of basal mLVs (d), which have more lymphatic 
branches extending outwards from venous sinuses (white arrowheads) 
than dorsal mLVs (c). Insets, magnified view of white dashed boxes. Scale 
bars, 500 µm; 200 µm (insets). e, Similar findings were observed in n = 5 
mice from two independent experiments. f, g, Representative images 
showing mostly zipper-like junctions between LECs (blue arrowheads) 
of dorsal mLVs (f) and button-like junctions between LECs (green 
arrowheads) of protruding basal mLVs (g, yellow arrows). Lower right 
panels show single-channel VE-cadherin+ images of a magnified view 
of the area within the white dashed boxes. Scale bars, 50 µm. h, Each dot 
indicates a mean value obtained from one mouse and n = 5 mice per group 
from two independent experiments. i, j, Representative sectional images 
of the dorsal (i) and basal part of the skull (j). Dorsal mLVs are encircled 
by a thick fibrous dura layer (white dashed line with white double-headed 
arrow), which is covered by a tight arachnoid barrier (white arrowheads). 
By contrast, basal mLVs are located adjacent to the subarachnoid space 
(SAS) (yellow dashed line with a yellow arrow) and covered with a one- 
or two-cell thick dura layer and a loose E-cadherin+ arachnoid barrier 
(yellow arrowheads). Scale bars, 50 µm. Similar findings were observed 
in n = 4 mice from two independent experiments. k, Comparisons of 
indicated parameters between dorsal and basal mLVs. Each dot indicates 
a mean value measured from 5–8 sections per mouse and n = 4 mice per 
group from two independent experiments. e, h, k, Horizontal bars indicate 
mean ± s.d.; two-tailed Mann–Whitney U test.
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(Extended Data Fig. 6r, s), indicating that basal mLVs, rather than  
dorsal mLVs, are the main routes for macromolecule uptake and clear-
ance and could be hotspots for drainage of CSF and ISF.

Signalling via vascular endothelial growth factor (VEGF)-C and 
VEGF receptor-3 (VEGFR3) is a key component of lymphatic remod-
elling in mLVs1–6. Therefore, we extended our analysis to compare the 
sensitivity and functionality of dorsal and basal mLVs by selectively 
deleting Vegfr3 using adult Vegfr3iΔLEC mice, which were generated 
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Fig. 3 | Basal mLVs are hotspots for CSF macromolecular clearance. 
a, b, Schematics for functional study of tracer outflow (red arrows) 
through basal mLVs. a, Procedure and timeline; b, anatomy. Boxes in b 
show locations of images in c, g, m and n. c, d, Representative images of 
QD705 (c) and profile analysis of its intensity (d). The blue background 
indicates the width of a LV; note that peak signal is between the two peaks 
of basal mLVs, indicating that QD705 signal resides within the mLV 
cavity. Similar findings were observed in five independent experiments 
using n = 5 mice. Scale bars, 100 µm. e, f, Representative sectional images 
(top) and reconstruction of the area around PSS (bottom) 5 min after the 
QD705 infusion. White dashed line in e demarcates the border between 
the skull and dura. Similar findings were observed in five independent 
experiments using n = 5 mice. Scale bar, 20 µm. g, Representative images 
showing QD705 drainage through the basal mLVs (white dotted lines) 
around PSF (white arrows) at various times after QD705 infusion. Right 
panels (15–120 min) show QD705 single-channel images. Similar findings 
were observed in five independent experiments using n = 5 mice. Scale 
bars, 200 µm. h–k, Profile analyses along the white lines in g, which are 
the QD705-filled lymphangion areas with the highest signal intensities. 
The blue background indicates the width of a mLV; note that all QD705 
peak signals are within the mLVs. ΔP indicates the difference between 
the peak and baseline QD705 signal intensities. Similar findings were 
observed in five independent experiments using n = 5 mice. l, Time course 
quantification analysis of ΔP in basal mLVs. Each red dot indicates a value 
obtained from one mouse; n = 5 mice from five independent experiments. 
Horizontal bars indicate mean ± s.d. m, n, Representative images of 
QD705 within the basal mLVs around sigmoid sinus and the convergence 
of QD705 into the mLVs around SMF (n, white arrows). Images on right 
are magnifications of dotted boxes on left. Similar findings were observed 
in five independent experiments using n = 5 mice. Scale bars, 200 µm.

Fig. 2 | Dynamic contrast-enhanced MRI reveals rapid clearance of CSF 
mainly through the basal outflow. a, Schematic diagram of MRI with 
monitoring of respiratory rate (RR) and rectal body temperature (BT).  
b, Schematic diagram of contrast (GadoSpin P) infusion into the rat cisterna 
magna followed by T2-FLAIR MRI to evaluate CSF macromolecular 
drainage into the lymphatics or T1-FLASH 3D MRI to evaluate CSF 
distribution. c, Monitoring of respiration rate and body temperature during 
T2-FLAIR MRI. Grey background indicates a single baseline scan and 
blue background indicates period of contrast infusion. d, A representative 
image of a 3D reconstruction of T1-FLASH 3D MR images 30 min after 
contrast infusion; contrast is diffusely dispersed around subarachnoid 
cisterns. Similar findings were observed in three independent experiments 
using n = 3 rats. Scale bar, 5 mm. e, Representative T2-FLAIR MR images 
demonstrating CSF lymphatic outflow (yellow arrows) through the jugular 
foramen (JF). Insets, locations of the axial scans in the sagittal plane. 
Similar findings were observed in four independent experiments using 
n = 4 rats. Scale bars, 5 mm. f–h, Representative T2-FLAIR MRI. Insets, 
location of each axial scan in the sagittal view. ROIs are marked by green 
(cisterna magna), orange (basal outflow area), red (deep cervical lymph 
nodes (LNs)), blue (dorsal area), and purple (SSS, magnified) circles. Yellow 
arrowheads in basal outflow scans indicate contrast-enhanced cervical 
lymphatic vessels. Scale bars, 5 mm; except for SSS, 1 mm. i, Time-lapse 
comparisons of the average contrast signal intensities within ROIs. Grey 
background indicates a single baseline scan and blue background indicates 
period of contrast infusion. Vertical lines indicate the time points for 
which representative images are shown. Values are mean + s.e.m. from six 
independent experiments using n = 6 rats. AU, arbitrary units.
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by crossing a Prox1–CreERT2 mouse with a Vegfr3flox/flox mouse. Dorsal 
mLVs had regressed in these mice compared with wild-type mice one 
week after tamoxifen administration, whereas basal mLVs around 
the PSS and sigmoid sinus were less affected, and those around the 
PSF and jugular foramen were preserved; however, two weeks after 
tamoxifen administration, regression was also observed in basal mLVs 
(Extended Data Fig. 7a–e). Functional analysis using a tracer revealed 
that lymphatic drainage in Vegfr3iΔLEC mice was intact one week after 
tamoxifen delivery, when only dorsal mLVs had regressed, but was 
substantially impaired two weeks after tamoxifen delivery, when both 
dorsal and basal mLVs were depleted (Extended Data Fig. 7f–h). These 
results suggest that dorsal mLVs are more sensitive than basal mLVs to 
perturbation of VEGFR3 signalling, and that basal mLVs have a greater 
role than dorsal mLVs in CSF drainage.

Basal mLVs are impaired with ageing
Lymphatic vessels exhibit remarkable plasticity, and mLVs are no excep-
tion1–6. However, alteration of mLVs associated with ageing is poorly 
understood, although it has been suggested that turnover and drainage 
of CSF decrease with ageing4,7,9. We therefore studied changes with age 
in dorsal and basal mLVs using adult mice aged 3 months (young) and 
24–27 months (aged). Aged mice showed regression of dorsal mLV 
branches and diminished coverage of the SSS by dorsal mLVs com-
pared with young mice (Fig. 4a–c). There were minor changes in the 
density and diameter of dorsal mLVs around the transverse sinus with 
age (Extended Data Fig. 8a–c). By contrast, basal mLVs increased in 
size and showed highly branched and hyperplastic phenotypes in aged 
mice when compared with young mice (Fig. 4d–f). Middle-aged mice 
(aged 8–10 months) showed no changes in basal mLVs but did show 
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Fig. 4 | Basal mLVs become lymphoedematous and CSF clearance is 
delayed with ageing. a–c, Representative images and comparison of 
length (vertical lines in a) and coverage of dorsal mLVs in young and 
aged mice. Note that the protrusion of dorsal mLVs (arrowheads in a) are 
regressed in aged mice. Each dot indicates a mean value obtained from one 
mouse and n = 8 mice per group from three independent experiments. 
Mean ± s.d.; two-tailed Mann–Whitney U test. Scale bars, 500 µm.  
d–f, Representative images and comparison of basal mLVs in young and 
aged mice. Each dot indicates a mean value obtained from n = 7 mice 
per group from three independent experiments. Mean ± s.d.; two-tailed 
Mann–Whitney U test. Scale bars, 500 µm. g, h, Representative images 
of lymphatic valves (white arrowheads) and dysmorphic distribution of 
collagen IV (yellow arrowheads), dispersed, and more rounded LECs 
(green arrowheads) in aged lymphatic valves. i, j, Number of valves and 
relative intensity of staining for experiments in g, h. Each dot indicates a 
value from both sides, n = 7 mice per group (i) or a mean value obtained 

from one mouse and n = 6 mice per group (j) from three independent 
experiments. Horizontal bars indicate mean ± s.d. **P = 0.0043 
(Collagen IV), **P = 0.0087 (PROX1), **P = 0.0022 (FOXC2); two-tailed 
Mann–Whitney U test. Scale bars, 50 µm. k, l, Representative images (k) 
and comparison of young and aged basal mLV junctions. Arrowheads 
indicate the dominant junctional pattern. l, Each coloured segment 
represents the mean of n = 4 mice per group from two independent 
experiments. ***P < 0.0001; two-way ANOVA with Holm–Sidak’s 
multiple comparisons test. NS, not significant. Scale bars, 100 µm (white); 
50 µm (black). m–o, Functional analysis and comparison of QD705 
drainage through basal mLVs (white dotted lines in n) from distal (white 
arrowhead) to pre-collector (white arrow). Aged basal mLVs are tortuous 
(yellow arrowheads) and dilated (yellow arrow). o, Each dot indicates a 
mean value obtained from one mouse and n = 5 mice per group from 
three independent experiments. Horizontal bars indicate mean ± s.d.; 
two-tailed Mann–Whitney U test. Scale bars, 200 µm.
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regression of dorsal mLVs, similar to aged mice; there was no difference 
between male and female mice (Extended Data Fig. 9a–d).

Lymphatic hyperplasia is regarded as a compensatory mechanism 
that allows functional adjustments to capillary lymphatic hypertension 
in lymphoedema19. We hypothesized that hyperplastic basal mLVs in 
aged mice might be associated with impaired CSF drainage. Because 
lymphoedema is accompanied by lymphatic valve dysfunction20–23, 
we examined the lymphatic valves of basal mLVs in young and aged 
mice. Basal mLVs from aged mice showed a dysmorphic distribution 
of type IV collagen and had fewer lymphatic valves than basal mLVs 
from young mice (Fig. 4g–j). Moreover, both PROX1 and FOXC2, 
transcription factors that are essential for maintenance of lymphatic 
valves20–23, showed reduced expression in aged mice, and expression 
of PROX1 in valvular LECs attenuated with age (Fig. 4h, j, Extended  
Data Fig. 8d–f). In young mice, lymphatic valvular LECs were  
elongated and distinctly clustered, but in aged mice they were more 
dispersed (Fig. 4h), suggesting that aged basal mLVs may encounter 
less lymph flow20,21.

We also analysed the patterns of LEC junctions in pre-collecting 
mLVs in young and aged mice, because LEC junctions are disrupted 
with impaired lymph flow and have been proposed to be one of the 
initiating factors for age-related lymphatic disintegrity22,24. LECs in 
aged basal mLVs had 40.5% fewer zipper-type junctions and 1.6-fold 
more button-type junctions than those in young mice (Fig. 4k, l). 
Furthermore, declined transport of QD705 through the tortuous and 
dilated basal mLVs in aged mice suggested diminished functionality 
compared with basal mLVs in young mice (Fig. 4m–o). Drainage of 
QD705 into the cLNs attenuated with age (Extended Data Fig. 8g–i), 
suggesting that aged basal mLVs may not be efficient transport routes 
for CSF drainage.

We found no morphological alterations in the capillary LVs in the ear 
skin, trachea, or diaphragm of aged mice, and only minor changes in aged 
lymphatic valves of skin collecting LVs compared with those in young 
mice (Extended Data Fig. 8j–n), suggesting that age-related changes in 
mLVs are organ-specific. We propose that basal mLVs are the main route 
for clearance of macromolecules from the CSF to the lymphatic system 
and suggest that attenuated efflux pathways through basal mLVs might 
be associated with ageing (Extended Data Fig. 10a, b).

Discussion
Our results highlight the importance of basal mLVs by identifying 
specialized morphologic features that are distinct from those of dorsal 
mLVs, including blunt-ended lymphatic capillaries with a predomi-
nantly button-like junctional pattern and the presence of lymphatic 
valves that resemble pre-collectors—characteristics of LVs that are suit-
able for fluid uptake and drainage. In addition, the anatomic location of 
basal mLVs adjacent to the subarachnoid space makes them more likely 
than dorsal mLVs to take up CSF. Functional analysis of mLVs using 
both CSF contrast-enhanced MRI and fluorescent imaging has shown 
that basal mLVs are hotspots for clearance of CSF macromolecules to 
the lymphatic system. We have also shown that basal mLVs acquire 
lymphedematous characteristics and CSF drainage is impaired in aged 
mice; ageing is one of the major risk factors for chronic neurodegener-
ative diseases such as Alzheimer’s disease6–8. Considering the plasticity 
of LECs lining LVs, we can postulate that decreased CSF production 
with ageing7, along with attenuated CSF turnover and dysfunctional 
mLVs, could lead to a vicious cycle in which clearance of macromol-
ecules from the CSF is delayed4. Our study provides clues regarding 

the pathophysiology of neurodegenerative diseases that derive from 
impaired CNS clearance.
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Methods
Animals. Animal care and experimental procedures were performed under 
approval (KA2017-42) from the Institutional Animal Care and Use Committee 
of KAIST. Specific pathogen-free (SPF) C57BL/6J adult mice of both sexes were  
purchased from the Animal Facility of Ageing Science, Korea Basic Science 
Institute (Gwangju, South Korea). Prox1–GFP mice17, Prox1–CreERT2 mice25, 
and Vegfr3flox/flox mice26 were transferred, established, and bred in SPF ani-
mal facilities at KAIST. To induce Cre activity in the CreERT2 mice, 50 mg/kg  
of tamoxifen (Sigma-Aldrich) dissolved in corn oil (Sigma-Aldrich) was injected 
intraperitoneally (i.p.) for three consecutive days from indicated time point. 
CreERT2-negative but flox/flox-positive mice among the littermates were defined 
as control (WT) mice. All mice were maintained on the C57BL/6 background and 
animals were fed with free access to a standard diet (PMI LabDiet) and water. 
Adult mice aged 8–12 weeks of both sexes were used for all experiments except for 
those comparing young (3-month-old) mice with middle-aged (8–10-month-old) 
or aged (24–27-month-old) mice. Mice were anaesthetized with i.p. injection of 
a combination of anaesthetics (80 mg/kg ketamine and 8 mg/kg xylazine) before 
all experiments. Male Sprague-Dawley rats (10 weeks old weighing 350–400 g) 
were purchased from Koatech (Gyeonggi-do, South Korea) and used for MRI 
experiments.
Sample preparation for histological analyses. Mice and rats were perfused with 
ice-cold PBS followed by 4% paraformaldehyde (PFA) through the left ventricle 
by puncturing the right auricle. For visualization of mLVs in the whole-mount and 
cryo-sectioned tissues, skin and neck muscles were stripped from the skull and 
then the mandible was removed. The basal part of the skull was approached after 
detachment of the head from the cervical vertebrae followed by careful removal 
of the tympanic bulla, zygomatic arches, temporal muscle and masseter muscle. 
An incision was made along the midline of the skull base and maxillary sutures 
after removing the brain. The dorsal part of the skull was dissected as previously 
described3. In brief, an incision was made from the cisterna magna along the lines 
of the parietal bone until the rostral part was reached on both sides and the parietal 
bone was removed. Whole-mount meninges were processed without detachment 
from the skull during the staining process for both basal and dorsal mLVs. Basal 
and dorsal parts of the skull were then fixed with 2% PFA for 2 h at 4 °C and 
decalcified with 0.5 M EDTA, pH 7.4, at 4 °C for a day. For cryosections, dissected 
parts of the skull were fixed with 4% PFA overnight at 4 °C and decalcified with 
0.5 M EDTA, pH 7.4, at 4 °C for a day, embedded and frozen in frozen section 
medium (Leica) without dehydration, and cut into 12-µm sections using Cryocut 
Microtome (Leica). Ear skin, trachea, and diaphragm were removed and fixed 
with 1% PFA for 2 h at 4 °C. For whole-mount staining of ear skin, hairs were 
removed using a generic hair removal cream, the dorsal side was separated and 
the auricular cartilage was removed. Whole trachea and the central tendon of the 
diaphragm were dissected, stretched, and pinned on a Sylgard (Sigma-Aldrich)-
coated dish for staining.

The following primary and secondary antibodies were used in the immunos-
taining: anti-PROX1 (rabbit polyclonal, 11067-2-AP, Proteintech); anti-PROX1 
(goat polyclonal, AF2727, R&D); anti-LYVE-1 (rabbit polyclonal, 11-034, 
Angiobio); anti-LYVE-1 (rat polyclonal, AF7939, R&D); anti-CD31 (rat mono-
clonal, 557355, BD Biosciences); anti-CD31 (hamster monoclonal, MAB1398Z, 
Merck); anti-VE-cadherin (goat polyclonal, AF1002, R&D); anti-collagen IV 
(rabbit polyclonal, ab6586, Abcam); anti-FOXC2 (sheep polyclonal, AF6989, 
R&D); anti-integrin α9 (goat polyclonal, AF3827, R&D); anti-αSMA-Cy3 (mouse 
monoclonal, C6198, Sigma-Aldrich); anti-E-cadherin (goat polyclonal, AF748, 
R&D); anti-ER-TR7 (rat monoclonal, sc-73355, Santa Cruz); anti-fibronectin 
(rabbit polyclonal, AB2033, Merck); anti-CD3e (hamster monoclonal, 553058, 
BD Biosciences); anti-neurofilament (rabbit polyclonal, ab204893, Abcam); and 
Alexa Fluor 488-, 594- and 647-conjugated secondary antibodies purchased from 
Jackson ImmunoResearch. Nuclei were stained with DAPI (Invitrogen). All the 
antibodies used in this study were validated for the species and applications by 
the indicated manufacturers.
Imaging and morphometric analyses. Immunofluorescence images were acquired 
using a Zeiss LSM 800 or 880 confocal microscope (Carl Zeiss). ZEN 2.3 software 
(Carl Zeiss) was used for acquisition and processing of images. Confocal images of 
whole-mount samples are maximum intensity projections of tiled z-stack images 
taken at 5-µm interval through the entire thickness of tissues, which were all taken 
at a resolution of 512 × 512 pixels with the following objectives: air objectives 
Plan-Apochromat 10×/0.45 numerical aperture (NA) M27 and Plan-Apochromat 
20×/0.8 NA M27; water objectives C-Apochromat 40×/1.20 NA water immersion 
Corr (LSM 800) and LD C-Apochromat 40×/1.1 NA water immersion Corr M27 
(LSM 880) with multichannel scanning in frame. Quantification was performed 
using the maximum intensity projection images. 3D reconstruction and cut images 
were created from z-stack confocal images using the 3D tab and Cut tab in ZEN 2.3 
software. The diameters of capillary dorsal and basal mLVs were measured by trac-
ing the width of mLVs along the direction of the vessel running through the sinus 

every 20-µm interval in the entire lymphatic network of meningeal whole-mount 
samples as region of interest (ROI) using ImageJ software (NIH). Quantification of 
VE-cadherin+ junctional patterns of LVs was carried out in 5–10 vessel branches 
per sample as previously described16. In brief, zipper-like junctions were defined 
as continuous junctions at cell–cell borders of LECs, while button-like junctions 
were defined as dot-like, discontinuous junctions that are not parallel with the 
cell–cell borders16. Branches that possessed both types were categorized as having 
a mixed pattern. Dorsal capillary mLV junctions were analysed in almost whole 
500-µm-long mLVs around the SSS, transverse sinus, distal sigmoid sinus, and PSS. 
Basal pre-collecting mLV junctions were evaluated in a circular region with a radius 
of 500 µm over the PSF. Each junctional type was reported as a fraction of the total 
number of random 20 µm × 20 µm fields within the indicated region. Protruding 
mLV branches were defined as sprouting tips of mLVs extending away from the 
axis of the venous sinus with a length of more than 100 µm at the lymphatic front 
of whole-mount samples. The number of mLV branches was counted manually for 
each image and normalized by total vessel length in a given image.

The thickness of the dura and the distance from mLV to dura border were 
measured in sectioned images with ImageJ. Cryosections of basal mLVs were 
taken serially from the sigmoid sinus progressing basally until the SMF, encom-
passing a distance of approximately 300 µm in total, to assess the overall ana-
tomic distribution of basal meningeal lymphatic vascular structure that is in close 
proximity to the sigmoid sinus and SMF around the skull base. Cryosections of 
dorsal mLVs were taken from the bregma until the lambda point of the mouse 
skull along the SSS axis or laterally from the lambda point until the line of parietal 
bones along the transverse sinus, both encompassing a distance of approximately 
300 µm in total to assess the distribution of dorsal meningeal lymphatic vascular 
structure that is in close proximity to the SSS and transverse sinus. Lymphatic 
T cells were quantified by counting the number of T cells with luminal localiza-
tion in the indicated parts of mLVs and dividing it by the total number of T cells 
in a given image. The number of T cells was calculated by dividing the number 
of T lymphocytes by the total vessel length within an image. The ROI for dorsal 
mLVs was determined by first identifying the bregma and lambda points along 
the SSS and then defining a region approximately 1 mm anterior to the bregma 
and 1 mm posterior to the lambda point of the skull in the anteroposterior axis. 
The ROI for basal mLVs was selected by first identifying the ventral side of the 
parietal-temporal bones, identifying the intersection of the transverse sinus, sig-
moid sinus, and PSS in the sagittal plane and then selecting a region of about  
1.7 cm × 1.7 cm with the intersection in the centre. For analysis of lymphatic 
regression, the absolute length from the centre of the COS to the continuous 
rostral end of dorsal mLVs along the SSS was measured using ImageJ. The mLV 
coverage was measured as the LYVE-1+ area in an indicated ROI of 12 × 4 tiled 
(10×) z-stack images using ImageJ, and the LYVE-1+ area was reported as a 
percentage within the ROI. The number of PROX1+ LECs was calculated using 
particle analysis in ImageJ. The number of lymphatic valves was quantified by 
manually counting the number of PROX1high clusters of LECs as a single valve 
in mLVs encompassing a circle with a 1 mm-radius over the PSF. The mean  
fluorescence intensity (FI) of PROX1 in LECs was measured in two different types  
of LEC—PROX1high LECs from lymphatic valves and PROX1low LECs from a  
lymphangion segment between two valves. The FI of PROX1high LECs was divided 
by that of PROX1low LECs in the same image for quantification. Collagen IV staining  
intensity was measured in three representative lymphatic valve leaflets in a given 
image, and PROX1 or FOXC2 staining intensity was measured in PROX1high LECs 
from three random lymphatic valves in a given image. Values were normalized 
by the background signals in non-vascularized areas and the ratio of expression 
was normalized by the signal intensity of control images and presented as fold 
difference.
MRI, vital sign monitoring, and image processing. Rats were anaesthetized under 
induction and maintenance with 5% and 1.5% isoflurane (Piramal Critical Care), 
respectively, in a blended air:oxygen ratio of 7:1. After full anaesthesia, a midline 
dorsal neck incision was done to expose the atlanto-occipital membrane and the 
underlying dura mater. Via a small durotomy made using a scalpel blade No.11, a 
polyethylene catheter filled with contrast was inserted into the intrathecal space 
and was fixed and sealed with super glue (Loctite). The skin incision was closed 
around the catheter and the catheter was connected to the syringe pump (KD 
Scientific). After the surgical procedures for catheter insertion, rats were positioned 
prone in a thermo-regulated rat bed equipped with a custom-made head fixation 
device (Minerve). Animals were allowed to breathe spontaneously without intu-
bation for head RF coil with cisterna magna infusion of contrast, and respiratory 
rate (RR) and rectal body temperature (BT) were monitored and maintained at 
50–70 breaths per min and 36.5–37.5 °C, respectively.

For lateral ventricular infusion of contrast and MRI using a body RF coil, a 
22-gauge guide cannula (Plastics One) was implanted into the right ventricle 
(anterior–posterior axis −1.2 mm, medial–lateral axis 1.7 mm, and dorsal–ventral  
axis −3.5 mm relative to bregma) guided by the stereotaxic device (David Kopf 
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Instruments), and the cannula was secured on the skull using acrylic resin powder 
(dental cement, Lang Dental manufacturing). After cannula implantation, rats 
were endotracheally intubated using a 16-gauge × 2′′ catheter and mechanically 
ventilated with a small animal ventilator (SAR-830/AP, CWE) under pressure- 
controlled mechanical ventilation mode with a pressure setting of 52 mmH2O. 
During controlled mechanical ventilation and MRI, vital signs such as RR, 
end tidal CO2 (ETCO2), BT, heart rate (HR), and echocardiogram (EKG) were  
monitored using an MR-compatible small animal monitoring and gating system 
(model 1030, SA Instruments). RR was maintained at 54–67 breaths per min, 
ETCO2 at 29–42.5 mmHg, BT at 36.4–37.5 °C, and HR at 297–431 beats per min 
with normal sinus rhythm.

A vial of lyophilized GadoSpin P (Viscover) was reconstituted in artificial CSF 
(R&D) to make a stock following the manufacturer’s protocol. The optimal volume 
and concentration of GadoSpin P was calculated from the Phantom MRI exper-
iment for the highest CSF contrast enhancement. On the basis of these results, 
GadoSpin P stock solution was further diluted in artificial CSF (R&D) to make a 
10% solution. Contrast agent was infused into the cisterna magna or lateral ventri-
cle through the catheter (300-cm long, 0.28 mm inner diameter × 0.64 mm outer 
diameter, Scientific Commodities) connected to a syringe pump at an infusion 
rate of 2 µl/min for 15 min, and the first MRI scan was taken immediately at 
the start of infusion, after the first baseline scan (0th scan). All MRI experiments 
were performed on a 3T/17 animal MRI scanner (MR solutions) interfaced with 
and controlled by Preclinical Scan (MR Solutions). A head radiofrequency coil 
(42 mm inner diameter, MR solutions) and a body radiofrequency coil (65 mm 
inner diameter, MR solutions) were used for cisterna magna infusion and lateral 
ventricular infusion, respectively. The radiofrequency coils were used for both 
transmission and reception of MR signals. Imaging was performed dynamically 
with a T2-weighted 2D FLAIR sequence or a T1-weighted 3D FLASH sequence.

The scan parameters for the T2-weighted 2D FLAIR sequence were as follows: 
scan direction = axial, TR = 9,500 ms, TEeff/TEbase = 85 ms/17 ms, TI = 1,800 ms,  
flip angle = 90°, number of averages = 1, field of view = 29 × 29 mm2, matrix 
size = 128 × 256, slice thickness = 1 mm, gap = 0.1 mm, number of slices = 20, 
echo train length = 8, and scan time = 4 min 36 s. The FLAIR scan was repeated 
29 times in total (excluding the 0th single baseline scan) over 138 min with a 4 min  
36 s interval. The first FLAIR scan was initiated simultaneously with the start of 
GadoSpin P infusion. The 0th baseline scan was taken before the infusion and used 
as a reference for all the other scans.

MRI data were processed using MATLAB (MathWorks), and the data sets from 
T2-weighted 2D FLAIR were acquired in k-space form. The k-space data with a 
size of 128 × 256 were zero padded and then Fourier transformed to generate 
images with a size of 256 × 256. All the dynamic 2D FLAIR images were normal-
ized by the baseline 2D FLAIR image acquired before the contrast dye infusion. 
All images were corrected for head motion using a MATLAB built-in registration 
function along the time dimension. After the head motion registration, the 2D 
volume images at each time point were normalized by the average intensity from 
the muscle region, which was not influenced by the contrast agent, to minimize 
the potential variation of MR signals caused by changes in temperature and/or B0 
(main magnetic field). The normalized intensity of each scan was calculated as fol-
lows: intensity_norm = intensity_orig × ROI_intensity_base/ROI_intensity_nth, 
where intensity_norm stands for the normalized image intensity, intensity_orig 
stands for the original image intensity, ROI_intensity_base stands for the average 
intensity of muscle ROI from the baseline image and ROI_intensity_nth stands for 
the average intensity of muscle ROI from the nth scan.

A 3D FLASH sequence instead of the 2D FLAIR sequence was used with a 
separate rat to visualize infusion of contrast agent in 3D with higher spatial res-
olution. The scan parameters of the T1-weighted 3D FLASH sequence were as 
follows: scan direction = axial, TR = 20 ms, TE = minimum, flip angle = 20°, 
number of averages = 1, field of view = 30 × 30 × 32 mm3, matrix size = 256 × 
192 × 64, and scan time = 4 min 6 s. The 3D FLASH imaging was dynamically 
performed and a total of 14 scans were taken over 57 min 24 s with 4 min 6 s 
intervals. The first FLASH scan was initiated simultaneously with the start of the 
GadoSpin P infusion. The 0th baseline scan was taken before the infusion and used 
as a reference for all other scans. All T1-weighted 3D FLASH images were pro-
cessed for intensity normalization and head motion registration using MATLAB 
by employing the same method as for T2-weighted 2D FLAIR images. By using 
ITK-SNAP27, rat brain regions were segmented from T1-weighted 3D volume 
baseline images, and the cerebral spaces into which contrast agent flowed were 
also segmented from T1-weighted 3D volume images. After the segmentation, 
both segmented region surface mesh data were overlaid and built up to a 3D brain 
model using Para-View (Kitware). To visualize the 2D FLAIR images along the 
sagittal direction, cubic interpolation was used to convert the 2D axial multi-slice 
images to a 3D image (256 × 256 × 194 mm3 and 0.113 × 0.113 × 0.113 mm3).  
ROIs were defined manually around the SSS, cisterna magna, and skull basal  
region to evaluate basal outflow, deep cervical lymph node, and skull dorsal region. 

The variation in average intensity was measured within each ROI of target slices at 
the indicated time dimension.
Phantom MRI experiments. Phantom MRI experiments were carried out  
to optimize the concentration of GadoSpin P for intracisternal infusion. We 
prepared nine phantoms with different concentrations of diluted GadoSpin P at  
0% (artificial CSF (R&D) for baseline reference), 1%, 5%, 10%, 15%, 20%, 30%, 
40%, and 50%. T2-weighted 2D FLAIR images were acquired once using the  
same scan parameters as those used in the rat MRI experiments. An ROI was 
selected within each phantom. The signal intensity of each phantom was deter-
mined by averaging the intensities within the corresponding ROI and then nor-
malizing the average intensity with that from the 0% phantom using the following 
equation: CA_norm = CA_orig/phantom, where CA_norm stands for the con-
trast agent phantom normalized intensity, CA_orig stands for the contrast agent 
phantom original intensity and phantom stands for the 0% phantom intensity. On 
the basis of these data, the optimal concentration of GadoSpin P was identified 
as 10%.
Monitoring of ICP, ABG, MAP, HR, and RR before, during, and after the con-
trast infusion. ICP, arterial blood gas (ABG), mean arterial pressure (MAP), 
HR, and RR were monitored before, during, and after the CSF contrast infusion 
separately from MRI but with the same experimental settings, as these parame-
ters could not be examined simultaneously during MRI. Anaesthetized rats were 
provided with a controlled heat blanket (Harvard apparatus) to maintain BT at 
36.5–37.5 °C during the whole procedure. To monitor ICP, a craniotomy was per-
formed above the right somatosensory cortex, and an ICP transducer (SPR-524, 
Millar) was inserted 2.2 mm deep into the brain parenchyma, passing through 
the somatosensory cortex (anterior–posterior axis –3 mm, medial–lateral axis  
3 mm, and dorsal–ventral axis –2.2 mm relative to bregma). The ICP transducer 
was linked to a pressure control unit (PCU-2000, Millar), and data recording was 
started before the initiation of GadoSpin P infusion into the cisterna magna and 
recorded for 148 min in total, using the same procedures as for MRI. For arterial 
pressure monitoring and sampling, a PE 60 catheter (Instech Laboratories) filled 
with heparinized saline (40 IU/ml) was inserted into the punctured left femoral 
artery. An arterial pressure transducer (Harvard apparatus) was connected to the 
catheter for monitoring, and 95 µl of blood was acquired twice through the same 
catheter at the start of the contrast infusion and at the completion of the exper-
iment. ABG was measured using blood gas analyser (i-STAT, Abbott). HR was 
monitored using the three sets of grass platinum subdermal needle electrodes 
connected to an ix-228 s data acquisition system (iWorx), and RR was calculated 
from blood pressure data after a filtering process.
Quantum dot infusion into the cisterna magna. Anaesthetized mice were laid 
prone on a stereotaxic frame under a microscope equipped with a heating pad. 
The head was adjusted to a 90° angle to the body axis with the help of a mouth-
piece to facilitate access to the cisterna magna as previously described28. After a 
skin incision to the midline of the posterior neck, muscle layers were carefully 
separated with microretractors. The atlanto-occipital membrane overlying the cis-
terna magna was superficially penetrated using a 33-gauge NanoFil needle (World 
Precision Instruments) and then 3 µl of QD705 (ThermoFisher) or Alexa Fluor 
488-conjugated LYVE-1 antibody (eBioscience) was infused into the subarachnoid 
space at 1 µl/min for 3 min using a syringe pump (Chemyx). The needle was slowly 
removed after the mouse was left in position for 5 min to prevent CSF leakage. The 
muscle layers and neck skin were then sutured with black silk.
Quantum dot infusion into the brain parenchyma. Anaesthetized Prox1–GFP 
mice were placed on a stereotactic frame (RWN Life Science) and a skin incision 
was made to expose the skull bone. A hole was drilled at medial–lateral axis 2 mm, 
anterior–posterior axis 0 mm relative to bregma. A stereotactic injection was per-
formed using a syringe pump equipped with a Hamilton syringe connected with 
a PE 20 catheter (Instech Laboratories) and a 33-gauge NanoFil needle. QD705 
was infused at a rate of 0.2 µl/min for 5 min (1 µl in total) with the needle inserted 
3.3 mm deep from the skull surface, until the tip of the needle reached the region 
around the right caudate putamen. A syringe was left in place for 5 min to min-
imize backflow and was then slowly removed. Skin was sutured after sealing the 
hole with a mixture of super glue and resin (GC America). Mice were killed at the 
indicated time points after the infusion of QD705 and samples were immediately 
prepared and imaged.
Functional analysis of meningeal lymph flow. Skull gross images and QD705 
tracer images were acquired using an AxioZoom V16 fluorescence stereo zoom 
microscope (Carl Zeiss). Immediately after removal of the needle used for QD705 
injection into the cisterna magna, the skull and brain were dissected without car-
diac perfusion or soaking in saline to trace QD705 signals. For tracing of QD705 
tracers, a microscope was further equipped with an Axiocam 503 mono (Carl 
Zeiss) and Axiocam 512 colour (Carl Zeiss) combined with an illuminator (HXP 
200C, Carl Zeiss). A Plan-NeoFluar Z 2.3× objective lens with a HE–GFP or Cy5 
filter set was used. Exposure time settings were 500 ms for the GFP signal and 5 s  
for the QD705 signal. For lymph node analysis, neck skin was dissected and the 
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area of interest was immediately examined under a microscope at 25× zoom 
with a Plan-NeoFluar Z 1.0× objective lens equipped with a Cy5 filter. Exposure 
time was 20 s for the QD705 signal. All fluorescence images were taken in a dark 
room and ZEN 2.3 software (Carl Zeiss) was used for acquisition and processing 
of images.

The intensity of PROX1–GFP and QD705 signals was measured using profile 
analysis of ZEN 2.3 software. The line for profile analysis was drawn perpendic-
ularly to a lymphangion segment of mLVs with the highest PROX1–GFP signal 
intensity. To assess time-dependent changes in QD705 signal, we drew a line at the 
QD705-filled lymphangion that showed the highest signal intensity of QD705 at 
the indicated region within a given image. The ΔP intensity was calculated as the 
difference between the peak value of QD705 signal inside the mLV and the lowest 
value of QD705 signal outside the mLV. For quantitative analysis of cLN, the mean 
QD705 intensity within the entire region of the cLN and the area within the cLN 
were measured using Draw Contour (ZEN 2.3 software). The mean fluorescence 
intensity of each cLN (MFIcLN) was calculated by subtraction of the mean back-
ground intensity in the area without cLN from the mean intensity value within 
the cLN region. The MFI of each cLN was calculated as an average value (the sum 
of the total intensity of the ROI divided by the total measured area). For drainage 
function comparisons of mandibular or deep cervical lymph nodes, two values on 
each side were averaged. For comparisons of total drainage function, four values 
on each side of the mandibular and deep cervical LNs were averaged.
Statistical analysis and reproducibility. Sample sizes were chosen on the basis 
of standard power calculations (with α = 0.05 and power of 0.8) performed for 
similar experiments, and statistical methods were not used to predetermine sam-
ple sizes as previously published1,4. The Kolmogorov–Smirnov test was used to 
assess normal distribution of the data and variance was similar within comparable 
experimental groups. The experiments were randomized and the investigators were 
blinded to allocation during experiments and outcome assessment. Values were 
presented as mean ± s.d. or mean ± s.e.m. Statistical tests for each figure were 
justified to be appropriate and statistical significance was determined by two-tailed 
Mann–Whitney U test between two groups, or two-way ANOVA with Holm–
Sidak’s multiple comparisons test for multiple-group comparison. Statistical anal-
yses were performed using GraphPad Prism 8.0 (GraphPad Software). Statistical 
significance was set at P < 0.05.
Reporting summary. Further information on research design is available in 
the Nature Research Reporting Summary.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Basal mLVs contain valves and have more 
intraluminal T cells than dorsal mLVs. a, Schematic images depicting 
the characteristic structure of the dorsal mLVs around the SSS, transverse 
sinus, and COS (left) and their discontinuous lymphatic vascular structure 
(right). b, Representative images of dorsal mLVs around the SSS and COS; 
they are relatively small in diameter with disconnected vessel structure 
(white arrows). White dashed boxes are magnified below. Similar findings 
were observed in n = 6 mice from three independent experiments. Scale 
bars, 100 µm. c, d, Representative images of dorsal mLVs around the 
transverse sinus and COS. Discontinuous dorsal mLVs (white arrows) 
running along the transverse sinus have few protruding mLV branches (c),  
which are devoid of distinct PROX1high lymphatic valves (d). Similar 
findings were observed in n = 5 mice from two independent experiments. 
Scale bars, 500 µm (c); 200 µm (d). e, Schematic images depicting features 
of basal mLVs around the PSS, sigmoid sinus, PSF, SMF, jugular foramen 
(JF), and middle meningeal artery (MMA) (left). Note the abundant blunt-
ended protrusions of basal mLVs (right). f–h, Representative images and 
magnified views of basal mLVs around the sigmoid sinus, which consist 
of distinct PROX1high (g) or integrin α9+ (h) lymphatic valves, magnified 

from the indicated regions. Note the oak leaf-shaped LECs with blunt 
ends (white arrowheads) in basal mLVs. Similar findings were observed 
in n = 5 mice from two independent experiments. Scale bars, 500 µm (f); 
50 µm (g, h). i, Representative images of basal mLVs, which are larger 
in diameter than dorsal mLVs with more lymphatic branches extending 
outwards from venous sinuses. Below, magnified images of white dashed 
boxes show lymphatic valves (yellow arrowheads) of basal mLVs around 
the PSF, SMF, and jugular foramen (white arrows). White asterisk indicates 
the endolymphatic sac. Similar findings were observed in n = 5 mice from 
two independent experiments. Scale bars, 500 µm. j, Comparisons of the 
indicated parameters between dorsal and basal mLVs. Each dot indicates 
a mean value obtained from one mouse and n = 5–6 mice per group from 
three independent experiments. Mean ± s.d.; two-tailed Mann–Whitney 
U test. k–m, Representative images and comparisons of intraluminal 
T cells (white arrows) in dorsal and basal mLVs, and T cells entering the 
blunt ends of dorsal and basal mLVs (yellow arrows). Each dot indicates a 
mean value obtained from one mouse and n = 5 mice per group from two 
independent experiments. Mean ± s.d.; two-tailed Mann–Whitney U test. 
Scale bars, 50 µm.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Basal mLVs exhibit typical features of pre-
collectors. a, Representative images of ear skin dermal LVs that consists 
of capillary LVs (A) with mainly discontinuously sealed button-like LEC 
junctions (blue arrowheads), pre-collecting LVs (B) with a mix of button- 
and zipper-like junctions (blue and red arrowheads) and lymphatic valves 
(white asterisks), and collecting LVs (C) with mostly zipper-like LEC 
junctions (red arrowheads), SMC coverage (yellow arrowheads) and 
lymphatic valves (white asterisk). Similar findings were observed in  
n = 4 mice from two independent experiments. Scale bars, 50 µm.  
b, Representative images of PROX1high LEC clusters in lymphatic valves 
of basal mLVs around the PSF with features of pre-collecting LVs, and a 
magnified view of the dashed box showing integrin α9+ lymphatic valves 
(white arrowheads) between lymphangion segments (yellow asterisks). 
Similar findings were observed in n = 4 mice from two independent 
experiments. Scale bar, 50 µm. c–e, Representative images of basal mLVs 
exhibiting pre-collector characteristics around the PSS and MMA, which 
are devoid of SMC coverage but possess lymphatic valves (white asterisks) 
and are heterogeneous in both LYVE-1 expression (low and high; green 
and brown arrowheads) and LEC junctional pattern (button- and zipper-

type; blue and red arrowheads). Black and white images in e are single-
channel LYVE-1+ or VE-cadherin+ images magnified from the white 
dashed box in d. Similar findings were observed in n = 4 mice from two 
independent experiments. Scale bars, 50 µm. f, Comparison of indicated 
parameters between basal mLVs and ear skin LVs. Each dot indicates a 
mean value obtained from one mouse and n = 4 mice per group from two 
independent experiments. Mean ± s.d.; *P < 0.05 versus basal mLVs, skin 
capillary LVs, or skin pre-collecting LVs by two-tailed Mann–Whitney 
U test. n.s., not significant. g–i, Representative images and comparisons 
of capillary and pre-collecting LVs from ear skin and basal mLVs around 
the sigmoid sinus. White dashed boxes are magnified as indicated. Red 
arrowheads, button-like junctions; blue arrowheads, zipper-like junctions 
of LECs. White asterisks, lymphatic valves. Yellow asterisk, a typical oak 
leaf-shaped LEC in a blunt end tip of initial capillary basal mLVs with 
button-type junctions. Each dot indicates a mean value obtained from 
one mouse and n = 4 mice per group from two independent experiments. 
Mean ± s.d.; P values versus skin capillary LVs or skin pre-collecting LVs, 
or skin capillary LVs and basal capillary mLVs, calculated by two-tailed 
Mann–Whitney U test. n.s., not significant. Scale bars, 50 µm.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Postnatal mLVs grow into the cranial cavity 
through the foramina of the skull base, but do not comprise perineural 
LVs. a, Representative gross images of PSF (yellow arrowhead), SMF (two 
yellow arrowheads) and jugular foramen (three yellow arrowheads) at the 
skull base. Magnified views of yellow boxes in panels at top right. Similar 
findings were observed in n = 4 mice from two independent experiments. 
Scale bars, 1 mm. b, c, Schematic illustration and representative sectional 
images of adult mouse skull base with basal mLVs (white arrowheads) 
around the sigmoid sinus and SMF. Note that basal mLVs inside the skull 
are in close proximity to the subarachnoid space (A, B) and they are 
connected to extracranial LVs through the SMF (C, D). Green asterisks, 
artificial spaces formed during sample preparation. Similar findings 
were observed in n = 4 mice from two independent experiments. Scale 
bar, 100 µm. d, Representative gross image of the skull base of a neonatal 
Prox1–GFP mouse at postnatal day 4 (P4). Insets show fluorescent images 
of extracranial LVs entering the skull through the major skull foramina. 
Similar findings were observed in n = 4 mice from two independent 
experiments. Scale bar, 1 mm. e, Representative image of basal mLVs 
entering the cranial cavity through the skull foramina (yellow arrowheads) 
at P4. White asterisk, endolymphatic sac. Similar findings were observed 

in n = 4 mice from two independent experiments. Scale bar, 1 mm.  
f, Representative images of developing mLVs and PROX1high putative 
lymphatic valves (white arrowheads) around the PSF (yellow arrowheads). 
Note that mLVs that grow into the skull through the PSF turn downward 
and combine with mLVs (P4 and P8, white arrows) growing from the PPA 
and MMA, and then grow upward (P12, white arrow). Similar findings 
were observed in n = 4 mice from two independent experiments. Scale 
bars, 500 µm. g, h, Schematic illustration and representative whole-mount 
images of postnatal basal mLVs around the SMF (two yellow arrowheads) 
and jugular foramen (three yellow arrowheads) after removal of cranial 
nerves. White dashed boxes are magnified as indicated. White asterisk, 
endolymphatic sac. Similar findings were observed in n = 4 mice from  
two independent experiments. Scale bar, 500 µm. i, j, Schematic 
illustration and representative whole-mount images of adult basal 
mLVs around the SMF (two yellow arrowheads) and jugular foramen 
(three yellow arrowheads). White asterisk, endolymphatic sac; yellow 
asterisks, lymphangion segments between the lymphatic valves that 
are distinguished and far from neurofilament+ nerve fibres (white 
arrowheads). Similar findings were observed in n = 4 mice from two 
independent experiments. Scale bar, 500 µm.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Contrast delivery through the lateral ventricle 
shows a CSF clearance pattern that is similar to that of delivery through 
the cisterna magna. a, Phantom MRI experiment among the indicated 
range of contrast concentrations (1–50%), showing highest enhancement 
at 10% (peak intensity). The signal intensities of GadoSpin P and artificial 
CSF (control) are plotted as absolute or normalized values (normalized 
signal intensity), which is GadoSpin P intensity divided by control 
intensity. AU, arbitrary unit. b, Representative images of rat mLVs around 
the jugular foramen (white arrow) demonstrating abundant blunt-end 
lymphatic capillary branches (yellow arrowheads) and PROX1high LEC 
clusters depicting lymphatic valves (white arrowheads), magnified from 
the region within the white dashed box. Similar findings were observed in 
three independent experiments using n = 3 rats. Scale bar, 100 µm.  
c, Schematic images for T2-FLAIR MRI with initiation of GadoSpin P 
infusion into the right lateral ventricle (Rt LV) at a rate of 2 µl min–1 for 
15 min under mechanical ventilation and monitoring of vital signs 
including HR, RR, ETCO2, BT, and EKG. d, Monitoring of indicated 
parameters during MRI. Grey background indicates a single baseline scan 

and blue background indicates MRI scans taken during the GadoSpin P 
infusion. e–h, Representative images of 2nd (e), 6th (f), and 12th (g) scans 
of T2-FLAIR MRI and comparisons of average GadoSpin P intensities 
within ROIs at the indicated time points (h). The location of each axial 
scan is displayed in the sagittal view at the top right corner. The ROIs are 
outlined in green (Rt LV), orange (basal outflow), red (deep cLNs), blue 
(dorsal area), and purple (SSS, magnified). Similar findings were observed 
in four independent experiments using n = 4 rats. Scale bars, 5 mm; except 
SSS, 1 mm. h, Grey background indicates single baseline scan and blue 
background indicates period of GadoSpin P infusion through the lateral 
ventricle. Vertical lines indicate time points at which the representative 
images were taken. Mean ± s.e.m. from four independent experiments 
using n = 4 rats. AU, arbitrary unit. i, Schematic images illustrating the 
monitoring of ICP, ABG, and vital signs during and after GadoSpin P 
infusion into the cisterna magna of rat at a rate of 2 µl min–1 for 15 min.  
j–l, ICP, pH, partial pressure of oxygen (pO2

), partial pressure of carbon 
dioxide (pCO2

), RR, MAP, and HR before, during (blue background) and 
after contrast infusion.
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Extended Data Fig. 5 | Dorsal mLVs have a minor role in clearance of 
macromolecules from the CSF. a, Schematic diagram depicting QD705 
infusion into the cisterna magna (CM) of 8-week-old Prox1–GFP mice 
and subsequent fluorescence imaging at the indicated time points after 
the QD705 infusion. b–d, Schematic and representative images of basal 
mLVs around jugular foramen and dorsal mLVs around SSS and transverse 
sinus within the region of interest (black box in schematic) and their 

profile analysis along the white line at the indicated time points after 
QD705 infusion. White dotted boxes are magnified at top left of images. 
Blue background in plots indicates the width of an LV; note that the 
QD705 peak signal is located within the basal mLV signal (LV) around the 
jugular foramen, whereas those around the SSS and transverse sinus are 
located outside the dorsal mLVs. Similar findings were observed in four 
independent experiments. Scale bars, 200 µm.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Brain ISF macromolecules are cleared 
preferentially through the basal mLVs. a, Schematic diagrams depicting 
stereotactic intraparenchymal infusion of QD705 into the right (Rt) side 
of the brain of a Prox1–GFP mouse at a rate of 0.2 µl min–1 for 5 min and 
subsequent fluorescence imaging of whole brain surface, dorsal mLVs, 
and Rt or left (Lt) basal mLVs and deep cLNs at 30, 60, and 120 min after 
tracer infusion. Similar findings were observed in n = 4 mice from two 
independent experiments. b, Representative fluorescence imaging of 
whole brain surface after infusion of QD705 into the Rt side of brain. 
White arrowheads, infusion site. Similar findings were observed in  
n = 4 mice from two independent experiments. Scale bars, 2 mm.  
c–i, Representative images and profile analysis of fluorescence intensity 
along the white lines in dorsal mLVs around the SSS and right transverse 
sinus at the indicated time points after tracer infusion. Blue background, 

width of dorsal mLV (LV); note that QD705 peak signals are not within the 
LV. Similar findings were observed in n = 4 mice from two independent 
experiments. Scale bars, 200 µm. j–q, Representative images and profile 
analysis of fluorescence intensity along the white lines at the indicated 
time points after tracer infusion. White dashed boxes are magnified 
below; blue background indicates the width of an LV. Similar findings 
were observed in n = 4 mice from two independent experiments. Scale 
bars, 500 µm. r, s, Representative images of right or left deep cLNs at the 
indicated time points after tracer infusion. White dashed box is magnified 
in the upper right corner as a QD705 single-channel image, indicating 
drainage of tracer into right deep cLNs (yellow arrowheads). Similar 
findings were observed in n = 4 mice from two independent experiments. 
Scale bars, 1 mm.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Differential sensitivity and functionality of 
dorsal and basal mLVs to LEC-specific depletion of Vegfr3. a, Diagram 
depicting LEC-specific depletion of Vegfr3 in 8-week-old Vegfr3iΔLEC mice 
and analyses of mLVs and blood vessels (BVs), 1 week (Vegfr3iΔLEC (+1 wk))  
or 2 weeks (Vegfr3iΔLEC (+2 wk)) after tamoxifen administration for 
comparison with wild type littermates (WT (+2 wk), 2 weeks after 
tamoxifen administration). b–e, Representative images and comparisons 
of the relative densities of dorsal and basal mLVs and BVs around the 
SSS, transverse sinus, PSS, sigmoid sinus, PSF, and jugular foramen in 
wild-type and Vegfr3iΔLEC mice. Each dot indicates a mean value obtained 
from one mouse and n = 4 mice per group from two independent 
experiments. Mean ± s.d.; two-tailed Mann–Whitney U test. Note the 
prominent differences in vessel densities of dorsal mLVs around the SSS 
and transverse sinus in Vegfr3iΔLEC mice (+1 wk), but the differences 

in basal mLVs around the sigmoid sinus, PSS, PSF, and jugular foramen 
become evident in Vegfr3iΔLEC mice (+2 wk), as shown in the volcano 
plot (e) plotting the relative differences in vessel density on the x-axis and 
the negative log of the Q value on the y-axis. AU, arbitrary unit; n.s., not 
significant. Scale bars, 1 mm. f, Schematic diagram of QD705 infusion 
(1 µl min–1 for 3 min) into the cisterna magna in wild-type or Vegfr3iΔLEC 
mice, 1 or 2 weeks after tamoxifen administration for fluorescent imaging 
of draining mandibular LNs and deep cervical LNs (cLNs) 30 min after 
infusion of QD705. g, h, Representative images and comparison of QD705 
intensity in mandibular LNs and deep cLNs (white dashed circle) in wild-
type (+2 wk), Vegfr3iΔLEC (+1 wk), or Vegfr3iΔLEC (+2 wk) mice. Each dot 
indicates a mean value obtained from one mouse, n = 6 mice per group 
from three independent experiments. Mean ± s.d.; two-tailed Mann–
Whitney U test. n.s., not significant. Scale bars, 1 mm.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Ageing is accompanied by dysmorphic changes 
in basal mLVs with delayed CSF drainage. a, Schematic images  
depicting the regions of dorsal mLVs around the transverse sinus.  
b, c, Representative images and comparisons of the LYVE-1+ area and the 
diameter of dorsal mLVs around the transverse sinus in young and aged 
mice. Each dot indicates a value from both sides of the transverse sinus, 
n = 7 mice per group (LYVE-1+ area around transverse sinus) or a mean 
value obtained from one mouse, n = 6 mice per group (vessel diameter) 
from two independent experiments. Mean ± s.d.; P versus young 
calculated by two-tailed Mann–Whitney U test. n.s., not significant. Scale 
bars, 500 µm. d, Schematic illustrations depicting the region of basal mLVs 
around the jugular foramen. e, f, Representative images and comparison of 
PROX1 fluorescence intensity ratio of valvular LECs to non-valvular LECs 
of basal mLVs in young (3 months), middle-aged (8–10 months), and aged 
(24–27 months) mice. White dashed lines demarcate basal mLVs. PROX1 
expression is attenuated in lymphatic valve LECs (white arrows) in aged 
mice. Each dot indicates a value obtained from one mouse and n = 6 mice 
per group from three independent experiments. Mean ± s.d.; P versus 
young or middle-aged calculated by two-tailed Mann–Whitney U test. 
AU, arbitrary unit. Scale bars, 100 µm. g, Schematic diagram of QD705 
infusion (1 µl min–1 for 3 min) into the cisterna magna in young, middle-
aged, and aged mice and subsequent fluorescence imaging of indicated 

draining LNs 30 min after the infusion of QD705. h, i, Representative 
images and comparison of QD705 intensity in mandibular LNs and deep 
cLNs (outlined with white dashed line) in young, middle-aged, and aged 
mice. Each dot indicates a value obtained from one mouse and n = 5 mice 
per group from three independent experiments. Mean ± s.d.; P values 
versus young or middle-aged calculated by two-tailed Mann–Whitney 
U test. AU, arbitrary unit. Scale bars, 1 mm. j, k, Representative images 
and comparisons of the LYVE-1+ LV area in ear skin, tracheal mucosa, 
and peritoneal side of the diaphragm in young and aged mice. Each dot 
indicates a mean value obtained from both ears of one mouse, n = 5 
mice per group (ear skin), or a mean value obtained from one mouse, 
n = 4 mice per group (trachea and diaphragm), from two independent 
experiments. Mean ± s.d.; P values versus young calculated using two-
tailed Mann–Whitney U test. n.s., not significant. Scale bars, 250 µm.  
l–n, Representative images and comparisons of collagen IV, PROX1, 
or FOXC2 expression in skin dermal LECs of lymphatic valves (white 
arrowheads) in young and aged mice. Each dot indicates a mean value 
obtained from one mouse and n = 4 (collagen IV and FOXC2) or 
n = 5 (PROX1) mice per group from two independent experiments. 
Mean ± s.d.; P values versus young calculated using two-tailed Mann–
Whitney U test. AU, arbitrary unit; n.s., not significant. Scale bars, 200 µm.
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Extended Data Fig. 9 | Distinct changes in dorsal and basal mLVs 
associated with age. a–d, Representative images of dorsal mLVs around 
the SSS and COS and comparison of dorsal mLV coverage around the 
SSS (a, b), and representative images of basal mLVs around the PSS and 
sigmoid sinus and comparison of LYVE-1+ basal mLV area and number of 
Prox1+ LECs (c, d) in young (3 months), middle-aged (8–10 months), and 

aged (24–27 months) mice of indicated sex. Each dot in b and d indicates a 
mean value from one mouse, n = 6 mice per group from two independent 
experiments. Mean ± s.d.; and P values versus male, young, or middle-
aged calculated by two-tailed Mann–Whitney U test. n.s., not significant. 
Scale bars, 500 µm.
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Extended Data Fig. 10 | Characteristic features of dorsal and basal 
mLVs and their distinct changes associated with ageing. a, Schematic 
images depicting the differences between dorsal and basal mLVs and 
their connection with extracranial LVs. In young adult mice, the dorsal 
mLVs are disconnected and mostly exhibit zipper-like junctions between 
LECs. By contrast, basal mLVs, which are located close to the CSF, are 

characterized by protruding blunt-end capillary lymphatic vessel branches 
and lymphatic valves, and their LECs are connected with button-like 
junctions. b, In aged mice, dorsal mLVs are regressed, whereas basal mLVs 
exhibit hyperplastic changes with impaired lymphatic valves and disrupted 
junctional structures.
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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection The following software were used for data collection: 
LSM image software (Carl Zeiss)  
Zen 2.3 software (Carl Zeiss) 
Preclinical Scan (MR Solutions) 
PC-SAM32 (SA instruments Inc) 
AcqKnowledge4.4 (BIOPAC Systems Inc) 
LabScribe v3 (iWorx).

Data analysis The following software were used for data analysis: 
Zen 2.3 software (Carl Zeiss) 
ImageJ Software (NIH) 
MATLAB 2017a (The Mathworks)  
GraphPad Prism 8.0 (GraphPad Software) 
3D rat brain model was visualized by ITK-SNAP and Para-View (Kitware) 
LabScribe v3 (iWorx).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All the data that support the findings of this study are available from the corresponding author upon reasonable request. 

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen on the basis of standard power calculations (with α = 0.05 and power of 0.8) performed for similar experiments and 
statistical methods were not used to predetermine sample sizes as previously published (Louveau et al., Nature, 2015; Da Mesquita et al., 
Nature, 2018).

Data exclusions No samples were excluded from the analysis.

Replication Experiments were replicated at least once for all analyses and number of reproductions of each experimental finding is described in each 
figure legend. All attempts at experimental replication were successful.

Randomization  Animals from different cages, but within the same experimental group, were selected to assure randomization. 

Blinding The investigators were blinded during the experiments and quantifications.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used The following primary and secondary antibodies were used in the immunostaining: anti-Prox1 (rabbit polyclonal, 11067-2-AP, 

Proteintech); anti-Prox1 (goat polyclonal, AF2727, R&D); anti-LYVE–1 (rabbit polyclonal, 11-034, Angiobio); anti-LYVE–1 (rat 
polyclonal, AF7939, R&D); Alexa Fluor 488-conjugated anti LYVE-1 (rat monoclonal, clone ALY7, 53-0443-82, eBioscience); anti-
CD31 (rat monoclonal, clone MEC13.3, 557355, BD Biosciences); anti-CD31 (hamster monoclonal, clone 2H8, MAB1398Z, 
Merck); anti-VE–cadherin (goat polyclonal, AF1002, R&D); anti-Collagen IV (rabbit polyclonal, ab6586, Abcam); anti-Foxc2 (sheep 
polyclonal, AF6989, R&D); anti-Integrin α9 (goat polyclonal, AF3827, R&D); anti-αSMA–Cy3 (mouse monoclonal, clone 
1A4,C6198, Sigma-Aldrich); anti-E–cadherin (goat polyclonal, AF748, R&D); anti-ER–TR7 (rat monoclonal, sc-73355, Santa Cruz); 
anti-fibronectin (rabbit polyclonal, AB2033, Merck); anti-CD3e (hamster monoclonal, 553058, BD Biosciences); anti-
neurofilament (rabbit polyclonal, ab204893, Abcam); and Alexa Fluor 488-, 594-, 647-conjugated secondary antibodies were 
purchased from Jackson ImmunoResearch. Nuclei were stained with DAPI (Invitrogen). Primary antibodies were diluted at 1:400 
and secondary antibodies were diluted at 1:1,000 for all the immunostainings.
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Validation All the antibodies were validated for the species (mouse or rat) and applications (immunohistochemistry) by the correspondent 
manufacturer, which is described in the manufacturer's website. Our usage was described in the Methods section of the 
manuscript as below. 
 
Immunofluorescence staining 
For both whole-mount and section staining, samples were permeabilized and blocked with blocking buffer containing 5% donkey 
(or goat) serum in 0.3% Triton-X 100 in PBS for 1 h at room temperature (RT). Samples were incubated with the primary antibody 
diluted in the blocking buffer overnight at 4 °C. After several washes with PBS, samples were incubated for 4 h at 4°C with the 
fluorocrome-conjugated secondary antibodies diluted in the blocking buffer. After several washes with PBS, samples were 
mounted with Vectashield (Vector Laboratories).  

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Prox1-GFP mice (Choi et al., Blood, 2011; provided by Dr. Young-Kwon Hong, University of Southern California), Prox1-CreERT2 
mice (Bazigou et al., JCI, 2011; provided by Dr. Taija Mäkinen, Uppsala University) and Vegfr3flox/flox mice (Haiko et al., Mol Cell 
Biol., 2008; provided by Dr. Kari Alitalo, University of Helsinki) were transferred, established, and bred in SPF animal facilities at 
KAIST. Cre-ERT2 negative but flox/flox positive mice among the littermates of these mice were defined as control (WT) mice. All 
of these mice were maintained in the C57BL/6 background and for neonatal experiments, postnatal day (P) 4, P8, P10, P12, P18, 
and P28 neonates of both genders were analyzed. For adult mice experiments, adult mice aged 8~12 weeks of both genders 
were used for experiments except for those comparing young (3 months-old) mice with middle-aged (8~10 months-old) or aged 
(24~27 months-old) mice. Both genders of young (3 month-old), middle-aged (8~10 months-old) and aged (24~27 months-old) 
mice in the C57BL/6 background were puchased from the Animal Facility of Aging Science, Korea Basic Science Institute 
(Gwangju, Republic of Korea). No differences were observed between the genders in our experiments as described in the result 
section and Extended Data Fig. 8. Male Sprague-Dawley rats of 10 weeks of age weighing 350-400 g were purchased from the 
Koatech (Gyeonggi-do, Republic of Korea) for MRI experiments.

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight Animal care and experimental procedures were performed under the approval from the Institutional Animal Care and Use 
Committee (No. KA2017-42) of KAIST. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Magnetic resonance imaging
Experimental design

Design type Resting state; block design.

Design specifications Single baseline reference scan and 29 dynamic scans were performed with T2-weighted 2D Inversion recovery fast spin 
echo sequence (T2W 2D FLAIR).  Each scan time was 4min 36secs.  
Single baseline reference scan and 13 dynamic scans (total 14 scans) were performed with T1-weighted 3D Fast low 
angle shot sequence(T1W 3D FLASH). Each scan time was 4min 6secs. 
Contrast agent was synchronized with the first scan, which was taken after the baseline scan.

Behavioral performance measures n/a

Acquisition

Imaging type(s) Structural: T1-weighted 3D FLASH technique. Diffusion/Perfusion of contrast agent : post contrast T2-weighted 2D FLAIR 
technique.

Field strength 3 Tesla

Sequence & imaging parameters The scan parameters of T2 weighted 2D FLAIR sequence were as follows: scan direction = axial, TR=9500 ms, TEeff / 
TEbase = 85 ms / 17 ms, TI = 1800 ms, flip angle = 90°, number of averages = 1, field of view = 29 mm x 29 mm, matrix 
size = 128 x 256, slice thickness = 1 mm, gap = 0.1 mm, number of slices = 20, echo train length = 8, and scan time = 4 
min 36 s. The FLAIR scan was repeated 29 times in total (excluding 0th single baseline scan) over 138 min with 4 min 36 
s interval. 
 
A 3D FLASH sequence instead of the 2D FLAIR sequence was used in a separate rat to visualize infusion of contrast agent 
in 3D with higher spatial resolution. The scan parameters of T1 weighted 3D FLASH sequence were as follows: scan 
direction = axial, TR = 20 ms, TE = minimum, flip angle = 20°, number of averages = 1, field of view = 30 mm x 30 mm x 
32 mm, matrix size = 256 x 192 x 64, and scan time = 4 min 6 s. The 3D FLASH imaging was dynamically performed and a 
total of 14 scans were taken over 57 min 24 sec with 4 min 6 sec interval. 

Area of acquisition Imaging area was set from frontal neocortex to the deep cervical lymph nodes. Imaging area was decided to cover the 
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Area of acquisition region where the contrast agent in CSF could diffuse into and flow out through lymphatic system, especially 
subarachnoid cisterns, venous sinuses, skull foramina, and cervical lymph nodes.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Using MATLAB 2017a (The Mathworks Inc.) for zero-padding k-space from 128 X 256 to 256 X 256, motion-correction 
and region of interest based intensity analysis.

Normalization After the head motion registration, the 2D volume images at each time point were normalized by the average intensity 
from the muscle region, which was not influenced by the contrast agent, to minimize the potential variation of MR 
signals by temperature and/or B0 (main magnetic field) changes. The normalized intensity of each scan was calculated 
by multiplying original signal intensity by average intensity of muscle region of interest from base image divided by 
average intensity of muscle region of interest from nth scan as described in the Online Methods.

Normalization template Data were not normalized by template.

Noise and artifact removal To correct the motion artifact through time series, we used image intensity based image registration.

Volume censoring n/a

Statistical modeling & inference

Model type and settings n/a

Effect(s) tested n/a

Specify type of analysis: Whole brain ROI-based Both

Anatomical location(s)
Region of interests (ROIs) were defined manually around superior sagittal sinus, cisterna magna, and skull 
basal region to evaluate basal outflow, deep cervical lymph node, and skull dorsal region. The variation in 
average intensity was measured within each ROI of target slices at the indicated time dimension.

Statistic type for inference
(See Eklund et al. 2016)

n/a

Correction n/a

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Graph analysis We measured signal intensity of the indicated region of interest according to the MRI scan time. 
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