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Recently, the presence of lymphatics has been demonstrated and characterized in the
dura mater, which is in contrast to the well-accepted view indicating the lack of a
classical lymphatic drainage system of the central nervous system (CNS). Moreover,
the role of meningeal lymphatics in the pathogenesis of Alzheimer’'s disease and
multiple sclerosis was suggested. However, the possible regulators of the developmental
program and function of meningeal lymphatics remain unclear. Here, we aimed at
characterizing the lymph flow dependence of the developmental program and function
of the meningeal lymphatics. First, we demonstrated that lymphatics present in the
dura mater are involved in the uptake and transport of macromolecules from the CNS.
Meningeal lymphatics develop during the postnatal period which process involves the
maturation of the vessels. The formation of mature meningeal lymphatics coincides
with the increase of the drainage of macromolecules from the CNS to the deep
cervical lymph nodes. Importantly, the structural remodeling and maturation of meningeal
lymphatics is impaired in Plcy2~/~ mice with reduced lymph flow. Furthermore,
macromolecule uptake and transport by the meningeal lymphatics are also affected
in Plcy2~/~ mice. Collectively, lymph flow-induced mechanical forces are required for
the postnatal formation of mature and functional meningeal lymphatic vessels. Defining
lymph flow-dependence of the development and function of meningeal lymphatics may
lead to better understanding of the pathogenesis of neurological diseases including
Alzheimer’s disease and multiple sclerosis.

Keywords: lymphatics, meninges, developmental program, lymphatic function, lymph flow, central nervous
system, macromolecule transport

INTRODUCTION

Until recently, the classical, well-accepted view was that the central nervous system (CNS) lacks
lymphatic structures (1). However, sporadic studies suggested the presence of lymphatic vessels
in the dura mater. The first known report about the presence of meningeal lymphatic structures
was published in 1787 by Mascagni, which was followed by others during the previous decades
(2-5). However, these early studies were not able to change the classical view. In 2015 two parallel
studies described the presence of lymphatic structures in the dura mater in mouse models (6, 7).
In addition, the meningeal lymphatics were shown in non-human primates and humans, in which
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Balint et al. Lymph Flow-Mediated Maturation of Meningeal Lymphatics

FIGURE 7 | Characterization of lymphatic function in Plcy2~/~ and littermate control mice. (A) Representative images are shown for uptake and drainage of BODIPY
C1p by mesenteric lymphatic vessels of young adult Plcy 2+/+, Plcy 2/~ and Plcy 2=/~ mice with mild or severe gut phenotype 2 h after feeding with BODIPY Cyg.
(Continued)
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FIGURE 7 | Yellow arrowheads point to lymphatic vessels draining BODIPY Cyg (n = 6 mice for Plcy2+/+, n = 3 mice for Plcy2+/=, n = 2 mice for Plcy2~/~ mice
with mild gut phenotype, n = 2 mice for Plcy 2=/~ mice with severe phenotype). (B) Representative images are shown for uptake and drainage of 70 kDa RhD

100 min after subcutaneous injection to hind limb paws of young adult Plcy 2+/+, Plcy2+/~ and Plcy 2=/~ mice with mild or severe gut phenotype. Purple arrowheads
show RhD signal in popliteal lymph nodes (n = 6 mice for Plcy2+/*, n = 3 mice for Plcy2*/~, n = 2 mice for Plcy 2=/~ mice with mild gut phenotype, n = 2 mice for
Plcy 2=/~ mice with severe gut phenotype). (C,D) Images shown for drainage of 70 kDa RhD into the deep cervical lymph nodes after intraparenchymal injection of
the fluorescently labeled macromolecule to Plcy 2+/* and Plcy 2/~ mice with severe gut phenotype on a Fit4"" lymphatic reporter background (C) or injection of the
tracer into cisterna magna of Plcy2*/+ and Plcy2~/~ mice with severe gut phenotype (D) (n = 5 for intraparenchymal injection; n = 2 for intra cisterna magna
injection). Bars, 1,000 wm. All images are representative. (E) Quantitative data are shown for mean fluorescent intensity in the deep cervical lymph nodes (mean
fluorescent intensity of background subtracted from the mean fluorescent intensity of lymph nodes) after intraparenchymal injection of 70 kDa RhD into Plcy 2+/* and
Plcy 2=/~ mice with severe or mild phenotype in the gut (Mean & SEM; One-way ANOVA; Dunnett’s post-hoc test; n = 8 for Plcy 2+/+ mice; n = 3 for Plcy 2=/~ mice
with mild gut phenotype, n = 5 for Plcy 2=/~ mice with severe gut phenotype; *P < 0.05 vs. Plcy2+/*; *P < 0.01 vs. Plcy2+/+; **P < 0.001 vs. Plcy2+/*+; **P <
0.0001 vs. Plcy2*/*). (F) Quantitative data are shown for drainage to the deep cervical lymph nodes (mean fluorescent intensity of background subtracted from the
mean fluorescent intensity of lymph nodes) after intra cisterna magna injection of 70 kDa RhD into Plcy2+/+ and Plcy 2=/~ mice with severe or mild phenotype in the

with severe gut phenotype).

gut (Mean 4 SEM; One-way ANOVA; Dunnett’s post-hoc test; n = 3 for Plcy2+/* mice; n = 1 for Plcy2~/~ mice with mild gut phenotype, n = 2 for Plcy2~/~ mice

An important step forward would be for the whole field to
develop a model (e.g., a transgenic mouse) in which the labeled
macromolecule is released and secreted directly into the CNS,
therefore, the model would not require the injection of the
labeled tracer.

The paravascular flow of macromolecules in the neural tissue
of the brain is mediated by the glymphatic system (13). However,
it is an important question how the meningeal lymphatic vessels
are connected to the glymphatic system of the CNS. Our findings
in accordance with other reports suggest that some dedicated,
special locations close to the transverse sinus are crucial for the
formation of the connection between the separate compartments
(Figures 2, 9). In recent publications very similar locations were
called as “hot spots” by others (10, 19). Further studies using
special in vivo imaging techniques will be needed to determine
the possible mechanisms how these spots connect the meningeal
lymphatics to the CNS.

Our results revealed that the drainage of macromolecules
injected into the CNS is mediated to the deep cervical lymph
nodes after intraparenchymal or intra cisterna magna injections
(Figure 4). This result was expected based on the former
published works, the drainage of fluorescent tracers from the
brain parenchyma has been extensively studied (6, 7, 15-
17, 44). Similarly to us, others also detected the draining
of macromolecules to both deep cervical lymph nodes (or
retropharyngeal lymph nodes) after intraparenchymal injection
(or intracortical injection) in adult experimental animals. In
these reports a marginal ipsilateral preference of the drainage
was described, which difference was not always reported as
significant (7, 44, 45). It is important to note that in addition
to the drainage of large molecules by the meningeal lymphatics
other possible routes of this drainage process are known
including the paravascular spaces of the pia mater and other
perineural routes (e.g., next to the optic nerve) (20). Further
studies are needed to determine the relative contribution of
the meningeal lymphatics and the other possible routes to
the drainage of macromolecules from the CNS. It is also
not known how the meningeal lymphatics exit the skull and
how they are connected to the cervical region. A recent
report demonstrated that meningeal lymphatics at the skull
base are important to mediate the connection (19). It is also

possible that the meningeal lymphatics anastomose with other
drainage routes.

Importantly, in this study we compared the transport of
the labeled macromolecules from the CNS to the maturation
process of the meningeal lymphatics (Figure5). Our results
indicate a close correlation between the two processes suggesting
that structural maturation of the developing lymphatic network
might be an important mechanism to mediate and maintain the
effective drainage of macromolecules from the brain.

It has been defined that mechanical forces and shear stress
generated by lymph flow are critical regulators of lymphatic
endothelial cell gene expression, lymphatic growth and the
maturation of the lymphatic network in vitro and in vivo
(24-30). It is well-accepted that in the mouse models lacking
the components of the CLEC2, SYK, SLP76 signaling axis in
platelets there is backflow of blood from the venous system
into the lymphatic system (31-33). This phenotype develops
because of the loss of platelet activation by lymphatic endothelial
cells at the lympho-venous junction, where the thoracic duct
meets the subclavian vein. Studies using the CLEC2-deficient
genetic model in which the lymph flow is reduced due to the
backflow of blood into the lymphatic system indicated that
lymph flow is an essential mechanical regulator of the maturation
and remodeling of a premature lymphatic network during the
developmental process in the mesentery of the gut (25, 36).
In another recent report CLEC2-deficient mice with reduced
lymphatic function were used to define the role of pulmonary
lymphatics in the postnatal lung (37). PLCy2 is a component
of the same CLEC2, SYK, SLP76 signaling axis with similar
phenotype (blood-filled lymphatics in embryos etc.) (34). Here
we have performed the detailed analysis of the lymph flow
in several organs of the PLCy2-deficient mice. Our studies
revealed reduced lymphatic function in the small intestine and
hind limb in PLCy2-deficient mice (Figures 7A,B). In addition,
impairment of the drainage of labeled macromolecules was
detected from the CNS after intraparenchymal and intra cisterna
magna injections to the deep cervical lymph nodes in Plcy 2=/~
mice (Figures 7C,D). Our results indicate that the lymphatic
function is greatly reduced in the hind limb, small intestine
and cervical lymph nodes connected to the CNS in Plcy2~/~
mice. Moreover, the reduction of the flow correlates with the
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FIGURE 8 | Morphological characterization of the meningeal lymphatics in Plcy2+/+ and Plcy2~/~ mice. (A,B) Images are shown of PECAM and LYVE-1 expression
in the meninges of young adult Picy2~/~ and Plcy 2+/+ mice with mild (A) or severe (B) gut phenotype (n = 8 for Plcy 2/* mice; n = 3 for Plcy2~/~ mice with mild
(Continued)
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FIGURE 8 | gut phenotype; n = 4 for Plcy 2=/~ mice with severe gut phenotype). Bars, 500 um. (C,D) Images are shown of LYVE-1 and PDPN expression next to the
transverse sinus and superior sagittal sinus of Plcy2*/* (n = 8), Plcy2~/~ mice with mild (n = 3) (C) and severe (n = 6) (D) gut phenotype. Bars, 1,000 um. (E)

Quantitative data are shown for clinical scores (0-15) representing structural malformations of the meningeal lymphatics in Plcy 2+/+ and Plcy 2=/~ mice with severe or
mild phenotype in the gut (Mean + SEM; One-way ANOVA; Dunnett’s post-hoc test; n = 15 for Plcy 2/ mice; n = 5 for Plcy2~/~ mice showing mild gut phenotype,

n =11 for Plcy2~/~ mice displaying severe gut phenotype; **P < 0.01 vs. Plcy2*/*). (F-H) Quantitative data are shown for differences in the total length of the
meningeal lymphatics (F), total length of the meningeal lymphatics adjacent to the superior sagittal sinus (G), and adjacent to the transverse sinuses (H) in Plcy2+/+
and Plcy 2=/~ mice displaying severe or mild phenotype in the gut (Mean + SEM; One-way ANOVA; Dunnett’s post-hoc test; n = 15 for Plcy2+/+ mice; n = 5 for
Plcy 2=/~ mice showing mild gut phenotype, n = 11 for Plcy2~/~ mice displaying severe gut phenotype; *P < 0.05 vs. Plcy2+/+; **P < 0.01 vs. Plcy2*/*; **P <
0.001 vs. Plcy 2%/%). (1) Confocal images are shown of LYVE-1 and F4/80 immunostaining of whole-mount meninges of young adult Plcy2+/* and Plcy 2=/~ mice
with a severe gut phenotype (n = 3 for each group). Bars, 200 um. (J) Images are shown of PECAM and LYVE-1 expression in the meninges of Plcy2+/* and

Plcy 2=/~ mice with severe gut phenotype at PO (n = 5 for both groups). Bars, 500 pm. All images are representative.
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FIGURE 9 | Uptake and transport of labeled macromolecules by the meningeal lymphatics in Plcy2*/* and Plcy2~/~ mice. (A) Uptake and transport of 70 kDa RhD
by the meningeal lymphatic vessels after intraparenchymal injection of young adult Plcy2*/*, Plcy2~/~ mice displaying mild or severe gut phenotype. Representative
images are shown of whole-mount anti-LYVE-1 immunostaining of meninges of young adult mice (n = 8 for Plcy2+/+ mice; n = 3 for Plcy 2=/~ mice showing mild gut

phenotype, n = 5 for Plcy2~/~ mice displaying severe gut phenotype). Purple arrowheads point to spots with a high intensity for macromolecule uptake, white
arrowheads show meningeal lymphatic vessels draining RhD. Bars, 1,000 um. (B,C) Confocal images are shown of region adjacent to the superior sagittal sinus of
whole-mount immunostained meninges of young adult Plcy2+/+ and Plcy2~/~ mice after intraparenchymal (B) or intra cisterna magna (C) injection of 70 kDa RhD
(intraparenchymal injection: n = 3 for Plcy2+/+ mice; n = 3 for Plcy 2=/~ mice displaying severe gut phenotype; intra cisterna magna injection: n = 3 for Plcy2+/*
mice; n = 2 for Plcy 2=/~ mice displaying severe gut phenotype). White arrowheads show meningeal lymphatic vessels draining RhD. Bars, 200 m.

gut phenotype of the animals (Figures 6, 7), indicating that if
the gut phenotype is less severe, the lymph flow is less reduced.
This is in accordance with former studies, which reported that
the backflow of blood can be less severe in some animals, and the
phenotype correlates with the impairment of lymph flow (32, 42).
Collectively, we believe that we have established a good model
to study the possible role of lymph flow in in vivo experiments

similarly to the previous reports using the CLEC2-deficient
strain (25, 36, 37).

Using PLCy2-deficient mouse strain displaying reduced
lymphatic function in various organs we revealed that the
remodeling and maturation of meningeal lymphatic structures
that occurs during the postnatal period is flow-mediated and
flow-dependent (Figure 8). It should be noted that the defect in
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this maturation process is less severe in animals showing mild
gut phenotype, which result further supports the importance
of the increasing lymph flow during the development and
maturation of the structures (Figure 8). Moreover, the uptake
and transport of the labeled macromolecules by the meningeal
lymphatics were also affected in animals with impaired lymph
flow, while high intensity spots [referred as “hot spots” by
others (10)] were still visible in PlcyZ_/ ~ mice (Figure?9).
These findings support that these high intensity spots might
be key sites where the connection between the meningeal
lymphatics and brain is formed, but to understand the detailed
mechanism further studies will be needed. In addition, the
defect in the transportation of macromolecules by the meningeal
lymphatics was less severe in Plcy2~/~ animals showing mild
gut phenotype (Figure 8C), which finding further supports
our conclusions.

Taken together, our studies indicate that meningeal
lymphatics are involved in the transport of macromolecules
from the CNS. Importantly, lymph flow induced mechanical
forces are required for the postnatal formation of mature
and functional meningeal lymphatic vessels, which process
coincides with increase of drainage of macromolecules
from the CNS. Our studies revealing the lymph flow
mediated regulation of the development and function of
meningeal lymphatics may lead to better understanding
of the pathogenesis of neurological diseases such as
Alzheimer’s disease and neuroinflammatory diseases including
multiple sclerosis.
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littermate control mice. (A) Representative stereo microscopic images of
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and deep cervical lymph nodes of young adult Plcy2+/*, Plcy2*/~ and Plcy2~/~
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mice with severe gut phenotype). Bars, 50 pm. (C) Representative images are
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TER-119 immunostaining of lymph node samples isolated from young adult
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