1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Dev Dyn. Author manuscript; available in PMC 2019 May 01.

-, HHS Public Access
«

Published in final edited form as:
Dev Dyn. 2018 May ; 247(5): 741-753. doi:10.1002/dvdy.24624.

POSTNATAL DEVELOPMENT OF LYMPHATIC VASCULATURE IN
THE BRAIN MENINGES

Rebecca M. I1zen”, Tomoko Yamazaki**, Yoko Nishinaka-Arai*$, Young-Kwon Hong', and
Yoh-suke Mukouyama™T

*Laboratory of Stem Cell and Neuro-Vascular Biology, Genetics and Developmental Biology
Center, National Heart, Lung, and Blood Institute, National Institutes of Health, Building
10/6C103, 10 Center Drive, Bethesda, MD 20892, USA

SDepartment of Clinical Application, Center for iPS Cell Research and Application, Kyoto
University, Kyoto 606-8507, Japan

TDepartment of Surgery, Keck School of Medicine, University of Southern California, Los Angeles,
CA90033

Abstract

Background—Traditionally, the central nervous system (CNS) has been viewed as an immune-
privileged environment with no lymphatic vessels. This view was partially overturned by the
discovery of lymphatic vessels in the dural membrane that surrounds the brain, in contact with the
interior surface of the skull. We here examine the distribution and developmental timing of these
lymphatic vessels.

Results—Using the Prox1-GFP BAC transgenic reporter and immunostaining with antibodies to
lymphatic markers LYVE-1, Prox1, and Podoplanin, we have carried out whole-mount imaging of
dural lymphatic vasculature at postnatal stages. We have found that between birth — postnatal day
13 (P)13, lymphatic vessels extend alongside dural blood vessels from the side of the skull towards
the midline. Between P13 — P20, lymphatic vessels along the transverse sinuses (TS) reach the
superior sagittal sinus (SSS) and extend along the SSS towards the olfactory bulb.

Conclusion—Compared with the embryonic developmental timing of lymphatic vessels in other
tissues, e.g. skin, dural lymphatic vessel development is dramatically delayed. This study provides
useful anatomical data for continuing investigations of the fundamental mechanisms that underlie
dural lymphatic vessel development.
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INTRODUCTION

The central nervous system (CNS) has traditionally been viewed as an immune-privileged
tissue, where adaptive immunity and inflammation are highly controlled. In seminal
experiments, Medawar suggested that the absence of a lymphatic drainage system in the
CNS may contribute to the brain’s tolerance to foreign tissue grafts (Medawar, 1948). This
view of the CNS as an immune-privileged site was partially overturned by the discovery of
functional lymphatic vessels in the dural meningeal membrane, the outermost of three
connective tissue layers (pia mater, arachnoid mater, and dura mater), that surround the brain
(Aspelund et al., 2015; Louveau et al., 2015). The subarachnoid space between the dura
mater and the inner meningeal layers is filled with cerebrospinal fluid (CSF), providing an
interface between dural lymphatic vessels and the macromolecules and immune cells of the
CNS. It is known that the dural lymphatics drain CSF, macromolecules, and immune cells
from the CNS to the deep cervical lymph nodes (Aspelund et al., 2015; Louveau et al.,
2015). However, most properties of these novel lymphatic vessels remain entirely unknown,
including their developmental ontogeny.

The lymphatic system maintains tissue homeostasis by draining fluid from extracellular
spaces back into the venous circulation (Reviewed in (Tammela and Alitalo, 2010). The
lymph fluid is filtered through a series of lymph nodes, where foreign antigens from the
extracellular spaces activate T- and B- cells to induce an immune response (Reviewed in
(Bechmann and Woodroofe, 2014). Lymphatic development begins in the cardinal vein at
embryonic day (E)9.5 — E10.5, when a subset of venous endothelial cells (ECs) express the
transcription factor Prox1, the master regulator of lymphatic endothelial cell (LEC) fate
(Wigle and Oliver, 1999). These Prox1-positive LECs bud off from the vein to form
primordial lymphatic structures (Francois et al., 2012; Yang et al., 2012). Subsequent
sprouting from aggregates of LECs is driven by vascular endothelial growth factor C
(VEGF-C) and its receptor VEGF receptor 3 (VEGFR-3) (Dumont et al., 1998; Makinen et
al., 2001; Karkkainen et al., 2004). The sprouting lymphatic vessels invade the skin and
most internal organs within the embryo, covering tissues with a highly branched network of
lymphatic vasculature (Sabin, 1902; Sabin, 1904; Makinen et al., 2007; Oliver and
Srinivasan, 2008). Recent studies have revealed a surprising diversity in the origin and
developmental timing of lymphatic vessels, which are adapted to the complex physiologies
of different tissues such as heart (Klotz et al., 2015), skin (Martinez-Corral et al., 2015),
intestine (Mahadevan et al., 2014), mesentery (Stanczuk et al., 2015), lymph node (Lee and
Koh, 2016), and Schlemm’s canal in eye (Aspelund et al., 2014; Park et al., 2014). In the
CNS, further anatomical studies characterizing the three-dimensional architecture and
development of meningeal lymphatics are required to better understand the meningeal
lymphatic drainage. Here, we have investigated meningeal lymphatic development. We used
the Prox1-GFP BAC transgenic reporter (Choi et al., 2011) and immunostaining with
antibodies to lymphatic and blood EC markers. By confocal microscopy, we imaged large
swaths of the inner surface of the skull, which is fused to the dural membrane and its
meningeal blood and lymphatic vasculature. We found that the dural lymphatic vessels
develop postnatally. Compared to other tissues, i.e skin where lymphatic vasculature
develops from E13.5 onward, this is a dramatic developmental delay. Our comprehensive
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whole-mount imaging method provides useful anatomical data for continued investigations
of the ontogeny of meningeal LECs and the molecular mechanisms underlying meningeal
lymphatic vessel development.

High-resolution whole-mount imaging of adult meningeal lymphatics

We characterized the distribution of lymphatic vessels surrounding the adult brain using the
Prox1-GFP BAC transgenic reporter (Choi et al., 2011). We carried out whole-mount
immunohistochemical analysis of coronal skull sections over the SSS with antibodies to
GFP together with the LEC marker LYVE-1 and pan-EC marker PECAM-1 (Fig. 1A).
Prox1-GFP/LYVE-1-double positive lymphatic vessels were observed in contact with the
interior surface of the skull (Fig. 1B and C), but not in the brain parenchyma (data not
shown).

To visualize the meningeal lymphatic vessel network, we then developed a whole-mount
skull dissection and antibody labelling protocol (Fig. 1A and D; Fig. 9A-D). Confocal tile
scanning enabled us to image a large field of the inner surface (meningeal layers) of the
dissected skull at high resolution (Fig. 1D-G). As described previously (Aspelund et al.,
2015; Louveau et al., 2015), we found Prox1-GFP/LYVE-1-double positive lymphatic
vessels adjacent to veins in the transverse sinus (TS) and superior sagittal sinus (SSS) in the
meninges (Fig. 1E-F). These lymphatics appeared not to branch out from the sinus,
indicative of a close anatomical relationship between meningeal lymphatics and the veins.
Along the SSS, some of the lymphatic vessels appeared to be discontinuous. We also found
Prox1-GFP-positive/LYVE-1-weak lymphatic vessels adjacent to a distal branch of the
middle meningeal artery (MMA) (Fig. 1G, Aspelund et al., 2015). Combined, these
experiments demonstrate that our whole-mount imaging technique allows us to visualize an
anatomically recognizable pattern of the meningeal lymphatic network with a cellular
resolution.

Whole-mount imaging of postnatal meningeal lymphatics

We next questioned how meningeal lymphatics develop in the postnatal period. To address
this, we first examined formation of the meningeal lymphatic network at postnatal day
(P)20. We used antibodies to GFP together with LYVE-1, Prox1, and Podoplanin as markers
of lymphatic vessels. Prox1-GFP/LYVE-1-double positive lymphatic vessels were found
adjacent to the TS and SSS, and lymphatic vessels also developed along a distal branch of
MMA (Fig. 2A). The Prox1-GFP-positive lymphatic vessels were positive for Prox1 (Fig.
2B-B’, C-C’) and Podoplanin (Fig. 2D-D"). We observed labelling of a population of
Prox1-GFP-positive non-lymphatic cells at the confluence of the sinuses (COS), which were
not stained with antibodies to Prox1 and LYVE-1 and did not form a typical lymphatic
network (Fig. 2A, E-E”). We clearly observed a small-diameter Prox1/PECAM-1-double
positive lymphatic vessel (Fig. 2E-E”) and an extensive PECAM-1-positive blood vascular
network (Fig. 2E and E”) at the confluence of the sinuses, suggesting that the lack of Prox1
and LYVE-1 immunostaining was not due to tissue damage or insufficient immunostaining.
This is an unidentified, non-vascular cell population that may have temporally expressed the

Dev Dyn. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Izen et al.

Page 4

Prox1 protein, causing a perdurance of GFP. Prox1-GFP-negative/LYVE-1-positive
individual cells were observed in close proximity to meningeal vasculature (Fig. 2A). These
cells were positive for the macrophage markers F4/80 (Fig. 2F-F”) and CD206 (aka
Mannose Receptor 1; Fig. 2G-G"), indicative of tissue-localized macrophages. The P20
meningeal lymphatic vasculature (Fig. 2A) had similar patterning to adult lymphatics (Fig.
1D), suggesting that the development had neared completion.

Meningeal lymphatic development at postnatal stages

To address when meningeal lymphatics emerge along the venous sinuses and the MMA, we
analyzed a time-course of meningeal lymphatic development based on immunostaining with
antibodies to lymphatic markers Prox1-GFP and LYVE-1. Initially, we focused our analysis
on the top of the skull.

Established meningeal blood vascular networks, including the TS, SSS, and MMA, were
observed along the top of the skull at P6 (Fig. 3A and D). The meningeal blood vasculature
appeared to be established by PO (data not shown). By P6, Prox1-GFP-negative/LYVE-1-
positive individual cells (tissue-localized macrophages) had invaded the meninges and were
mainly associated with the sinuses. The distribution of these macrophages was also
established by PO (data not shown). The lymphatic vascular network in ear skin was already
well-gstablished at P6 (Fig 31-1"), but no lymphatics were observed in the meninges (Fig.
3A and D). By P13, Prox1-GFP/LYVE-1-double positive lymphatic vessels were detectable
along the TS (Fig. 3B and E). By P16, Prox1-GFP/LYVE-1-double positive lymphatic
vessels had extended along the TS to reach the SSS (Fig. 3C and F). Immunostaining with
antibodies to GFP together with Prox1 and Podoplanin demonstrated that developing Prox1-
GFP-positive lymphatic vessels and cell clusters were positive for Prox1 (Fig. 3G-G”) and
Podoplanin (Fig. 3H-H"). Taken together with P20 data (Fig. 2), these results suggest that
meningeal lymphatics develop during postnatal stages and extend along the TS, SSS, and
MMA.

Overall, the lymphatic vessels developing adjacent to the TS and the MMA at top of the
skull extended from the edges towards the midline. To examine lymphatic vessel
development on the side of the skull, we modified our whole-mount skull dissection (Fig.
9E-I) and analysed a time-course of lymphatic development along the MMA (Fig. 4A) and
TS (Fig. 5A and 6A). The MMA appeared to be established by P6, and Prox1-GFP-positive/
LYVE-1-weak lymphatic vessels were associated with the MMA.. (Fig. 4B). The lymphatic
vessels at the base of the MMA connected with lymphatic vessels lining the pterygopalatine
artery (PPA, Fig. 4B), which exits through foramina at the base of the skull. By P9, the
Prox1-GFP-positive/LYVE-1-weak vessels extended along the MMA towards the top of the
skull (Fig. 4C). By P20, Prox1-GFP-positive lymphatic vessels had extended along several
branches of the MMA (Fig. 4D). We should note that the expression of LYVE-1 was
enhanced in a subset of these Prox1-GFP-positive lymphatic vessels. The PPA-associated
lymphatic vessels were Prox1-GFP/LYVE-1-double positive at every stage examined here.
At P20, most lymphatic vessels along the MMA were Prox1-GFP/LYVE-1-double positive.
(Fig. 4B-D). The Prox1-GFP-positive lymphatic vessels along the MMA and PPA were also
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positive for Prox1 (Fig. 4E-F") and Podoplanin (Fig. 4G-H"). Taken together, these results
indicate that lymphatic vessels lining the MMA extend from the base of the skull.

Along the side of the skull, the TS runs from the SSS to the ear, where it connects to the
retroglenoid vein (RGV) and sigmoid sinus (SS) (Fig. 5A). We imaged a large field of the
side of the skull to identify whether lymphatic vessels on the TS are extensions of lymphatic
vessels along the RGV and SS (Fig. 5B). The RGV is slightly rostral to the TS, and it
extends approximately in parallel from the TS to the base of the skull. The SS is caudal to
the TS and branches around the ear, initially perpendicular to the TS. Both the RGV and the
SS exit through foramina at the base of the skull. At P11, we observed Prox1-GFP-positive/
LYVE-1-weak lymphatic vessels along the SS extending towards the base of the TS (Fig.
5B). The RGV region between the TS and the base of the skull appeared to be devoid of
lymphatic vessels. Due to technical issues, however, we could not define a connection
between the TS and the large-diameter RGV. Therefore, we focused our studies on the route
of lymphatic vessel extension from the SS to the TS. Developing Prox1-GFP-positive
lymphatic vessels and cell clusters at the base of the TS were also positive for Prox1 (Fig.
5C-C’) and Podoplanin (Fig. 5D-D"). From P11-P20, lymphatic vessels along the TS
extended towards the top of the skull, and lymphatic vessels along the SS extended upwards
to connect with the TS lymphatic vessels (Fig. 6B-D). A subset of the Prox1-GFP-positive
lymphatic vessels along the TS and SS showed enhanced LYVE-1 expression at P13 (Fig.
6C) and P20 (Fig. 6D). Overall, these results indicate that the lymphatic vessels observed
along the TS at the top of the skull were coming from the TS and SS along the side of the
skull. The SS may be a possible route for lymphatic vessels to enter through foramina at the
base of the skull. Whether lymphatic vessels grow along the RGV remains to be
investigated.

We next examined where meningeal lymphatics emerge. To address this, we focused our
studies on the base of the MMA at PO. We developed a whole-mount skull dissection to
image lymphatic and blood vasculature at the base of the skull (Fig. 7A; Fig. 9J-P). A
Prox1-GFP-positive vascular plexus was observed surrounding the base of the MMA (Fig.
7B). A subset of the vascular plexus was positive for Prox1 (Fig. 7C—C”) and Podoplanin
(Fig. 7D-D"). These data suggest that lymphatics emerge along the base of the MMA.
Interestingly, the majority of the PECAM-1-positive vascular plexus surrounding the MMA
was positive for Prox1-GFP (Fig. 7B, C-C’. D-D") but negative for Prox1 (Fig. 7C-C") and
Podoplanin (Fig. 7D-D"). This result suggests that a perdurance of GFP was detected in
these PECAM-1-positive ECs after Prox1 down-regulation. Moreover, the perdurance of
GFP was detectable in a subset of EMCN-positive venous and capillary ECs (Fig. 7E-E").
Further experiments are needed to determine whether these Prox1-GFP-positive/Prox1-
negative venous and capillary ECs differentiate into LECs at the base of the skull.

DISCUSSION

We here report our extensive whole-mount imaging of meningeal lymphatic vessels in
contact with the adult and postnatal skull. Our data suggest that meningeal lymphatic vessels
extend from the base of the skull to the midline of the skull (Fig. 8A-B). Between P0-P20,
lymphatic vessels extend from the base of the TS and MMA to reach the top of the skull
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(Fig. 8A). Between P13-P20, lymphatic vessels extend along the TS to reach the SSS (Fig.
8B). The lymphatic vessels then extend along the SSS towards the olfactory bulb (Fig. 8B).
By P20, the meningeal lymphatic vessel extension appears to have neared completion.

Compared to lymphatic vessel development in other tissues, e.g. skin where lymphatic
vasculature develops from E13.5 onward, the meningeal lymphatics develop at a delayed
developmental time point. One possible explanation is that this delay may correspond to the
developmental timing of the meninges and skull. The meninges originate from mesenchymal
and encephalic neural crest cells (Decimo et al., 2012). The three meningeal layers are
formed from a single pial meshwork structure after the neural tube closure. By E14.5 three
primitive meningeal layers, including the pia mater with blood vessels, develop between the
brain and the frontal bone domain (Vivatbutsiri et al., 2008). Interestingly, we found major
venous sinuses (TS and SSS) surrounding the E14.5 brain, but no significant lymphatics
were observed (data not shown). The mineralization of skull bones within the skeltogenic
membrane, which is located between the dermal mesenchyme and the meninges surrounding
the brain, is initiated in the frontal and parietal bones around E16.5 (Iseki et al., 1997). By
E18.5, the mineralization has extended apically to the top of the head (Iseki et al., 1997). In
the postnatal stage, the dura mater provides osteogenic signals and extracellular matrix
which support the calvarial bone formation (Vivatbutsiri et al., 2008). This postnatal
interaction between the meninges and skull development may trigger the recruitment of
lymphatic vessels into the dural meningeal layer.

A very recent work reported by the Alitalo group is consistent with our observation that
meningeal lymphatic vessels develop postnatally, appearing first at the base of the skull
(Antila et al., 2017). Their work also found that VEGF-C is highly expressed by vascular
smooth muscle cells that cover meningeal blood vessels and that VEGF-C-VEGFR3
signaling is essential for the meningeal lymphatic development. However, the developmental
origin of meningeal LECs remains unclear. Emerging studies have highlighted the
heterogeneous origins of LECs in an organ-specific manner (Reviewed in (Kazenwadel and
Harvey, 2016; Semo et al., 2016) In the meninges, one population of LECs may develop via
extension of lymphatic vessels from other tissues into the brain meninges. The SS is one
possible route for lymphatic vessels to enter the meninges through foramina at the base of
the skull. An additional population of meningeal LECs may originate from meningeal blood
endothelial cells (BECs) and/or meningeal non-vascular cells, i.e. LYVE-1-positive
macrophages. A local origin of LECs was recently observed in Schlemm’s canal, a
specialized lymphatic vasculature in the eye. Schlemm’s canal originates from the local
blood vasculature at postnatal stages when initial endothelial buds from choroidal veins
acquire lymphatic character (Aspelund et al., 2014; Park et al., 2014). Similarly, we found a
Prox1-GFP-positive blood vascular network at the base of the skull as well as Prox1-GFP/
Prox1/Podolanin-triple positive lymphatic sprouts along the MMA. We should note that the
subset of venous and capillary ECs which are positive for Prox1-GFP but negative for Prox1
protein and Podoplanin could reflect the perdurance of GFP after Prox1 down-regulation. It
is not clear whether such temporal expression of Prox1 corresponds to the differentiation
potential of venous and capillary ECs into LECs. To further address the developmental
origin of meningeal lymphatics, extensive lineage tracing experiments using inducible BEC-
and LEC-specific CreER drivers should be carried out.
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We have observed that Prox1-GFP-negative/LYVE-1-positive individual cells are distributed
in close proximity to meningeal vasculature and express the macrophage markers CD206
and F4/80, indicative of tissue-localized macrophages. Interestingly, LY VE-1-positive
perivascular cells with macrophage-like morphology have also been reported on the surface
of the zebrafish brain (Bower et al., 2017; Venero Galanternik et al., 2017). These cells
express Prox1, but no other macrophage markers, and are not of hematopoietic origin.
Rather, they are derived from BECs within the brain. Further characterization using lineage
tracing experiments are needed to compare zebrafish LYVE-1-positive perivascular cells
with murine Prox1-GFP-negative/LYVE-1-positive cells in the meningeal vasculature.

EXPERIMENTAL PROCEDURES

Experimental Animals

The characterization of Prox1-GFP BAC transgenic mice (Choi et al., 2011) has been
reported elsewhere. All experiments were carried out according to the guidelines approved
by the National Heart, Lung, and Blood Institute Animal Care and Use Committee.

Whole-mount Immunostaining of the Brain Meninges

Postnatal and adult skull dissections (Fig. 9) were adapted from (Aspelund et al., 2015).
After dissection, skulls and their attached meningeal membranes were fixed in 4%
paraformaldehyde (PFA)/phosphate-buffered saline (PBS) at 4°C overnight and washed in
ice-cold PBS. Skulls were decalcified using 0.5M EDTA, pH 7.4, at 4°C overnight. Skulls
were blocked in 10% Heat-inactivated Goat Serum (HIGS)/PBS + 0.5% Triton X-100
(TX100) for one hour and stained with primary antibodies (see Table 1) at 4°C overnight
with rotation. Skulls were washed in 2% HIGS/PBS + 0.5% TX100 five times at 15-minute
intervals with nutation. Skulls were stained with secondary antibodies at 4°C overnight with
rotation. Different combinations of Alexa Fluor-488-, Alexa Fluor-568-, Cy3- or Alexa
Fluor-647-conjugated secondary antibodies (Invitrogen/Thermo Fisher Scientific 1:300 or
Jackson Immunoresearch, 1:300) were used for different staining. Skulls were washed in 2%
HIGS/PBS + 0.5% TX100 five times at 15-minute intervals with nutation and stored in PBS
at 4°C prior to imaging. Skulls were mounted with Prolong Gold (Thermo Fisher Scientific)
in 0.5mm spacers (Life Technologies/Thermo Fisher Scientific) and imaged immediately
using a Leica TCS SP5 confocal microscope. To observe Prox1 nuclear staining, the skull
sample needed to be in direct contact with the cover slip. Since the skull has a three-
dimensional structure, this was not possible using a 0.5mm spacer. In lieu of a spacer, two
25mm x 25mm cover slips (Thermo Fisher Scientific) were superglued to the slide glass.
The skull sample was mounted in Prolong Gold, and a third cover slip was superglued over
the sample.

Section Immunostaining of the Brain Meninges

Adult mice were fixed by cardiac perfusion. The entire skull and attached meningeal
membrane, with the brain still inside, was post-fixed in 4% PFA/PBS overnight and washed
with ice-cold PBS. The brain/skull samples were decalcified in 0.5M EDTA, pH 7.4, at 4°C
for one week. Samples were washed with ice-cold PBS and incubated in a 30% Sucrose/PBS
solution for one week prior to embedding in OCT compound (Tissue Tech). Samples were
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sectioned into 60 um sections using a Leica CM1900 cryostat. Staining was performed
similarly to above, but with no nutation or rotation. Sections were mounted with Prolong
Gold (Thermo Fisher Scientific) and dried overnight prior to imaging with a Leica TCS SP5
confocal microscope.

Whole-mount Immunostaining of Skin

Whole-mount skin and tissue section staining was performed as previously described
(Mukouyama et al., 2002; Li and Mukouyama, 2011; Yamazaki et al., 2018). All confocal
microscopy was carried out on a Leica TCS SP5 confocal.
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| Section of adult Prox1-GFP skull |

/PECAM-1

Prox1-GFP/LYVE-1/PECAM-1

Figure 1.
Lymphatic vessels exist in the adult brain meninges. (A) The olfactory bulb (OB) and large

diameter veins, i.e. the transverse sinus (TS) and the superior sagittal sinus (SSS), are
viewed from the top of the brain/skull. The green area is displayed in (D). (B—C) Section
staining of the adult skull over the SSS with antibodies to GFP together with lymphatic
marker LYVE-1 and pan-endothelial cell marker PECAM-1. Prox1-GFP/LYVE-1/
PECAM-1-triple positive lymphatic vessels are attached to the inside of the skull. The boxed
region in (B) is magnified in (C). (D) Whole-mount staining of meninges attached to the
inside of the skull in ProxZ-GFP mice with antibodies to GFP, LYVE-1 and PECAM-1. Thin
lymphatic vessels line the TS (E), the confluence of the sinuses (COS, open arrow), and the
SSS (F) as well as the middle meningeal artery (MMA) (G). The boxed regions in (D) are
magnified in (E-G). Scale = 100um in (B-C, E-G) and 1mm in (D).
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| Whole-mount of Prox1-GFP skull at P20
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Figure 2.
Lymphatic vessels in the postnatal brain meninges express well-established lymphatic

markers. (A) Lymphatic vessel patterning at postnatal day (P)20 is similar to the patterning
in adult. In addition to lining the SSS, TS, COS (open arrow), and MMA, lymphatic vessels
extend along additional smaller blood vessels in the meninges. The boxed regions in (A) are
magnified in (B-G), with staining using different antibodies. (B-B”") Lymphatics along the
TS are positive for both Prox1-GFP and Prox1 proteins (arrows). (C-C”) Lymphatics along
the MMA are positive for both Prox1-GFP and Prox1 proteins (arrows). (D-D”) Lymphatic
vessels along the TS are positive for lymphatic marker Podoplanin (arrows). (E-E”) The
Prox1-GFP-positive area (asterisk) at the COS (open arrow) is not stained with anti-Prox1
antibody, indicating that this is not a real lymphatic region. Note that a small-diameter
Prox1/PECAM-1-double positive lymphatic vessel (E and E’, arrow) and a PECAM-1-
positive blood vascular network (E and E”) are observed at the COS. (E-F") LYVE-1-
positive cells in the meninges are also positive for the macrophage markers F4/80 (F-F’,
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open arrowheads) and CD206 (G-G’, open arrowheads) indicating that LYVE-1 single-
positive cells in (A) are a subset of tissue macrophages. Scale = 1Imm in (A) and 100 pm in
(B-G, B’-G").
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Figure 3.

Lymphatics develop at postnatal stages and extend along meningeal blood vessels from the
side of the skull towards the midline. (A, D) At P6, lymphatics are not observed in the
meninges at the top of the skull. Prox1-GFP-negative/LY VE-1-positive tissue-localized
macrophages had invaded the meninges and are mainly associated with the sinuses. (B, E)
At P13, Prox1-GFP/LYVE-1-positive lymphatics are visible along the TS at top of the skull
(arrow). (C, F) By P16, lymphatics extending along the TS reach the SSS (C, arrowhead)
through the COS (C, arrow). The boxed regions in (A-C) are magnified in (D-F). The boxed
region in (F) is magnified in (G-H), with staining using different antibodies. (G-G") Near
the TS at P16, developing Prox1-GFP-positive vessels (arrows) and cell clusters
(arrowheads) are stained by Prox1 antibody staining. Note that there is some non-specific
Prox1 antibody staining (open arrows). (H-H") Near the TS at P16, extending Prox1-GFP-
positive vessels (arrows) and cell clusters are also Podoplanin-positive. (I-1”) Lymphatic
vessels in P6 ear skin are already established (I-1”, arrows), indicating that meningeal
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lymphatic vessels develop at a delayed developmental time point. Open arrowheads indicate
LYVE-1-positive tissue-localized macrophages. Scale = 1mm in (A-C) and 100 um in (G-I,
G’-1").
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| Schematic view of side of skull |
A

Whole-mount
imaging

Lymphatic development along the MMA
P6 | P9 I P20

| Prox1-GFP/Prox1/PECAM-1]|| Prox1-GFP/LYVE-1/PECAM-1 |

[Prox1GFP/Podoplanin/PECAM-1|

Figure 4.
Lymphatics on the side of the skull extend along the MMA from the pterygopalatine artery

(PPA) towards the top of the skull. (A) Schematic of blood vessels in the dura mater at the
side of the skull. The MMA, TS, retroglenoid vein (RGV), and sigmoid sinus (SS) are
shown. The purple areas around the MMA are analyzed at different developmental time
points as shown in (B-D), and the multiple open arrows in (B-D) indicate the MMA and its
branches. (B) At P6, Prox1-GFP-positive/LYVE-1-weak lymphatic vessels (arrows) are
distributed along the base of the MMA (open arrows), connecting with the PPA (arrowhead).
(C) By P9, Prox1-GFP-positive/LYVE-1-weak lymphatic vessels (arrows) have extended
along the MMA and one of its branches towards the top of the skull. (D) At P20, the Prox1-
GFP-positive lymphatic vessels (arrows) have extended along several branches of the MMA,
and most Prox1-GFP positive lymphatic vessels have enhanced LYVE-1 expression. The
lymphatic vessels at the base of the MMA connect with Prox1-GFP/LYVE-1-double positive
lymphatics along the PPA, which passes through the base of the skull. The boxed regions in
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(C) are magnified in (E-H), with staining using different antibodies. (E-F") At P9, Prox1-
GFP-positive lymphatic vessels along the MMA and PPA are labeled by Prox1 antibody
staining. Some of the Prox1-GFP-positive vessel area (asterisk) is not stained with Prox1
antibody. (G-H") At P9, Prox1-GFP-positive lymphatic vessels along the MMA and PPA
are also positive for Podoplanin. Scale = 1mm in (B-D) and 100 pym in (E-H").
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| Schematic view of side of skull
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Figure5.
Lymphatics on the side of the skull extend along the TS and SS. (A) Schematic of blood

vessels in the dura mater at the side of the skull. The MMA, TS, RGV, and SS are shown.
The purple area around the TS and SS is analyzed as shown in (B). (B) Developing Prox1-
GFP-positive/LYVE-1-weak lymphatic vessels (arrow) extend from the base of the TS.
Prox1-GFP-positive/LYVE-1-weak lymphatic vessels (arrow) along the SS extend to the
base of the TS. Lymphatics associated with the SS also branch out over the cerebellum. The
boxed region in (B) is magnified in (C-D), with staining using different antibodies. (C-D")
At the base of the TS, extensions of existing Prox1-GFP-positive vessels (arrows) and
Prox1-GFP-positive cell clusters (arrowheads) are immunostained with antibodies to Prox1
(C-C") and Podoplanin (D-D"). Scale = Imm in (B) and 100 um in (C-D").
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Schematic view of side of skull
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Lymphatic development along the TS
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Figure 6.
Lymphatics on the side of the skull extend along the TS towards the top of the skull. (A)

Schematic of blood vessels in the dura mater at the side of the skull. The MMA, TS, RGV,
and SS are shown. The purple area around the TS is analyzed at different developmental
time points as shown in (B-D), and the multiple open arrows in (B-D) indicate the TS and
SS. (B) At P11, Prox1-GFP-positive/LYVE-1-weak lymphatic vessels exist along the SS and
at the base of the TS (arrows). (C) At P13, Prox1-GFP/LYVE-1-double positive lymphatic
vessels along the TS (arrows) extend towards the top of the skull. Prox1-GFP/LYVE-1-
double positive lymphatic vessels from the SS extend upwards and connect with the
lymphatic vessels along the TS. (C) At P20, Prox1-GFP/LYVE-1-double positive lymphatic
vessels exist along the entire length of the TS. Scale = 1mm.
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Figure7.

Lymphatics along the MMA originate by PO. (A) Schematic of blood vessels in the dura
mater at the side of the skull. The MMA and RGV are shown. The small purple region at the
base of the MMA is analyzed as shown in B. (B) The PECAM-1 positive vascular plexus
acquires Prox1-GFP expression around the base of the MMA. The boxed region in (B) is
magnified in (C-E), with staining using different antibodies. (C-D") Developing Prox1-
GFP-positive lymphatics along the MMA are marked by immunostaining with antibodies to
Prox1 (C-C’, arrows) and Podoplanin (D-D’, arrows). The majority of PECAM-1-positive
capillaries near the MMA are positive for Prox1-GFP but negative for Prox1 and Podoplanin
(C-C’, D-D’, arrowheads). (E-E”) There are two distinct Prox1-GFP-positive vessel
populations: one Prox1-GFP-positive population that is not co-localized with a venous and
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capillary endothelial cell marker EMCN (arrows), and one that is Prox1-GFP/EMCN-double
positive (arrowheads). Scale = 1mm in (B) and and 100 um in (C-E”).
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| Side of Skull: P0-P20 | | Top of Skull: P13-P20 |
A B

Figure 8.
Summary of postnatal meningeal lymphatic development. (A) Between PO-P13, lymphatics

extend from the base of the MMA, the SS, and the base of the TS towards the top of the
skull. (B) Between P13-P20, lymphatics along the TS reach the SSS and extend along the
SSS towards the olfactory bulb. Lymphatics along the MMA also extend towards the SSS,
but terminate before reaching the SSS.
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| Dissection to image the top of skull

‘top of skull

| Dissection to image the side of skull

~ view from top

L
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view from top view from bottom

Figure.
Dissection of the P6 skull. (A-D) Top of skull dissection. (A-B) The top of the skull, with

the brain still inside, is cut off and submerged in ice-cold PBS. (C-D) The brain is gently
removed from the top of the skull. (E-I) Side of skull dissection. (E-F) The skull is cut in
half sagittally. (G) The halved skull, with attached nose and jaws, is submerged in ice-cold
PBS. The brain is gently removed from the skull. (H-I) The nose and jaws are trimmed
away, along with any muscle, fat, and connective tissue attached to the outside of the skull.
(J-P) Dissection of the base of the skull. (J-K) The top of the skull is cut off, and the brain is
gently removed from the base of the skull. (K-L) The nose and eye sockets are cut away and
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the skull is flipped over to expose the underside of the face and jaw. (M—P) The lower jaw,
fat, muscle, and connective tissue are trimmed off the base of the skull.

Dev Dyn. Author manuscript; available in PMC 2019 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Izen et al.

Table 1

Primary antibodies for whole-mount tissues and sections

Name Species Company Conc.
GFP Chicken polyclonal Abcam #ab13970 1:300
Rabbit polyclonal Thermo Fisher Scientific #A11122 | 1:300
Prox1 | Rabbit polyclonal | Millipore #AB5475 | 1:250
LYVE-1 Rabbit polyclonal Abcam #ab14917 1:500
Rat monoclonal MBL #D225-3 1:500
Podoplanin | Syrian hamster monoclonal | DSHB 8.1.1 | 1:200
PECAM-1 | Rat monoclonal BD Pharmingen #553369 1:300
Armenian hamster monoclonal | Millipore #MAB1398Z 1:200
EMCN | Rabbit polyclonal | Santa cruz #sc-65495 | 1:300
F4/80 | Rat monoclonal | Bio-Rad #MCA497 | 1:50
CD206 | Rabbit polyclonal | Abcam #ab 64693 | 1:400
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