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1 Summary
1.1 Summary
Lymphatic vessels do not only exert vital functions in tissue fluid homeostasis, immune
surveillance and dietary lipids uptake, but they are also involved in the pathogenesis of many
diseases, including inflammation, lymphedema and cancer. In this dissertation, we investigated
the roles of lymphatic vessels in distant organ metastasis and in the fluid outflow from the
central nervous system under physiological and pathological conditions.
Lymphatic vessels play important roles in cancer metastasis. Their pro-metastatic roles in
primary tumors and in sentinel lymph nodes have been extensively studied, whereas their roles
in distant organ metastasis have remained largely unexplored. In the first project, we found that
lymphangiogenesis was induced at the site of distant metastasis, using an experimental breast
cancer model with spontaneous metastases in the lung. Metastatic tumor cells in lungs were
able to enter local lymphatic vessels and to migrate to lung-draining lymph nodes. In a
retrospective study with a cohort of melanoma patients with lung metastases, we found that
high lymphatic density and presence of lymphatic invasion in the lung correlated with poor
patient outcome. In a transgenic mouse model with expanded lymphatics in the lung, we
detected increased growth of lung metastases and increased dissemination to other organs.
These results indicate that as in the primary tumor, lymphatic vessels also play an important
role at distant metastatic sites, supporting the growth and further dissemination of metastatic
cancer cells. Thus, anti-lymphangiogenic treatments might be beneficial for patients with
highly metastatic cancers.
In the second project, we characterized the anatomical routes and dynamics of outflow of
cerebrospinal fluid (CSF) using lymphatic-reporter mice, near-infrared fluorescent tracer and
high-resolution stereomicroscopy. After infusion into a lateral ventricle of the brain, tracers
rapidly spread into the subarachnoid space (SAS), flowed along perineural routes and exit the
cranium through foramina in the skull, where they were taken up by an extensive network of
lymphatic vessels outside of the central nervous system (CNS) and transported to both
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mandibular and deep cervical lymph node groups. Several cranial nerves were identified to
provide the perineural pathways for tracers to exit the skull. Beside the previously reported
olfactory nerve (CN I) and the optic (CN II) nerve, we found that the trigeminal nerve (CN V),
the glossopharyngeal (CN IX) nerve, the vagus (CN X) nerve, the accessory (CN XI) nerve
and the facial nerve (CN VII) also present a perineural outflow pattern. After infusion of tracers
into a lateral ventricle, we quantified the transport of tracers to the blood and lymph nodes
using noninvasive imaging techniques, and we imaged the tracer signal at the posterior facial
vein, which is the major venous outflow route for blood from the brain. Importantly, these
studies revealed that for both macromolecular and small molecule tracers, lymph transport is
the predominant route for CSF outflow from SAS but not the commonly accepted route through
arachnoid villi. Additionally, we detected a reduction of lymphatic outflow of CSF in aged
compared to young mice, suggesting that the lymphatic system may represent a new therapeutic
target for age-associated neurological conditions.
Glioblastoma is a malignant brain tumor with an overall average patient survival of less than
15 months. The intracranial hypertension caused by the associated brain edema induces severe
headaches in glioblastoma patients and dramatically decreases their life quality. To seek for
potential therapeutic strategies, it is essential to assess the changes in the fluid outflow from
the CNS under the pathological condition of glioblastoma. In the third project, by quantifying
the transport of tracers to the blood and to the brain-draining lymph nodes after tracer infusion
into a lateral ventricle or the brain parenchyma, we found that the fluid outflow from the CNS
was significantly reduced in glioblastoma-bearing mice. The paravascular pathways were
impaired and the expression of the water channel protein aquaporin 4 was not detectable in the
tumor mass and its polarized expression was disrupted in the tumor periphery. Dexamethasone
treatment, which is commonly applied to reduce the brain edema, improved the fluid outflow
from the CNS. These findings indicate that impaired fluid outflow is closely related to brain
edema and that therapeutic measures to improve the fluid outflow might reduce the
complications in glioblastoma patients.
In conclusion, we revealed the important roles of lymphatic vessels in distant organ metastasis
and fluid outflow from the CNS under physiological conditions, ageing and glioblastoma.
Therefore, therapeutic strategies targeting lymphatic vessels might be beneficial for patients
with highly metastatic cancers and patients with neurological disorders.
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1.2 Zusammenfassung
Lymphgefässe üben nicht nur eine zentrale Funktion in der Homöostase der Gewebeflüssigkeit,
der Immunüberwachung und der Aufnahme von Lipiden aus der Ernährung aus, sondern sind
auch an der Pathogenese vieler Krankheiten beteiligt; dazu gehören Entzündung, Lymphödem
und Krebs. In dieser Dissertation untersuchten wir die Rolle der Lymphgefässe in der
Fernmetastasierung und in der Drainage des zentralen Nervensystems unter physiologischen
und pathologischen Bedingungen.
Lymphgefässe spielen eine wichtige Rolle in der Krebsmetastasierung. Ihre prometastatische
Rolle in Primärtumoren und in Wächterlymphknoten wurden ausgiebig untersucht, während
ihre Rolle in der Fernmetastasierung weitgehend unerforscht blieb. Im ersten Projekt
entdeckten wir, dass Lymphangiogenese am Ort von Fernmetastasen hervorgerufen wurde,
indem wir ein experimentelles Brustkrebsmodell mit spontanen Lungenmetastasen einsetzten.
Metastatische Tumorzellen in den Lungen waren in der Lage, in lokale Lymphgefässe
einzudringen und zu den Lungen-drainierenden Lymphknoten zu migrieren. In einer
retrospektiven Studie mit einer Kohorte von Melanompatienten mit Lungenmetastasen stellten
wir fest, dass eine hohe Lymphgefässdichte und das Vorhandensein lymphatischer Invasion in
der Lunge mit einer schlechten Patienten-Prognose korrelierten. In einem transgenen
Mausmodell mit vermehrten Lymphgefässen in den Lungen stellten wir erhöhtes Wachstum
von Lungenmetastasen und verstärkte Ausstreuung in andere Organe fest. Diese Ergebnisse
deuten darauf hin, dass Lymphgefässe, ähnlich wie im Primärtumor, auch in Fernmetastasen
eine Rolle spielen, indem sie das Wachstum sowie die weitere Ausstreuung der metastatischen
Krebszellen unterstützen. Folglich könnten antilymphangiogene Behandlungen für Patienten
mit metastatischem Krebs nützlich sein.
Im zweiten Projekt charakterisierten wir die anatomischen Routen und die Dynamik des
Abflusses der Cerebrospinalflüssigkeit (CSF) mit Hilfe von lymphatischen Reportermäusen,
Nah-Infrarot-Fluoreszenz-Tracern, und hochauflösender Stereomikroskopie. Nach Infusion in
einen Seitenventrikel des Gehirns verbreiteten sich die Tracer schnell in den
Subarachnoidalraum, flossen entlang perineuralen Routen und verliessen die Schädelkapsel
durch Foramina im Schädel, wo sie von einem umfangreichen Lymphgefässnetzwerk
ausserhalb des zentralen Nervensystems aufgenommen wurden und zu den submandibulären
Lymphknoten und zu den tiefen Halslymphknoten transportiert wurden. Der perineurale
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Tracertransport erfolgte entlang mehrerer Hirnnerven. Zusätzlich zu den bisher als
Abflussrouten bekannten Hirnnerven, dem Nervus olfactorius (CN I) und dem Nervus opticus
(CN II), stellten wir fest, dass auch der Nervus trigeminus (CN V), der Nervus
glossopharyngeus (CN IX), der Nervus vagus (CN X), der Nervus accessorius (CN XI) sowie
der Nervus facialis (CN VII) perineurale Abflussmuster zeigten. Nach Infusion der Tracer in
einen Seitenventrikel quantifizierten wir mit nicht-invasiven bildgebenden Verfahren den
Transport der Tracer in das Blut und in die Lymphknoten, und beobachteten das Tracer-Signal
in der hinteren Gesichtsvene, welche die venöse Hauptabflussroute des Blutes aus dem Gehirn
darstellt. Diese Studien zeigten, dass sowohl für makromolekulare als auch für
niedrigmolekulare Tracer der lymphatische Transport die überwiegende Abflussroute für CSF
aus dem Subarachnoidalraum ist, und nicht die bisher allgemein anerkannte Route durch die
arachnoiden Granulationen. Zusätzlich wiesen wir verringerten Lymphabfluss des CSF in alten
im Vergleich zu jungen Mäusen nach, was andeutet, dass das Lymphsystem einen neuen
therapeutischen Angriffspunkt für altersassoziierte neurologische Krankheiten darstellen
könnte.
Das Glioblastom ist ein bösartiger Hirntumor mit einer durchschnittlichen Überlebenszeit der
Patienten von weniger als 15 Monaten. Das damit verbundene Hirnödem führt zu intrakranialer
Hypertonie, welche bei Glioblastompatienten zu starken Kopfschmerzen und einer starken
Verminderung der Lebensqualität führt. Um potenzielle therapeutische Strategien zu finden,
ist es erforderlich, die Veränderungen im Flüssigkeitsausfluss aus dem zentralen Nervensystem
im Glioblastom zu beurteilen. Im dritten Projekt quantifizierten wir den Transport der Tracer
in das Blut und in die Hirn-drainierenden Lymphknoten nach Infusion in einen Seitenventrikel
oder in das Hirnparenchym, und stellten fest, dass der Flüssigkeitsausfluss aus dem zentralen
Nervensystem in Glioblastom-tragenden Mäusen stark reduziert war. Die paravaskulären
Wege waren beeinträchtigt, und die Expression des Wasserkanalproteins Aquaporin 4 war in
der Tumormasse nicht nachweisbar, während seine polarisierte Expression in der
Tumorperipherie gestört war. Behandlung mit Dexamethason, das häufig zur Reduzierung von
Hirnödem angewendet wird, verbesserte den Flüssigkeitsausfluss aus dem zentralen
Nervensystem. Diese Ergebnisse zeigen, dass ein beeinträchtigter Flüssigkeitsausfluss eng mit
dem Hirnödem verwandt ist, und dass therapeutische Massnahmen zur Verbesserung des
Flüssigkeitsausflusses die Komplikationen bei Glioblastompatienten mindern könnten.
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Insgesamt haben wir eine wichtige Rolle der Lymphgefässe in der Fernmetastasierung und im
Flüssigkeitsausfluss aus dem zentralen Nervensystem unter physiologischen Bedingungen
sowie im Alter und bei Glioblastomerkrankung identifiziert. Somit könnten therapeutische
Ansätze, die auf die Lymphgefässe zielen, vorteilhaft für Patienten mit metastatischem Krebs
und mit neurologischen Störungen sein.
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2 Introduction
Parts of this chapter are adapted from Ma Q, Dieterich LC, Detmar M. 2017. Biology of
melanoma metastasis. In Melanoma. Fisher DE, Bastian BC (eds). Springer New York. pp
1-17.

2.1 The lymphatic system
2.1.1 Anatomy of the lymphatic system
In vertebrates, there are two vascular systems: the blood vascular and the lymphatic system
(Figure 2.1 A). These two systems differ from each other structurally and functionally. The
blood vascular system is circulatory, driven by the heart which acts as a central pump. It
functions to transport oxygen and nutrients to the peripheral tissues and to carry waste products
away for excretion (Pugsley and Tabrizchi, 2000). The lymphatic system consists of a vascular
network, primary lymphoid organs such as thymus and bone marrow, and secondary lymphoid
organs such as lymph nodes and the spleen. The lymphatic vascular system is a one-way, blindended network that initiates in peripheral tissues and joins the blood circulation via the junction
of the thoracic duct and the subclavian vein. It functions to maintain fluid homeostasis, to
transport immune cells and soluble antigens, as well as to absorb the dietary lipids (Cueni and
Detmar, 2006).
Lymphatic capillaries are composed of a single layer of oak leaf shaped lymphatic endothelial
cells (LECs) that are loosely connected by “button-like” junctions, and possess a discontinuous
basement membrane lacking supporting pericytes and smooth muscle cells (Baluk et al., 2007).
Anchoring filaments attach the capillary LECs to the extracellular matrix, preventing capillary
collapse and pulling the intercellular gaps open under increased tissue pressure (Leak and
Burke, 1968). These special structures facilitate the entry of interstitial fluid and cells into the
vessel lumen. The capillaries drain to pre-collecting vessels and thereafter to collecting
lymphatic vessels. Larger pre-collecting vessels display tight, “zipper-like” junctions between
adjacent LECs, similar to blood vessels (Baluk et al., 2007). Collecting vessels have a thick
continuous basement membrane and are covered by a perivascular sheath of smooth muscle
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cells and supporting pericytes. Lymphatic collectors are divided into distinct vascular units,
called lymphangions, by bileaflet lymphatic valves. Contractions of smooth muscle cells
surrounding the lymphangions serve to push the fluid forward, whereas the valves prevent
backflow (Baluk et al., 2007). On their way back to the thoracic duct, lymphatic collectors pass
through lymph nodes. On the afferent side of the lymph nodes, the vessels open into a large
sinus which lies directly under the lymph node capsule. A ramified network of smaller
lymphatic sinuses ensures a close contact between the lymph fluid and immune cells present
in the lymph nodes. The fluid that passed the node is collected in a large vessel that leaves the
node on the efferent side (Proulx et al., 2013b) (Figure 2.1 B).

Figure 2.1 Anatomy of the lymphatic vasculature. (A) The blood vascular system is a closed
system driven by the heart, while the lymphatic system is a one-way unidirectional system which
initiates in peripheral tissues and joins the blood circulation via the thoracic duct. From (Cueni and
Detmar, 2006). (B) Lymphatic capillaries usually possess button-like junctions and anchoring
filaments. Collecting lymphatic vessels are composed of zipper-like junctions between LECs,
intraluminal valves and a continues layer of smooth muscle cells. Adapted from (Proulx et al.,
2013b).

2.1.2 Development of the lymphatic system
2.1.2.1 Development and maturation of the lymphatic vasculature
The mammalian lymphatic vasculature develops after the establishment of the blood
circulation. It is a step-by-step process (Figure 2.2) starting around embryonic day 9.5 (E9.5)
when a subset of endothelial cells within the cardinal vein are specified to the lymphatic fate
(Yang and Oliver, 2014). This LEC fate specification is characterized by the expression of the
transcription factor prospero homeobox 1 (Prox1), which is considered as the master regulator
8

of LEC identity (Yang et al., 2012). The venous transcription factor COUP-TFII and the
developmental transcription factor SOX18, which induce the Prox1 expression, are also
required for the lymphatic fate specification (Francois et al., 2008; Srinivasan et al., 2010).
Around E10.5, the lymphatic progenitors specified from cardinal veins start to bud off into the
mesenchyme as a stream of cells connected by adherens junction molecules like VE-cadherin.
The LECs which bud off the vein start to expression podoplanin (Yang et al., 2012). At the
same time, they upregulate the expression of vascular endothelial growth factor receptor 3
(VEGFR-3) and respond to a vascular endothelial growth factor C (VEGF-C) gradient in the
surrounding mesenchyme in order to leave the vein (Karkkainen et al., 2004). Around E11.5,
LECs that have budded off the cardinal veins migrate and form primitive lymph sacs (Yang et
al., 2012). Around E14.5, lymph sacs continue to proliferate and migrate into the mesenchyme
and form the initial lymphatic plexus (Yang and Oliver, 2014).

Figure 2.2 Development of the mammalian lymphatic vasculature. The cardinal vein is the
main source of LECs. At E9.5, LEC specification has started, and venous PROX1-expressing ECs
are considered LEC progenitors. At around E10.5, most of these progenitors start to bud from
cardinal veins. At E11.5, they start to form different lymph sacs. Following LEC proliferation and
sprouting, the majority of the lymphatic network arises from these sacs. From (Yang and Oliver,
2014).

With LEC proliferation and sprouting, the major lymphatic network arises from these initial
lymphatic plexus, then matures and further differentiates into capillaries and collecting
lymphatic vessels. One characteristic feature of the collecting lymphatic vessels is the presence
of valves (Baluk et al., 2007). The process of valve formation is driven by the transcription
factor forkhead box C2 (Foxc2), which is upregulated around E14.5 to E15.5. During valve
formation, a subset of LECs in lymphatic vessels re-orient, protrude into the lumen and
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elongate to form valve bileaflets (Norrmen et al., 2009). After the formation process, Foxc2
remains highly expressed in the valve regions. Other molecules also involved in the valve
formation, such as the zinc finger transcription factor GATA2 (Kazenwadel et al., 2015),
NFATC1 that cooperates with Foxc2 (Norrmen et al., 2009), semaphorin 3A that repels smooth
muscle cells from the valve region (Bouvree et al., 2012; Jurisic et al., 2012), and integrin 𝛼9
that is upregulated in the extracellular matrix deposition during valve formation (Norrmen et
al., 2009). The expression of several lymphatic markers is regulated during maturation
procession. For example, VEGFR-3 and lymphatic vessel endothelial hyaluronan receptor 1
(LYVE1) are down regulated in lymphatic collectors. Prox1 is downregulated in lymphatic
collectors, but remains highly expressed in valve regions (Norrmen et al., 2009).
2.1.2.2 Development and structure of lymph nodes
The development of lymph nodes in mice starts around E12.5. The lymph node formation is
initiated by the protrusion of connective tissue into lymph sacs and the recruitment of lymphoid
tissue inducer cells (Mebius, 2003). Lymphoid tissue inducer cells then direct the maturation
of mesenchymal cells into stromal organizer cells. The stromal organizer cells upregulate the
expression of adhesion molecules such as VCAM1, secreted chemokines and VEGF-C
(Vondenhoff et al., 2009). Adhesion molecules cluster and retain the incoming lymphoid tissue
inducer cells. Chemokines induce the expansion of lymphoid tissue inducer cells and stromal
organizer cells, and presumably lead to the differentiation of blood vessels to high endothelial
venues (HEVs). VEGF-C promotes the connection of developing lymph nodes to the lymphatic
vessels (Vondenhoff et al., 2009).
A mature lymph node contains an inner medulla and an outer cortex, and is coated by a
subcapsular sinus and a fibrous capsule. Afferent lymphatic vessels enter the lymph nodes and
join into the subcapsular sinus. The cortex is composed of the paracortex (T-cell zone) and Bcell follicles. CD4+, CD8+ T-cells and dendritic cells localize around the follicular reticular
cells (FRCs) in the paracortex, while B cells tightly localize around the follicular dendritic cells
(FDCs) in the B-cell follicles. HEVs are localized in the paracortex and allow the entry of T
and B lymphoctyes. The cortex also contains blind-ended cortical sinuses which later merge
with the medullary sinuses (Turley et al., 2010). The medulla consists of medullary cords and
a network of medullary sinus. Medullary cords contain plasma cells, macrophages memory T
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cells, as well as nerves and blood vessels. Medullary sinuses merge into the efferent lymphatic
vessel that leaves the lymph node at the hilus (von Andrian and Mempel, 2003).

2.1.3 Physiological functions of the lymphatic system
2.1.3.1 Tissue fluid homeostasis
The principal function of the lymphatic system is to drain interstitial fluid and solutes, which
are constantly leaking from the blood vasculature into peripheral tissues, and transport them
back to the venous circulation, thereby maintaining fluid homeostasis. The pressure gradients
between blood capillaries and initial lymphatic vessels are considered to be the main driving
force of fluid uptake (Wiig and Swartz, 2012). Capillary LECs are attached to extracellular
matrix by anchoring filaments. Upon high interstitial pressure, the intracellular gaps are pulled
open by the filaments. Fluid, solutes and cells enter the lymphatic capillary and form lymph
(Ono et al., 2005). From the capillaries, lymph drains into the collecting vessels, where the
transport is driven by the smooth muscle cell contraction with valves to prevent backflow. In
some tissues, the lymph transport is facilitated by skeletal muscle movements, breathing and
heart beats (Zawieja, 2009).
2.1.3.2 Immune surveillance
The lymphatic system also plays an important role in immune surveillance. Soluble antigens
as well as immune cells, such as antigen-presenting cells and lymphocytes, are transported by
lymphatic vessels from the peripheral tissue to the regional lymph nodes, where adaptive
immune responses are initiated. Recently, lymphatic vessels have been demonstrated to
actively regulate T-cell tolerance. LECs in the lymph nodes express peripheral tissue antigens
(PTAs). By presenting PTAs together with PD-L1 and concomitant absence of a costimulatory
molecule, LECs induce abortive proliferation and death of CD8 T-cells. By transferring PTAs
to dendritic cells, LECs induce CD4 T-cell anergy. LECs could acquire antigen loaded MHC
II complexes from dendritic cells and induce CD4 T-cell apoptosis. LECs might also crosspresent soluble antigens from the lymph drained to the lymph nodes and lead to the activation
of dysfunctional CD8 T-cells and increase their apoptosis (Lund et al., 2012; Rouhani et al.,
2014). Furthermore, LECs have been reported to suppress the maturation of dendritic cells,
thus repealing their capability to effectively activate T-cells (Christiansen et al., 2016).
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2.1.3.3 Absorption of dietary lipids
The special lymphatic capillaries in the villi of the small intestine, the lacteals, are responsible
for the absorption of dietary lipids. The dietary lipids and liposoluble vitamins are assembled
by the enterocytes of the small intestine into large lipoproteins complexes, such as
chylomicrons (Hussain, 2014). Chylomicrons are taken up by lacteals and form the
chylomicron-rich lymph named chyle. Chyle is drained to submucosal lymphatic vessels,
filtered by the mesenteric lymph nodes and transported via the cisterna chyli and thoracic duct
back to the blood circulation (Hussain, 2014). In contrast, the non-lipid nutrients in the intestine
are absorbed by blood capillaries and transported to the liver via the portal vein. Thus, the
lacteal uptake can serve as a drug delivery route which completely bypasses the liver
metabolism to enhance the oral bioavailability or circumvent liver toxicity (Trevaskis et al.,
2008). There seems to be an intimate relationship between adipose tissue and lymphatic vessels.
For example, adipose tissue accumulation is usually observed in affected tissue in lymphedema
patients (Brorson et al., 2009). The abnormal lymph leakage caused by the mispatterned and
ruptured lymphatic vessels promoted by Prox1 haploinsufficiency has been reported to induce
adult-onset obesity (Harvey et al., 2005). Conversely, the adipose tissue expansion induced by
chronic high-fat diet has been reported to impair the functions of collecting lymphatic vessels
(Blum et al., 2014).

2.1.4 The lymphatic system in diseases
In adults, lymphatic vessels are quiescent under steady state conditions except for the female
reproduction system during the ovarian cycles and pregnancy (Rutkowski et al., 2013).
However, they become re-activated under certain pathological conditions (Cueni and Detmar,
2008). The reactivation of lymphatic vessels includes the sprouting of new lymphatic
capillaries from pre-existing lymphatic vessels, termed lymphangiogenesis, the proliferation of
local LECs and the dilation of collecting vessels. The following sections will focus on the
involvement of lymphatic vessels in different pathological conditions, such as inflammation,
lymphedema and cancer.
2.1.4.1 Inflammation
Inflammation is the normal protective response of tissues upon exposure to harmful stimuli
such as pathogens, antigens, and chemical or physical tissue damage, but it may also develop
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and persist as autoimmune disease. Inflammation also consistently accompanies tumor
progression (Hanahan and Weinberg, 2011). During inflammation, blood vessels become leaky,
enlarged and activated with high expression of several adhesion molecules, leading to
extravasation of inflammatory cells and fluid into the inflamed tissue (Zgraggen et al., 2013).
Lymphangiogenesis and the enlargement of lymphatic vessels also occur during inflammation
(Proulx et al., 2013b).
In the inflamed tissue, lymphangiogenic factors such as VEGF-C and VEGF-A, secreted by
inflamed stroma, directly act on local lymphatic vessels to induce lymphatic sprouting from
the pre-existing vessels and vessel dilation (Dieterich et al., 2014). Inflammatory factors such
as IL-1𝛽, IL-4 and CSF-1 act on local blood vessels and mediate the recruitment of
macrophages which produce lymphangiogenic factors like VEGF-C (Baluk et al., 2013;
Dieterich et al., 2014; Kataru et al., 2009). Furthermore, inflammatory factors like TNF 𝛼 have
been found to stimulate VEGF-C production by tissue resident cells (Cha et al., 2007).
Inflammatory factors such as IL-1𝛽 might also directly stimulate LECs and induce lymphatic
expansion (Chaitanya et al., 2010). Lymphangiogenesis also occurs in the lymph nodes that
drain the inflammatory sites. This lymphatic expansion is induced by factors drained from the
inflammation sites and also by factors released locally by resident cells within the lymph nodes,
such as B cells and macrophages (Halin et al., 2007; Kataru et al., 2009).
Activation of lymphatic function and expansion of the lymphatic network upon inflammation
increase the drainage of interstitial fluid and pro-inflammatory factors from the inflammatory
site, which may attenuate the inflammation. Furthermore, the transport of extravasated
leukocytes and antigen presenting cells from the inflammatory tissue to draining lymph node
facilitates the initiation of antigen-specific immune responses (Dieterich et al., 2014; Zgraggen
et al., 2013). Thus, promoting lymphatic drainage by inducing lymphatic expansion might be
a new therapeutic approach to treat inflammatory diseases.
2.1.4.2 Lymphedema
The term of yymphedema is used for pathological conditions of excessive and chronic
accumulation of protein-rich interstitial fluid, caused by abnormalities of regional lymphatic
drainage. It usually leads to an persistent tissue swelling mainly in the extremities,
accompanied by tissue fibrosis, subcutaneous fat accumulation, susceptibility to infections and
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recurrent inflammation (Rockson, 2001). Lymphedema is classified as primary and secondary
lymphedema.
Primary lymphedema is caused by genetic disorders. A series of gene mutations that
compromise lymphatic function and induce primary lymphedema have been identified. A
mutation inactivating VEGFR-3 signaling is thought to be responsible for Milroy’s disease,
which is a form of lymphedema clinically apparent in childhood and characterized by the
absence or reduction in the number lymphatic vessels (Connell et al., 2009; Rockson, 2001).
Mutations of the valve formation-related gene FOXC2 have been identified to be responsible
for lymphedema distichiasis syndrome, which is characterized swelling of the lower
extremities and a double row of eyelashes (Brice et al., 2002; Fang et al., 2000). Mutations of
SOX18, a transcription factor upstream of Prox1, are thought to induce hypotrichosislymphedema-telangiectasia, which is characterized by edema of the eyelids and absence of
eyebrows and eyelashes (Irrthum et al., 2003). Furthermore, mutations in CCBE1, which
enhances VEGF-C activity, were found to be linked to Hennekam syndrome which is
characterized by lymphedema of the face and limbs, lymphangiectasia and developmental
delay (Alders et al., 2009). Secondary or acquired lymphedema is caused by damage to the
lymphatic vasculature due to surgery, trauma, radiation or infection. The most common disease
causing secondary lymphedema is filariasis, which is caused by mosquito-borne parasitic
nematodes (Melrose, 2002; Pfarr et al., 2009). In the developed countries, secondary
lymphedema mainly occurs after surgical dissection of sentinel lymph nodes and radiation
therapy in cancer patients (Warren et al., 2007).
Currently, there is no cure for lymphedema. The therapeutic strategies focus on relieving the
symptoms to improve the life quality, including manual lymph drainage and compression
bandages (Rockson, 2001). Some surgical approaches, such as vascularized lymph node
transfer, lymphaticovenous anastomosis and liposuction, have been reported as effective
treatments (Granzow et al., 2014). Therapeutic application of regulatory T cells showed
beneficial effects in a lymphedema mouse model (Gousopoulos et al., 2016), suggesting a new
therapeutic approach for lymphedema treatment.
2.1.4.3 Cancer
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Metastasis is the major cause of cancer related mortality (Sporn, 1996). Metastasis to tumor
draining lymph nodes is commonly seen in different types of cancer and correlates with distant
metastasis, poor disease free and overall survival. Tumor-associated lymphatic parameters,
such as the expression of lymphangiogenic factors, lymphatic density and lymphatic invasion,
intimately correlate with patient outcomes in many types of cancers (Dieterich and Detmar,
2016; Stacker et al., 2014). These observations strongly indicate important roles of lymphatic
metastasis in tumor progression.

Figure 2.3 The roles of lymphatic vessels in cancers. Lymphatic vessels play multiple roles in
tumor progression, such as providing a lymphatic metastasis route, suppressing the anti-tumor
immunity and potentially maintaining the stemness of stem-like cancer cells. Adapted from
(Dieterich and Detmar, 2016).

Besides providing a lymphatic metastatic route, LECs are actively involved in the regulation
of T-cell immunity and the tumor microenvironment, protecting tumor cells from anti-tumor
immunity. Additionally, lymphatic vessels might provide a “lymphovascular niche” to
maintain the stemness of stem-like cancer cells, contributing to cancer cell survival and disease
recurrence (Figure 2.3). The detailed roles of lymphatic vessels in cancers will be discussed in
the following section.

2.2 Multiple roles of lymphatic vessels in tumor progression
2.2.1 Provision of a metastasis route
During tumor progression, the lymphatic system undergoes remodeling both at the site of the
primary tumor and in the periphery, along the primary drainage route from the tumor. This
remodeling

includes

the

sprouting

and

growth

of

new

lymphatic

capillaries
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(lymphangiogenesis), vessel dilation, rerouting and remodeling of the draining lymph nodes.
All of these changes are considered to facilitate the dissemination of tumor cells through the
lymphatic system (Figure 2.4).

Figure 2.4 Contribution of lymphatic vessels to the metastatic dissemination. At the site of
the primary tumor, the lymphatic vascular networks are expanded due to tumor lymphangiogenesis
induced by lymphangiogenic growth factors. Lymph node lymphangiogenesis is induced by
lymphangiogenic factors drained from the primary site and may occur prior to arrival of tumor cells.
In the case of melanoma, in-transit metastases may develop along the lymphatic vessels from the
primary site to the sentinel nodes. Increased lymphatic flow and enlargement of collecting vessels
contributes to sentinel lymph node metastasis. Growth of metastases in the sentinel lymph nodes
may lead to the blockade of the principal drainage route and subsequent rerouting of flow and
metastasis towards alternate lymph nodes. Lymphatic vessels join the blood circulation at the
subclavian vein, from where tumor cells can reach distant organs. Alternatively, tumor cells may
gain access to the blood circulation already within the primary tumor, or in tumor-colonized lymph
nodes. Adapted from the drawing made by the author for (Ma et al., 2017a).

2.2.1.1 Lymphatic remodeling at the primary tumor site
In many types of tumors, the density of lymphatic vessels is increased, both within the tumor
mass and in the tumor periphery at the primary site. This is due to lymphangiogenesis induced
by lymphangiogenic factors released by tumor cells and stromal cells, in particular
macrophages. The proliferation and migration of LECs result in sprouting and formation of
new lymphatic capillaries, as well as enlargement of pre-existing lymphatic vessels in the
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tumor proximity. Tumor lymphangiogenesis and lymphatic enlargement increase the
lymphatic surface area and thus the potential contact interface with tumor cells, facilitating
their entry and spread through the lymphatic system (Dieterich and Detmar, 2016; Stacker et
al., 2014).
In many types of cancers, increased lymphatic vessel density in primary tumors usually
correlates with poor disease-free survival and poor overall survival (Dieterich and Detmar,
2016; Stacker et al., 2014). The extent of lymphangiogenesis in primary tumors can also serve
as a novel prognostic indicator to predict the presence of sentinel lymph node metastases
(Dadras et al., 2005; Stacker et al., 2014). Whereas in most carcinomas the major expansion of
lymphatic vessels occurs at the tumor-stroma interface, enhancing lymphatic tumor seeding, in
malignant cutaneous melanomas also intratumoral lymphatic vessel density significantly
correlates with sentinel lymph node metastases. The presence of intratumoral lymphatic vessels
is significantly correlated with poorer disease-free survival, suggesting that these vessels do
play a functional role in melanoma progression (Dadras et al., 2003).
In addition to lymphatic vessels within or surrounding the primary tumor, lymphatic collectors
which drain away from the tumor and towards the sentinel lymph node, can undergo substantial
remodeling during tumor progression. Soluble factors drained from the primary tumor induce
the proliferation of LECs and the enlargement of collecting lymphatic vessels, resulting in an
increased flow rate in the lymphatic vessels contributing to the dissemination of tumor cells
and the formation of lymph node metastasis (Karaman and Detmar, 2014).
2.2.1.2 Lymphangiogenesis in tumor-draining lymph nodes
Extensive remodeling of the lymphatic vasculature in the sentinel lymph node occurs early
during tumor progression, even before the arrival of metastatic cells, probably in response to
soluble factors drained from the primary tumor. This has led to the hypothesis of the “premetastatic” niche, which facilitates the later colonization of the node by disseminated tumor
cells (Hirakawa et al., 2007; Hirakawa et al., 2005). After the establishment of a metastatic
focus, lymphangiogenic factors secreted by metastatic cells or other lymph node resident cells
such as macrophages or B-cells provide a constant source of stimulation for LECs in the lymph
node.
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In addition to soluble factors, tumor-derived exosomes might play an important role in
establishing a “pre-metastatic” niche. Exosomes are small extracellular vesicles (around 100
nm in diameter) which are produced by virtually all cells and present in all body fluids.
Exosome release from tumor cells is often elevated, and there is increasing evidence that these
exosomes serve as long-distance information carriers from tumor cells to host-derived cells in
the periphery, transmitting molecular and genetic messages and modulating cell motility,
angiogenesis and immune responses (Whiteside, 2016). Exosomes released from tumor cells
at the site of primary tumors are drained to sentinel lymph nodes, where they may prepare the
“pre-metastatic” niche for the colonization of the lymph node by arriving metastatic cells
(Hood et al., 2011).
2.2.1.3 Re-routing of lymphatic flow
Lymph node metastasis, when grown to a significant size, can lead to the obstruction of the
nodal sinuses and thus of the path of lymphatic flow. In a preclinical study of melanoma
metastasis, this has been found to result in a re-routing of the lymph flow, via newly formed
collateral lymphatic vessels, which then drain to different lymph nodes (Proulx et al., 2013a).
Of note, such re-routing events may have severe clinical implications, as the metastasis-bearing
lymph node may not be correctly identified by the surgeon during the sentinel lymph node
dissection, which might result in a falsely negative diagnosis (Karaman and Detmar, 2014).
After surgical removal of tumor draining lymph nodes, similar re-routing events have been
observed as well (Blum et al., 2013).
2.2.1.4 Mechanisms of tumor cell entry into lymphatic vessels
Lymphatic invasion is a term used to indicate the presence of tumor cells within lymphatic
vessels in histological samples. While lymphatic vessels are often difficult to distinguish in
routinely stained histological sections, immunostaining for the lymphatic marker podoplanin
(D2-40 antibody) makes detection of lymphatic invasion on histological sections much more
sensitive than routine histology alone (Arnaout-Alkarain et al., 2007; Doeden et al., 2009).
Lymphatic invasion correlates with sentinel lymph node metastasis and could serve as a
prognostic indicator for distant metastasis and patient outcome (Stacker et al., 2014).
Several mechanisms have been identified how tumor cells gain access to the lymphatic system.
Due to the increased leakage of tumor-associated blood vessels, the tumor mass generally has

18

a high interstitial tissue pressure, leading to an increased interstitial flow towards lymphatic
vessels. Tumor cells may simply follow the flow and be "swept" into lymphatic vessel
passively. At the same time, lymphatic vessel endothelium expresses chemokines such as
CXCL12 and CCL21, which act as guidance molecules for cancer cells expressing the
corresponding receptors, CXCR4 or CCR7 (Karaman and Detmar, 2014; Muller et al., 2001;
Wiley et al., 2001). Once reaching a lymphatic capillary, tumor cells may transmigrate across
the endothelium via the relatively loose "button" junctions. This process is analogous to the
way how recirculating leukocytes "sense" lymphatic vessels and enter them. In addition, tumor
cells might physically damage and penetrate the lymphatic vessels. This process has been
reported to be facilitated further by secretion of the enzyme 15-lipoxygenase-1, inducing the
formation of holes in LECs (Kerjaschki et al., 2011).
2.2.1.5 In-transit metastasis
In-transit metastasis is a special form of metastasis almost unique to melanoma. It is defined
as any dermal or subcutaneous metastasis localized more than 2 cm from the primary lesion
but proximal to the draining regional lymph nodes. In-transit metastases are regarded to arise
from metastatic cells which entered the lymphatic system but became trapped in lymphatic
vessels before reaching the draining lymph node. The mechanisms responsible for the
development of these lesions are not completely understood but likely LEC-derived
chemokines provide a microenvironment that supports the stemness of melanoma cells.
Patients who develop in-transit disease have an increased risk to develop additional
locoregional and distant disease. A clinical study with 11,614 patients revealed that the intransit metastasis rate for sentinel lymph node positive patients was 5-fold higher than for
sentinel lymph node negative patients (Read et al., 2015). However, whether the occurrence of
in-transit metastasis has a prognostic value for patient survival has remained unclear.

2.2.2 Provision of a perivascular stem cell niche
The stem-like properties of cancer stem cells (CSCs) are at least partially maintained by signals
from their microenvironment, termed as “niche”, which may be composed of different types of
stromal cells. Tumor-associated blood vessels are thought to provide multiple signals,
including cell-cell contact dependent signaling, for the maintenance of CSCs, which is referred
to as the “perivascular niche”. Similarly, lymphatic vessels might provide a “lymphovascular
niche” to maintain the stemness of metastatic cells, which might contribute to the occurrence
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of in-transit metastases of malignant melanoma and to the persistence of metastatic tumor cells
in the lymph node subcapsular sinus. Thus, CSCs trapped in the lymphatic vessels could
maintain quiescence in the lymphovascular niche for extended time periods. A recent study
indicated that expression of CCR7, a receptor for the lymphatic chemokine CCL21, in a breast
cancer model contributed to the maintenance of the CSC pool and promoted tumor progression
(Boyle et al., 2016). Furthermore, at sites of distant metastasis, including lung and lymph nodes,
CXCR4 expressing CD133+ stem-like melanoma cells were found to be attracted by CXCL12
from tumor-activated LECs and were localized in the vicinity of lymphatic vessels (Kim et al.,
2010).

2.2.3 Immune regulation
The lymphatic system has traditionally been thought to passively transport lymph and immune
cells, and thus to affect the immune system rather indirectly. However, recent studies revealed
that LECs are actively involved in the regulation of T-cell immunity and the tumor
microenvironment. Lymph node LECs are involved in the maintenance of peripheral tolerance
by presenting self-antigens and concomitantly expressing T-cell inhibitory signals such as PDL1 (Dieterich et al., 2017). As tumor-derived antigens are transported with the lymph to the
draining lymph nodes, where they are taken up and presented by LEC, these cells may actively
contribute to the disruption of tumor-specific CD8+ T-cell responses as well (Rouhani et al.,
2014). LECs in draining lymph nodes were found to present a tumor-derived peptide, and to
inhibit responses of antigen-specific CD8+ T-cells toward the tumor (Lund et al., 2012). On the
other hand, in a mouse model that lacked dermal lymphatic vessels, implanted melanomas grew
robustly, but exhibited drastically reduced cytokine expression and leukocyte infiltration
compared with those implanted in control animals (Lund et al., 2016). This indicates that the
lymphatic system plays an important role in shaping immune responses in melanoma.
In conclusion, lymphatic vessels play important roles in the metastatic process of tumors, not
only providing a metastatic route, but also actively regulating the anti-tumor immunity and
potentially serving as a “lymphovascular niche” for stem-like cancer cells. The expression of
lymphangiogenic factors as well as the density of lymphatic vessels at the primary tumor site
strongly correlate with the occurrence of lymph node metastasis and a poor prognosis. Thus,
therapeutic manipulation of lymphatic vessels might represent a promising approach to inhibit
metastasis.
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2.3 Fluid outflow from the central nervous system
2.3.1 Extracellular fluid of the central nervous system
The central nervous system (CNS) is composed of the brain and the spinal cord. The
intracranial volume can be divided into two compartments, parenchyma and fluid. The
parenchyma occupies about 64% of the brain volume and consists of brain cells, including
nerve cells (neurons) and supporting glial cells. The fluid part includes the blood, which
comprises about 12%, and the extracellular fluid, which comprises approximately 24%.
Extracellular fluid cushions the brain and spinal cord from trauma, mediates cell-to-cell signal
transmission, aids in the distribution of biologically active substances throughout the brain and
removes metabolic waste products from the brain parenchyma (Huynh et al., 2006).
Extracellular fluid can be subdivided into cerebrospinal fluid (CSF) and interstitial fluid (ISF)
components. The compositions of CSF and ISF are similar with neither being in equilibrium
with the plasma. Increased concentrations of Mg2+ and Cl- and decreased concentrations of K+,
Ca2+ and amino acids are found in CSF and ISF compared to blood (Wolf, 1999). According
to the Munro-Kellie hypothesis, there is a dynamic equilibrium among the fluid components in
the intracranial space. The total volume of blood, CSF and ISF remains almost constant, thus,
a decrease in one component should be compensated by an increase in the others and vice-aversa (Mokri, 2001).
2.3.1.1 Cerebrospinal fluid
CSF is contained within the ventricles and subarachnoid spaces (SAS) surrounding the brain
and spinal cord (Huynh et al., 2006). Three layers of meninges surround the CNS: pia mater,
arachnoid and dura mater. The pia mater layer is semi-permeable and covers the brain and
spinal cord parenchyma. The arachnoid and dura mater layers line the skull and vertebral canal.
The SAS is the space between the pia mater and arachnoid. The arachnoid forms a tight barrier
to prevent CSF in the SAS from flowing into the dura mater (Brightman and Reese, 1969;
Nabeshima et al., 1975). The choroid plexus lining the ventricles is considered to provide the
main source of CSF. An additional source of CSF is ISF produced at the blood-brain barrier
(BBB) that may account for around 10% of the total volume of CSF (Cserr, 1984). CSF flows
from lateral ventricles to the third ventricle via the foramen of Monro, and then to the fourth
ventricle via the aqueduct of Sylvius. From the fourth ventricle, CSF can flow through the
foramen of Magendie (medium aperture) to the cisterna magna, through foramina of Luschka
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(lateral apertures) directly to the SAS in the brain or through the obex to enter the central canal
of the spinal cord (Figure 2.5). In mice, it is unclear which of these apertures exist. CSF is
supposed to pass by filtration from the fourth ventricle to the SAS (Ruberte et al., 2017).

Figure 2.5 Patterns of CSF circulation and flow. CSF is mainly produced in the choroid plexus
within the ventricles. Under normal conditions, there is a one-way flow from the lateral ventricles
to the third ventricle followed by the fourth ventricle, then to the SAS or the central canal of the
spinal cord. Adapted from (Hartman, 2009).

2.3.1.2 Interstitial fluid
ISF is the fluid filling the interstitial space of the brain parenchyma, surrounding the neurons
and glia. There is approximately 200-250 mL of ISF in adult humans, which represents about
15% of the parenchymal brain volume. The source of ISF is the capillary endothelium in the
brain parenchyma. There is also evidence that a proportion of CSF may recycle from the SAS
into arterial perivascular spaces on the ventral surface of the brain to join the ISF (Johnston et
al., 2004).
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2.3.2 Extracellular fluid flow routes within the central nervous system
CSF and ISF maintain an active exchange. One evidence is that tracer injected into one fluid
compartment can spread into both extracellular fluid compartments (Segal, 2000; Szentistvanyi
et al., 1984). ISF produced at the BBB could flow through the brain parenchyma and merge
into the CSF. At the same time, CSF could influx into the brain parenchyma and join the ISF.
There are different models regarding the ISF flow and the interaction between CSF and ISF,
as will be discussed below.
2.3.2.1 Diffusion in the interstitial space
The extracellular clefts between parenchymal cells are on average 10-20 µm wide, and the
distance from capillary to parenchymal cell is approximately 10-50 µm. For distances at this
scale, diffusion appears to be the most important process. In the grey matter, diffusion is
considered as the dominant process (Hladky and Barrand, 2014). In the white matter, the ISF
can flow more freely along fiber tracts and other privileged pathways such as subependymal
zones lining the ventricles (Pizzo and G. Thorne, 2017).
2.3.2.2 Paravascular (Virchow-Robin) spaces or the “glymphatic” system
Conventional lymphatic vessels are believed to be completely absent from the parenchyma of
the brain and spinal cord. A system of paravascular spaces instead compensates to provide
channels for the exchange of fluid and solutes between ISF and CSF. These channels have been
described since the middle of the 19th century as Virchow-Robin spaces. Recently, they have
been described to be part of the “glymphatic system” (Figure 2.6).
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Figure 2.6 The proposed glymphatic pathway. The glymphatic pathway (black arrows)
comprises three functional components. (1) CSF influx. (2) CSF–ISF exchange within the brain
parenchyma. (3) CSF–ISF movement into the perivenous space of deep-draining veins. Arrows
indicate direction of flow. Abbreviations: AQP4, aquaporin 4; CSF, cerebrospinal fluid; ISF,
interstitial fluid. From (Tarasoff-Conway et al., 2015).

The “glymphatic system” is considered to be a brain-wide pathway that consists of a
paraarterial CSF influx route, a paravenous ISF clearance route, and an intracellular transastrocytic path that couples the two paravascular routes (Iliff et al., 2012). According to the
glymphatic concept, CSF influx starts at where the pial arteries dive down into the brain
parenchyma as penetrating arteries. CSF flows unidirectionally with the blood flow into the
paravascular Virchow-Robin spaces between the basement membrane of smooth muscle cells
and the pia mater (Figure 2.7). The penetrating arteries continue as penetrating arterioles and
branch into smaller vessels and capillaries. At the same time, the pia mater becomes
discontinuous. The penetrating arterioles and capillaries are aligned by aquaporin 4 (AQP4)
expressed on the end feet of the astrocytes, which are suggested to facilitate the entry of water
component of CSF into the brain parenchyma. Upon reaching the brain parenchyma, CSF
exchanges with ISF, and convective fluxes generated from this process drive waste products
away from the arteries toward the veins, where ISF enters the paravenous space and exits the
brain through a paravenous route to reach the CSF and lymphatic vessels (Nedergaard, 2013).
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Figure 2.7 Virchow-Robin spaces. The pial arteries dive down into the brain parenchyma as
penetrating arteries. The space between the basement membrane of the blood vessels and the
pia mater is referred to as Virchow-Robin spaces. From (ladecola and Nedergaard, 2007).

In the “glymphatic” system, “g” stands for “glial”. The AQP4 expressed on the end feet of glial
cells plays essential roles. In AQP4 knockout mice, the CSF fluid flux through the parenchyma
was reduced by ~65% and 𝛽-amyloid clearance was reduced by ~55% compared with wildtype
mice (Iliff et al., 2012). The polarization of AQP4 expression, which means the restricted
expression of AQP4 on the end feet of astrocytes, is critical for the water channel function.
When the vascular polarization of astrocytic AQP4 is disturbed, AQP4 expression is no longer
restricted to the end feet of astrocytes but is extended to the parenchymal processes and bodies
of astrocytes. In aged mice, due to the partially lost AQP4 polarization and a reduction in CSF
production, the glymphatic function showed a dramatic reduction by ~80-90% compared to
young controls (Kress et al., 2014). The impairment of the glymphatic system in aging might
contribute to the accumulation of misfolded toxic 𝛽-amyloid in the paravascular space,
potentially promoting Alzheimer’s disease (Jessen et al., 2015) (Figure 2.8). Similarly, after
traumatic brain injury in mice, the disruption of AQP4 polarization was reported to impair the
glymphatic function and paravascular clearance, which induced tau aggregation,
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neurodegeneration and persistent neuroinflammation in the post-traumatic brain (Iliff et al.,
2014).

Figure 2.8 Model of glymphatic function in young and old individuals, and in Alzheimer’s
disease. (A) In young and healthy people, CSF enters the brain parenchyma via periarterial
pathways, washes out solutes from the interstitial space and empties along the veins. (B) With
aging, glymphatic function is reduced, possibly due to astrocytes becoming reactive and AQP4 depolarized from the vascular end feet to parenchymal processes. (C) In Alzheimer’s disease, the
perivascular space of penetrating arteries is subject to accumulation of β-amyloid peptides. The
accumulation of β-amyloid might be caused by impairment of the glymphatic system. From (Jessen
et al., 2015).

2.3.2.3 Perivascular space in the basement membrane
According to the studies by Carare and Weller groups, another pathway along the blood vessels,
termed the perivascular space, also contributes to ISF clearance from the brain parenchyma.
Different from the Virchow-Robin / paravascular space, which is localized between the wall
of blood vessel (including basement membranes, pericytes, or smooth muscles) and the
surrounding pial or glial layer, the perivascular space refers to spaces between the blood
endothelial cell layer and the basement membrane, or between the layers of basement
membranes of smooth muscle cells in the arterial wall (Carare et al., 2008). Vascular basement
membranes are around 100-150 nm thick and composed mainly of collagen type IV, laminin,
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fibronectin and heparin sulphate proteoglycans (Weller et al., 2009). ISF and solutes in the
interstitial space are thought to diffuse through the extracellular space to reach flow pathways
in the basement membranes of capillary walls and to continue into the basement membranes
of the smooth muscle cells surrounding the arteries. It has also been suggested in this model
that ISF could flow through the base of the skull along the carotid artery to cervical lymph
nodes, which will be discussed in more detail below. However, due to the space limitation in
the basement membranes, this pathway does not permit migration of cells from the brain
parenchyma. This may contribute to the partial immune privilege of the brain and play a role
in neuroimmunological diseases such as multiple sclerosis (Carare et al., 2008) (Figure 2.9).
The drainage route along the perivascular pathway is also considered to contribute to the CSF
and ISF exchange. For example, nanoparticles injected into CSF were found in the glial-pial
basement membranes and later in the basement membranes of smooth muscle cells of the
arteries (Dobson et al., 2017). On the other hand, the ISF in the basement membrane could also
reach the CSF of the SAS (Szentistvanyi et al., 1984).

Figure 2.9 Perivascular drainage of interstitial fluid and solutes from the brain. ISF and
solutes (green) diffuse through the narrow extracellular spaces of the brain parenchyma to enter
the bulk flow pathways in the 100-150 nm thick basement membranes of capillary walls (green)
and then into the basement membranes (green) surrounding smooth muscle cells in the tunica
media of arteries. From (Weller et al., 2009).

2.3.3 Fluid outflow routes of the central nervous system
There are several models for the outflow routes of CNS extracellular fluid. According to these
models, ISF could directly flow out of the brain through the paravascular space to the lymphatic
vessels, or pool into CSF to be absorbed directly into the blood circulation through arachnoid
villi or flow out through dural lymphatic vessels or perineural routes to the lymphatic system.
2.3.3.1 Direct outflow of ISF to lymphatics

27

Direct experimental evidence supporting this model comes from findings that the tracers
injected into one hemisphere of the cerebrum preferentially drain to lymph nodes on the same
side, theoretically, this would not occur if ISF is well mixed with CSF (Szentistvanyi et al.,
1984). In the 1960s, a model was developed that proposed that the fluid passes along internal
carotid arteries or veins exiting the skull (Földi et al., 1968). These were termed “prelymphatic
pathways” and were believed to provide channels for the direct exit of ISF to lymphatic vessels
outside the skull (Figure 2.10). The Weller and Carare groups have modified this model and
have stated that from the perivascular spaces in the basement membrane of arteries in the brain
parenchyma, ISF would flow to enter the adventitia around leptomeningeal arteries and
continue through the base of the skull along the carotid artery, where ISF is drained into
lymphatic vessels (Laman and Weller, 2013; Weller et al., 2009). It has also been suggested
that ISF flows through venous paravascular channels of the “glymphatic” system and directly
accesses dural lymphatic vessels, which will be described in detail below (Louveau et al., 2017).
2.3.3.2 Absorption through arachnoid villi to the blood circulation
Arachnoid villi or granulations are a series of tubules in the arachnoid membrane that protrude
through the overlying dura mater to enter the walls of the dural venous sinus (Figure 2.11).
Based upon work in the early 20th century, the major part of the outflow of CSF from the SAS
was accepted to take place through arachnoid villi or granulations directly to venous sinuses
(Davson and Segal, 1996; Pollay, 2010; Weed, 1914). Arachnoid villi were believed to act as
one-way valves for the flow of CSF to venous blood. Hydrostatic pressure was considered the
main stimulus for these valves to open and the flow rate therefore would depend on the pressure
gradient between the CSF and the veins (Welch and Friedman, 1960). CSF absorption through
arachnoid villi was supposed to occur as bulk flow and CSF composition did not affect the
absorption, which was supported by findings that particles ranging from 0.2 to 7.5 µm passed
through at the same rate (Welch and Pollay, 1961). However, the exact mechanism for the flow
through arachnoid villi was not clearly defined and no direct physiological in vivo evidence of
their function has been reported (Butler et al., 1983a; McComb, 1983; Zakharov et al., 2004b).
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Figure 2.10 Scheme of prelymphatic pathways along intracranial and cervical blood vessels.
1. Cerebral artery, 2. Cervical artery, 3. Cerebral vein, 4. Cervical vein, 5. Cerebral blood capillary,
6. Perivascular glia, 7. Perivascular space, 8. Virchow-Robin space, 9. Lymphatic vessel, 10.
Perivascular connective tissue containing lymphatic vessels, 11. A single layer of connective tissue
fibers separating intra-adventitial space from lymphatic vessels. From (Földi et al., 1968).

Figure 2.11 Arachnoid villi. Arachnoid villi or granulations are a series of tubules protruding into
the dura mater and the walls of the dural venous sinus. It is generally accepted as a one-way
pathway allowing CSF exit to the blood. From (Weed, 1938).

2.3.3.3 Perineural routes
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Over the course of over 150 years, several studies have shown that by injecting tracers into the
CSF and monitoring the outflow pathways, perineural outflow routes of CSF could be
identified in both cranial and spinal regions (Figure 2.12) (Bradbury and Cserr, 1985; Cserr
and Knopf, 1992; Koh et al., 2005; Schwalbe, 1869). These perineural pathways refer to the
space within the sheaths around the nerves as they exit the CNS, which is an extension of the
SAS. At locations where extracranial nerves exit the intracranial space through the foramina in
the skull, CSF could potentially penetrate the arachnoid membrane through certain pathways
to reach interstitial spaces or possibly directly to lymphatic vessels outside the skull (Pollay,
2010). In the cribriform plate, the perineural pathways follow along olfactory nerves and
extend to the lymphatic vessels in the nasal mucosa. The perineural pathways following the
spinal nerve roots were found to reach lymphatic vessels in the epidural tissue (Johnston et al.,
2004; Kida et al., 1993; Zakharov et al., 2004a), suggesting that the perineural pathways
potentially provide a direct connection for CSF to assess the lymphatic vessels.

Figure 2.12 Schematic diagram illustrating outflow pathways. I: olfactory nerve; II: optic nerve;
V: trigeminal nerve; VIII: acoustic nerve. From (Cserr and Knopf, 1992).

2.3.3.4 Dural lymphatic vessels
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In the dura mater of the meninges of mice and humans, a network of lymphatic vessels has
recently been rediscovered (Absinta et al., 2017; Aspelund et al., 2015; Louveau et al., 2015).
Some investigators believe that these dural lymphatic vessels can drain the solutes and cells in
the CSF (Figure 2.13). Dural lymphatic networks have been considered as an extension of the
“glymphatic” system. Thus, they also may have an influence on the ISF turnover (Louveau et
al., 2017). However, this hypothesis ignores the existence of a barrier layer of arachnoid tissue
between the SAS and the dura mater.

Figure 2.13 Proposed connection between the glymphatic system and the meningeal
lymphatic system. A schematic representation of a connection between the glymphatic system,
responsible for collecting the interstitial fluids from within the central nervous system parenchyma
to the ISF, and meningeal lymphatic vessels. From (Louveau et al., 2015).

Despite multiple models for the extracellular fluid outflow, there is no conclusive evidence
showing the relative contribution for each outflow pathway to the total fluid outflow.
Lymphatic vessels are essential for extracellular fluid outflow in most tissues of the body. This
may indeed also be the case for the CNS, however, the exact locations where CNS fluid can
access the lymphatic vessels are not clear, and it is still controversial which pathways to reach
the lymphatic system are most important. The outflow of ISF and CSF is essential for the
physiological functions of the CNS, such as immune surveillance and clearance of toxic
proteins, as well as the pathogenesis of CNS related diseases, inducing Alzheimer’s disease
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and multiple sclerosis. Thus, it is of great interest to accurately map out the fluid outflow routes
of the CNS.
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3 Aims and outline of the dissertation
Lymphatic vessels play essential roles in tumor progression. Despite extensive studies on their
pro-metastatic roles in primary tumors and in sentinel lymph nodes, the role of lymphatic
vessels in distant organ metastasis has been rarely explored. The re-discovery of dural
lymphatic vessels has drawn the attention of investigators to the fluid outflow from the central
nervous system, however, the detailed pathways and the potential involvement of lymphatic
vessels still remain controversial. The aims of this dissertation were to study the roles of
lymphatic vessels in distant organ metastasis and in fluid outflow from the central nervous
system under physiological and pathological conditions.
The first project focused on the functions of lymphatic vessels in distant organ metastasis. By
comparing lymphatic vessel area in metastasis-bearing lungs with control lungs in the 4T1
spontaneous breast cancer metastasis model, we found that lymphangiogenesis was induced at
sites of distant metastasis. By comparing the weight of lung draining lymph nodes and by
immunofluorescence staining of lymphatic vessels and tumor cells in sections of lung and lungdraining lymph nodes, we discovered that metastatic tumor cells in the lungs were able to enter
local lymphatic vessels and to spread to lung-draining lymph nodes. We performed a
retrospective study with a cohort of melanoma patients with lung metastasis and found that
high lymphatic density and presence of lymphatic invasion in the lung correlated with lungdraining lymph node metastasis and poor patient outcome. Using a transgenic mouse model
with inducible VEGF-C overexpression in the lung, we detected increased growth of lung
metastases and increased dissemination to other organs in mice with increased lymphatic area
in the lung. These results suggest that lymphatic vessels also play an important role at distant
metastatic sites (Chapter 4).
In the second project, we studied the outflow pathways of CSF. By infusing tracers into a lateral
ventricle of lymphatic-reporter mice and observing their distribution, we characterized the
anatomical routes and the dynamics of CSF outflow. Tracers spread from the ventricles into
the SAS, the paravascular space and the cortex of the brain. From the SAS, tracers flowed
along the perineural channels and exited the cranium through foramina in the skull. Once they
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exited the CNS, tracers were taken up by lymphatic vessels and transported to the braindraining lymph nodes, namely the mandibular lymph nodes and the deep cervical lymph nodes.
We quantified the transport of tracers from the brain to the blood and the lymph nodes and
compared the signal in the posterior facial vein which is the major venous outflow route for
blood from the brain. From these studies, we concluded that lymphatic vessels present the
major outflow pathway for both large and small molecular tracers in mice. This suggests that
CSF exits the brain predominantly through the perineural routes to join lymphatic vessels. By
comparing the transport of tracers to the blood and lymph nodes in aged and young mice, we
discovered a significant decline of CSF lymphatic outflow with ageing (Chapter 5).
In the third project, we investigated the changes in fluid outflow from the CNS under the
pathological condition of glioblastoma. By monitoring the transport of tracers to the blood
dynamically after tracer infusion into the brain cortex and a lateral ventricle, we found that the
outflow of brain fluid was dramatically reduced in glioblastoma-bearing brains. Using highresolution stereomicroscopy and immunofluorescence stainings, we found that the
paravascular pathway was impaired due to disruption of aquaporin 4 polarization. After
treatment with dexamethasone, which is clinically used to reduce brain edema, the outflow of
CSF in glioblastoma-bearing mice was improved. These findings indicate that the brain edema
of glioblastoma patients may be induced not only by increased blood vessel leakage but also
by compromised fluid outflow (Chapter 6).
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4 Unexpected contribution of lymphatic vessels to
promotion of distant metastatic tumor spread
4.1 Abstract
Tumor lymphangiogenesis is accompanied by a higher incidence of sentinel lymph node
metastasis and shorter overall survival in several types of cancer. We asked whether tumor
lymphangiogenesis might also occur in distant organs with established metastases and whether
it might promote further metastatic spread of those metastases to other organs. Using mouse
metastasis models, we found that lymphangiogenesis occurred in distant lung metastases and
that some metastatic tumor cells were located in lymphatic vessels and draining lymph nodes.
In metastases-bearing lungs of melanoma patients, a higher lymphatic density within and
around metastases and lymphatic invasion correlated with poor outcome. Using a transgenic
mouse model with inducible expression of VEGF-C in the lung, we found greater growth of
lung metastases, with more abundant dissemination to other organs. Our findings reveal
unexpected contributions of lymphatics in distant organs to promotion of growth of metastases
and their further spread to other organs, with potential implications for adjuvant therapies in
patients with metastatic cancer.

4.2 Introduction
Tumor lymphangiogenesis plays an important role in cancer progression to sentinel lymph
nodes (Karaman and Detmar, 2014; Stacker et al., 2014), and expression of the
lymphangiogenic factor vascular endothelial growth factor C (VEGF-C), higher lymphatic
vessel density and the presence of tumor cells within lymphatic vessels, termed lymphatic
invasion, are associated with poor prognosis in many different types of cancer (Dieterich and
Detmar, 2016; Karaman and Detmar, 2014; Stacker et al., 2014). Lymphangiogenesis also
occurs in the sentinel lymph node, sometimes even before the arrival of metastatic tumor cells,
stimulated by lymphangiogenic factors drained from the primary tumor (Hirakawa et al., 2007;
Hirakawa et al., 2005; Liersch et al., 2012). Besides providing a route for metastatic tumor
cells, lymphatic vessels might also contribute to tumor progression by providing a “niche” for
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cancer stem-like cells (Kim et al., 2010), which might facilitate the formation of "in-transit"
melanoma metastases. Lymphatic endothelial cells (LECs) in primary tumors and tumor
draining lymph nodes might also present tumor antigens and suppress CD8+ T cell activation
(Lund et al., 2012), thereby protecting metastatic cells from anti-tumor immune reactions.
Sentinel lymph node metastasis represents an important prognostic indicator for the systemic
spread and for reduced survival in many cancer types, including melanoma and breast cancer.
While recent studies indicated that cancer cells colonizing the sentinel lymph node might
contribute to the seeding of visceral organ metastasis (Gundem et al., 2015; Hong et al., 2015;
Naxerova et al., 2017), surgical resection of sentinel lymph nodes did not improve the overall
survival rate of breast cancer and melanoma patients (Faries et al., 2017; Galimberti et al., 2013;
Giuliano et al., 2011). Thus, it currently remains a conundrum how tumor and lymph node
lymphangiogenesis might contribute to reduced patient survival. Recently, genome sequencing
studies of multiple organ and lymph node metastases of prostate cancer patients have provided
evidence that organ-to-organ metastasis might be commonly occurring in cancer (Gundem et
al., 2015; Hong et al., 2015). This lead us to hypothesize that lymphangiogenesis occurring
within metastases might enable those metastases to seed additional metastases in other organs.
In this study, we used two metastasis mouse models, a B16F10 melanoma model and an
orthotopic 4T1 breast cancer model, to investigate whether lymphangiogenesis occurs at distant
sites and might be correlated with further metastases. We also used a genetic mouse model to
increase lymphatic vessel density in the lungs and investigated the growth of experimental
melanoma and breast cancer-derived lung metastases and spread from the lung to other organs.
Furthermore, we retrospectively analyzed 266 melanoma patients with lung metastases and
quantified lymphatic vessels in resected lung tissue with metastases in a subgroup of 26 patients.
Our findings reveal an unanticipated role of lymphatic vessels in the promotion of the growth
of metastases established in distant organs and their further metastatic spread to other organs,
with potential implications for adjuvant therapies in patients with metastatic cancer.

4.3 Results
Lymphangiogenesis occurs in metastases-bearing lungs
Tumor-associated lymphangiogenesis is commonly seen in primary tumors and sentinel lymph
nodes and is associated with poor prognosis (Karaman and Detmar, 2014; Stacker et al., 2014).
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We wondered whether lymphangiogenesis might also occur in distant organ metastases.
Therefore, we orthotopically implanted spontaneously metastasizing 4T1 breast cancer cells
into the 4th mammary fat pad and removed the primary tumors 21 days later. A further 21 days
after primary tumor removal, when most mice had developed overt lung metastasis, we
compared the lymphatic density in the control lungs and non-nodule covered area in the lungs
of 4T1-injected mice. Thy1 (Kretschmer et al., 2013) was used to identify pulmonary lymphatic
vessels and cytokeratin was used to identify 4T1 cells (Figure 4.1 A). The lung area occupied
by lymphatic vessels was significantly larger in 4T1-injected mice compared with naïve lungs
(4.86±2.00 vs. 2.35±0.73%, p<0.01, Figure 4.1 B). We next investigated the tracheobronchial
lymph nodes of 4T1-injected mice. The weight of lung-draining lymph nodes in these mice
was significantly greater than in normal controls (2.29±0.90 vs. 0.86±0.40 mg, p<0.001,
Figure 4.1 C). Importantly, tumor cells were detected in about 30% of lung-draining lymph
nodes by immunofluorescence staining for cytokeratin (Figure 4.1 D). Comparable results
were obtained in an experimental melanoma metastasis model, in which B16F10 melanoma
cells expressing luciferase (luc2) and the fluorescent reporter tdTomato were injected into the
tail vein. The resulting metastases in the lungs were accompanied by an increased tdTomato
fluorescence signal in the draining lymph nodes (Figure 4.1 E), and there was a significant
correlation between the extent of lung metastases (quantified by bioluminescence) and the
weight of the lung-draining lymph nodes (Figure 4.1 F), Spearman correlation, p=0.018;
nonlinear regression, r2=0.42). Together, these data reveal that, as in the primary tumor,
lymphangiogenesis also occurred in metastases, and that tumor cells from lung metastases were
present in draining lymph nodes. Therefore, we next investigated whether lymphangiogenesis
at sites of metastasis might contribute to further tumor spread to other organs and correlate
with poor patient outcome.
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Figure 4.1 Lymphangiogenesis in metastases-bearing lungs. 1x105 4T1-luc2 cells were
orthotopically inoculated and after 21 days the primary tumors were removed. 21 days after the
operation, mice were sacrificed for analysis. (A) Representative images of a naïve and a
metastasis-bearing lung. White dashed line indicates the edge of a metastatic nodule. Scale bars:
500 µm. (B) Quantification of Thy1+ area in lungs of control mice and non-nodule covered lung
area of 4T1-injected mice, n=12. (C) Quantification of the lung-draining (tracheobronchial) lymph
node weight, n=12. (D) Representative image of 4T1 cells metastasized to a tracheobronchial
lymph node. Scale bar: 50 µm. (E-F) Prox1-GFP mice were inoculated with 5×105 B16F10-luc2tdTomato cells i.v. and were sacrificed on day 7, day 14 and day 21 after injection. (E)
Representative images of lungs and tracheobronchial lymph nodes. Lymph nodes were imaged in
situ using a fluorescence stereomicroscope. Scale bars: 500 µm. (F) Correlation between lung
metastasis (quantified by bioluminescence signal from B16F10-luc2-tdTomato cells) and lymph
node weight, n=11. Nonparametric correlation (Spearman) with nonlinear regression analysis was
performed.

High lymphatic density and lymphatic invasion in metastases-bearing lungs
correlates with poor prognosis in melanoma patients
To study the prognostic relevance of lymphangiogenesis at sites of metastasis, a retrospective
study of 266 melanoma patients with lung metastasis was conducted (Figure 4.2 A). Tumor
cells in lung-draining lymph nodes were detected in 60.2% of the 266 patients (Figure 4.2 B).
Surgically resected lung samples were available from 26 of these patients (Figure 4.2 C).
Lymphatic vessels stained for podoplanin with the D2-40 antibody were quantified around
(Figure 4.3 A) and within metastases in the lung (Figure 4.3 B). The area covered by
lymphatics and lymphatic vessel density (the number of LVs per mm2) were significantly
greater around lung metastases in patients who also had metastases in lung-draining lymph
nodes (3.73±2.09 vs. 2.05±1.50%, p<0.05, Figure 4.3 C; 33.93±19.33 vs. 18.64±12.49
LVs/mm2, p<0.05, Figure 4.2 D). Similarly, the lymphatic area was greater within metastases
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in patients who also had metastases in lung-draining lymph nodes (2.09±1.70 vs. 1.00±0.47%,
p<0.05, Figure 4.3 D). The lymphatic vessel density showed the same trend without reaching
significance (30.94±25.45 vs. 19.6±14.97 LVs/ mm2, p=0.22, Figure 4.2 E). Patients with
lymphatic area and lymphatic density values around metastases above the median had a
significantly shorter survival time than those with values below the median (14.07±2.16 vs.
38.69±5.44 months, p=0.001, Figure 4.3 E; 17.02±3.17 vs. 36.47±6.08 months, p=0.019,
Figure 4.2 F). Similarly, high values for lymphatic area within metastases correlated with poor
prognosis (16.87±2.97 vs. 35.87±6.54 months, p=0.045, Figure 4.2 F). The difference in
lymphatic vessel density was not significant but followed the same trend (21.09±5.62 vs.
33.45±5.73 months, p=0.16, Figure 4.2 G).
In melanoma, lymphatic invasion in the primary tumor is frequently related to sentinel lymph
node metastasis and correlates with poor prognosis (Doeden et al., 2009; Xu et al., 2008). We
next analysed the incidence of lymphatic invasion (Figure 4.3 G) at the site of lung metastases.
Lymphatic invasion, defined by the presence of tumor cells within D2-40 positive lymphatic
vessels, was seen more frequently in patients with metastases in lung-draining lymph nodes
than in those without (12/15 vs. 2/11, p=0.0043, Figure 4.3 H). Furthermore, patients with
lymphatic invasion had a shorter survival time (19.56±2.94 vs. 36.03±7.21 months, p=0.085,
Figure 4.3 I). These data provide the first clinical evidence that lymphatic density within and
around metastases and lymphatic invasion correlate with poor prognosis. These findings also
raise the possibility that lymphatic vessels support the growth of metastases and/or facilitate
further tumor spread to other organs.
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Figure 4.2 Clinical characteristics of study cohorts and quantification of lymphatic density
and its correlation with prognosis. (A) Clinical characteristics of the entire melanoma patient
cohort with lung metastasis. (B) Representative image of a lung-draining (hilar) lymph node with
metastases (indicated by black arrows). Scale bar: 200 µm. Clusters of metastatic cells are
indicated by arrows. (C) Clinical characteristics of melanoma patients with available lung samples.
Quantification of lymphatic vessel density around (D) and within metastases (E) in the lungs of
patients without lung-draining lymph node metastases (white bars, n=11) and with lung-draining
lymph node metastases (black bars, n=15). Kaplan-Meier survival analysis of patients with low
lymphatic vessel density (below median, n=13) and patients with high lymphatic vessel density
(above median, n=13) around (F) and within (G) metastases. The time axes indicate the time from
detection of lung metastases until death. Log-rank (Mantel-Cox) test was performed.
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Figure 4.3 High lymphatic density and lymphatic invasion in metastases-bearing lung
correlate with poor prognosis of melanoma patients. Representative images of lymphatic hot
spots (stained for podoplanin) around (A) and within (B) metastases in the lung. The metastasis
area is labelled with “M”. Scale bars: 200 µm. Quantification of the percentage of lymphatic area
around (C) and within (D) metastases in the lungs of patients without (white bars, n=11) and with
lung-draining lymph node metastasis (black bars, n=15). Kaplan-Meier survival analysis of patients
with low lymphatic area (below median, n=13) and patients with high lymphatic area (above median,
n=13) around (E) and within (F) metastases in the lung. (G) Representative image of lymphatic
invasion in a melanoma lung metastasis. Scale bar: 200 µm. (H) Quantification of incidence of
lymphatic invasion in patients without (n=11) and with lung-draining lymph node metastasis (n=15).
Fisher’s exact test was performed. (I) Kaplan-Meier survival analysis of patients with (+, n=14) and
without (-, n=12) lymphatic invasion. The time axes indicate the time from detection of lung
metastases until death. Log-rank (Mantel-Cox) test was performed.

Inducible transgenic overexpression of VEGF-C in the lungs of mice results in
increased lymphatic vessel density
To study the function of lymphatic vessels at sites of distant metastasis in more detail, we used
an inducible, Clara cell promoter-driven transgenic mouse model to overexpress VEGF-C in
the airway (CCSP-rtTA × tet-O-VEGF-C; CCSP × VEGFC) (Baluk et al., 2017; Yao et al.,
2014).
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In pilot studies, we induced VEGF-C overexpression in 8-week-old mice by applying different
concentrations of doxycycline for 2 weeks to identify a dose that reliably induces lymphatic
vessel growth without causing chylothorax. Based on these studies (data not shown), a
doxycycline concentration of 1 mg/mL was chosen for mice in the C57BL/6 background, and
2 mg/mL for mice in the BALB/c background. After 2 weeks of doxycycline treatment of
C57BL/6 mice, VEGF-C mRNA expression in the lung was increased more than 25-fold
compared to control WT × tet-O-VEGF-C (WT × VEGFC) mice (Figure 4.4 A). The VEGFC protein concentration in the lung increased to 141.7±22.24 pg/mg tissue compared to
80.67±23.5 pg/mg tissue in control mice (p=0.001, Figure 4.4 B). Accordingly, the area of
VEGFR3+ lymphatics was almost 3-fold greater than in controls (8.66±1.95 vs. 2.98±0.25%,
p<0.01, Figure 4.4 C, D). Lung lymphatics around bronchi and pulmonary veins were more
abundant but otherwise appeared normal. Lymphatics were also more abundant beneath the
visceral pleura of CCSP × VEGFC mice but were sparse or absent in controls (Figure 4.4 E).
The morphology (Figure 4.4 F) and density of blood vessels (Figure 4.4 G) were not affected
by VEGF-C overexpression.
We next performed flow cytometry analyses of T cells and myeloid cells after 2 weeks of
VEGF-C induction to determine whether high VEGF-C expression changed the host immune
environment (Alitalo et al., 2013; Christiansen et al., 2016; Lund et al., 2012). Whereas the
percentage of CD45+ cells was not affected by increased VEGF-C expression, in line with
previous studies in the skin (Christiansen et al., 2016; Lund et al., 2012), the percentage of
Foxp3+ regulatory T cells was almost doubled (1.88±0.51 vs. 1.07±0.56%, p<0.05, Figure 4.4
H, Figure 4.5 A) and CD8+ T cells were significantly less abundant (5.49±0.67 vs. 6.42±0.70%,
p<0.05, Figure 4.4 H, Figure 4.5 A). Myeloid populations including alveolar macrophages,
MHC II+ macrophages, MHC II- macrophages, monocytes, neutrophils, eosinophils, CD103+
dendritic cells (DCs), and CD11b+CD11c+ DCs were not different in lungs with VEGF-C
overexpression (Figure 4.5 B, C).
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Figure 4.4 Characterization of CCSP-rtTA x tet-O-VEGF-C mice after doxycycline treatment
for 2 weeks. (A) VEGF-C mRNA expression in the lung (normalized to RPLP0). The average
expression level in WT x tet-O-VEGF-C mice was set to 1, n=6. (B) VEGF-C protein levels in the
lung detected by ELISA, n=6. (C) Quantification of the VEGFR3+ lymphatic vessel area, n=4. (D)
Representative images of VEGFR3 staining in the lung. Scale bars: 1 mm. (E) Representative
high-magnification images of different regions in the lung stained for VEGFR3. Scale bars: 200
µm. PA: pulmonary artery; PV: pulmonary vein. (F) Representative images of MECA-32 staining
in the lung. Scale bars: 50 µm. (G) Quantification of MECA-32+ blood vessel area in the lung, n=5.
(H) Quantification of regulatory T cells and CD8+ T cells by FACS, n=6.
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Figure 4.5 Characterization of immune cell population changes upon VEGF-C induction in
the lung and quantification of VEGF-C levels. (A) Representative flow cytometry plots of T cell
populations. (B) Gating strategy to identify major myeloid populations. (C) Quantification of myeloid
populations in the lung, n=6. (D) VEGFC mRNA expression (normalized to RPLP0) in the liver and

44

intestine. The average expression level in WT x tet-O-VEGF-C mice was set to 1, n=6. (E) VEGFC levels detected by ELISA in liver, intestine and serum, n=6.

Greater metastasis in lungs and other organs of mice with VEGF-C
overexpression in the lung
To determine whether lymphatic growth induced by VEGF-C overexpression in the lung
increased metastases, 5×105 B16F10-luc2-tdTomato tumor cells were injected via the tail vein
of doxycycline-treated CCSP×VEGFC mice, and 14 days later the metastatic load in the lungs
was evaluated by measuring the tdTomato (RFP) positive area (Figure 4.6 A). WT×VEGFC
mice were used as controls. This analysis revealed greater metastatic growth (20.69±8.54 vs.
14.42±3.82%, p<0.05, Figure 4.6 B, C) in the lungs of CCSP×VEGFC mice. Measurements
of tdTomato-positive cells at 24h after i.v. injection indicated that the difference did not reflect
greater initial tumor cell homing to the lungs of CCSP×VEGFC mice (Figure 4.6 D). In VEGFC overexpressing mice, most metastatic nodules were near bronchi, whereas in control mice,
metastatic nodules were scattered throughout the lung, including near the pleural surface.
Importantly, the incidence of lymphatic invasion was greater in VEGF-C overexpressing lungs
(6/10 vs. 0/10, p=0.0034, Figure 4.6 E), as was the weight of the lung-draining lymph nodes
(3.59±1.34 vs. 2.45±0.67 mg, p<0.05, Figure 4.6 F). Metastases were also more numerous in
other organs of mice with VEGF-C overexpression in the lung. Metastases were 4 times as
numerous in the liver (8/15 vs. 2/15, p=0.021, Figure 4.6 G) and were found in the intestine
of 33% of VEGF-C overexpressing mice but in none of the controls (5/15 vs. 0/15, p=0.014,
Figure 4.6 G), suggesting greater spread of melanoma cells through lymphatics.
VEGF-C expressed in the lung could reach the circulation and promote lymphatic growth and
metastasis in other organs. We addressed this issue by measuring VEGF-C mRNA and protein
expression in liver and intestine, two common sites of metastasis. After 2 weeks of VEGF-C
induction, VEGF-C mRNA expression (1.19±0.66 vs. 1.00±0.27, p=0.52, Figure 4.5 D) and
protein levels were comparable in the liver (3.31±0.59 vs. 3.37±0.84 µg/mg tissue, p=0.89,
Figure 4.5 E) and intestine (mRNA: 1.04±0.25 vs. 1.00±0.12, p=0.75, Figure 4.5 D, protein:
47.99±17.94 vs. 54.79±13.42 pg/mg tissue, p=0.47, Figure 4.5 E). VEGF-C protein levels
were slightly higher in the serum (24.85±12.69 vs. 13.52±6.00 pg/mL, p=0.14, Figure 4.5 E).
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Figure 4.6 Increased metastasis in CCSP-rtTA x tet-O-VEGF-C mice after tail vein injection
of B16F10 melanoma cells. (A) Schematic of the B16F10 tumor study. (B) Representative images
of lung sections with metastatic nodules (indicated by staining for RFP from B16F10-luc2tdTomato cells). Scale bars: 1 mm. (C) Quantification of tdTomato+ area in the lung, n=10. (D)
Quantification of tdTomato+ cells per lung 24 hours after i.v. injection of 1×106 B16F10-luc2tdTomato cells. (E) Representative images of lymphatic invasion (indicated by white arrows) and
incidence of lymphatic invasion. Scale bars: 100 µm. (F) Quantification of the lung-draining lymph
node weight, n=10. (G) Incidence of metastases in different organs and example images of
metastases (indicated by yellow arrows) in liver and intestine. Data were pooled from two rounds
of studies. In E and G, Chi-square test was performed.

As mechanisms of lung colonization after tail vein injection of B16F10 cells are likely to differ
from spontaneously forming lung metastases, we next investigated the effects of increased lung
lymphatic density in the 4T1 orthotopic breast cancer model. CCSP×VEGFC mice, bred into
the BALB/c background, showed a similar extent of lung lymphangiogenesis as
CCSP×VEGFC mice on the C57BL/6 background when a higher dose (2 mg/mL) of
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doxycycline was used (Figure 4.7 A-C). As before, 1×105 4T1-luc2 cells were orthotopically
injected and primary tumors were removed after 21 days. 4 days after the surgery, VEGF-C
overexpression was induced in the lung. On day 7, 14 and 21, in vivo IVIS imaging was
performed to detect the metastases and 21 days after the surgery, lungs and other organs were
resected after euthanization and were quantified ex vivo (Figure 4.8 A). The primary tumor
growth (Figure 4.7 D, E) and the incidence of lung metastasis at the time of primary tumor
removal were comparable (Figure 4.7 F). 21 days after primary tumor removal (i.e. 17 days
after induction of VEGF-C), overt lung metastasis was detectable in 8 out of 16 mice in the
control group. Of these, 1 mouse had to be euthanized before the pre-defined study end point.
In mice with VEGF-C overexpression, 11 out of 16 mice showed detectable lung metastases,
of which 3 mice reached the euthanization criteria before the end point. Strikingly, the
metastatic load over the whole body monitored by bioluminescence imaging was much greater
in CCSP×VEGFC mice (Figure 4.8 B, C), as was the incidence of metastases in liver, intestine,
brain and lymph nodes (Figure 4.8 D, 16/44 vs. 4/32, p=0.033), further supporting the concept
that metastasis-associated lymphatics facilitate the spread of lung metastases to other organs.

Figure 4.7 Characterization of CCSP-rtTA x tet-O-VEGF-C mice on BALB/c background and
comparison of 4T1 primary tumor growth and lung metastasis without VEGF-C induction.
(A) mRNA expression of VEGFC in the lung (normalized to RPLP0). The average expression level
in WT x tet-O-VEGF-C mice was set to 1, n=4. (B) Quantification of the VEGFR3+ lymphatic vessel
area in lung sections, n=3. (C) Quantification of the MECA-32+ positive blood vessel area in the
lung, n=5. (D-F) 1 × 105 4T1-luc2 cells were orthotopically inoculated. (D) Growth curves of primary
tumors show no major differences between WT x VEGFC (n=6) and CCSP x VEGFC (n=5) mice.
(E) The weight of primary tumors in the mice with lung metastases on day 21 after tumor inoculation,
n=5. (F) Number of metastatic nodules in the lung on day 21 after tumor inoculation identified by
India ink injection, n=5.
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Figure 4.8 Increased metastasis in CCSP-rtTA x tet-O-VEGF-C mice in the 4T1 spontaneous
breast cancer metastasis model. (A) Schematic of the 4T1 tumor study. PR: post-removal. (B)
Representative in vivo bioluminescence images of metastases on day 21 after primary tumor
removal. (C) Quantification of bioluminescence signal over the whole body on day PR7, PR14 and
PR21 by IVIS imaging. For data from days PR7 and PR14, WT x VEGFC, n=8, CCSP x VEGFC,
n=11. 4 mice reached the euthanization criteria before the end time point; thus, for data from day
PR 21, WT x VEGFC, n=7, CCSP x VEGFC, n=8. (D) Incidence of metastasis in different organs.
Chi-square test was performed. Data were pooled from three rounds of studies. Only mice with
detectable metastases (by ex vivo IVIS imaging) in the lungs were quantified.

4.4 Discussion
In many cancer types, including melanoma and breast cancer, VEGF-C expression, tumorassociated lymphangiogenesis and lymphatic invasion within the primary tumor correlate with
poor patient outcome, and have been suggested as prognostic markers (Dieterich and Detmar,
2016; Karaman and Detmar, 2014; Stacker et al., 2014). In this study, we demonstrate for the
first time that lymphangiogenesis is also induced at sites of metastasis. Importantly,
lymphangiogenesis and the presence of lymphatic invasion within and around metastases in
the lung correlated with poor outcome in a cohort of melanoma patients. Lymphatic density
and invasion in metastases could serve as prognostic factors for late stage melanoma patients
with visceral organ metastasis, or for patients with melanoma metastases but without apparent
primary tumor.
Increased lymphatic vessel density at metastatic sites, especially in combination with lymphatic
invasion, could facilitate further lymphatic spread of metastatic cells from established
metastases at the distant sites. Indeed, in our cohort of melanoma patients, lymphangiogenesis
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and lymphatic invasion in and around metastases in the lung correlated with the presence of
metastases in hilar lymph nodes. Similarly, in experimental tumor models, greater lymphatic
area in metastases-bearing lungs and greater weight of the tracheobronchial lymph node was
found to correlate with the presence of metastases in this node. Using a transgenic mouse model
with inducible VEGF-C expression and lymphangiogenesis in the lung, we found greater
growth of experimental melanoma metastases in the lung and more metastases in other organs
in both the melanoma and the breast cancer model. Additionally, the incidence of lymphatic
invasion and the weight of draining lymph nodes were both greater in lungs with expanded
lymphatics after VEGF-C overexpression. These findings are in agreement with a previous
study in nude mice, where VEGF-C overexpression in the tumor cells promoted intralymphatic spread of lung metastases (Das et al., 2010).
The contribution of lymph node metastasis to metastases in other organs has remained unclear,
even though the detection of sentinel lymph node metastasis is associated with reduced survival
in many tumor types (Karaman and Detmar, 2014; Stacker et al., 2014). However, surgical
resection of sentinel lymph nodes did not improve the overall survival rate in melanoma and
breast cancer patients (Faries et al., 2017; Galimberti et al., 2013; Giuliano et al., 2011). Our
results provide a possible explanation for this apparent discrepancy; the presence of sentinel
lymph node metastasis might reflect the potential of disseminated tumor cells to induce
lymphangiogenesis at distant sites, which might promote further metastatic progression to other
distant organs. In line with this hypothesis, chemokines produced by LECs have been reported
to attract CXCR4 expressing melanoma stem-like cells, resulting in a "lymphovascular niche",
whereas CCR7, the receptor for the lymphatic chemokine CCL21, was promoted stemness in
breast cancer (Boyle et al., 2016; Kim et al., 2010).
In the mouse model of inducible VEGF-C expression in the lung, some of the observed effects
on metastasis growth and further metastasis to other distant organs could be due to additional
effects of VEGF-C beyond the promotion of lymphatic vessel growth. VEGF-C levels in the
lung could alter the immune cell composition to favor metastatic growth. Indeed, we observed
an increased percentage of regulatory T cells and a decreased percentage of CD8+ T cells in
VEGF-C rich lungs under steady-state conditions. This immunosuppressive microenvironment
might protect metastatic tumor cells from anti-tumor immunity, similar to previous studies in
VEGF-C overexpressing B16F10 tumors, where an increase in regulatory T cells and a
decrease in activated antigen specific CD8+ T cells was observed (Lund et al., 2012). Moreover,
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in previous studies in K14-VEGFC mice, which overexpress VEGF-C in epidermal
keratinocytes of the skin, we also found an immune-inhibitory microenvironment with
increased regulatory T cells and CD8+ cells exhibiting decreased effector functions under
inflammatory conditions (Christiansen et al., 2016). The mechanisms of the VEGF-C effects
on the immune system, and how these in turn affect tumor growth still need to be investigated.
A direct mitogenic effect of VEGF-C on metastatic tumor cells is unlikely, since we could not
detect VEGFR-3 expression on B16F10 and 4T1 cells by qPCR and immunofluorescent
staining, and since there was no increase in the proliferation rate of B16F10 cells upon VEGFC treatment in vitro (data not shown).
Our finding that the density of blood vessels in the lung was unaffected despite the large
expansion of the lymphatic network by VEGF-C overexpression is in line with previous studies
in which lymphangiogenesis but not angiogenesis was found in transgenic mice overexpressing
VEGF-C (Jeltsch et al., 1997; Lohela et al., 2008). Although the mature form of VEGF-C can
bind to the major angiogenesis receptor VEGFR-2 on blood vascular endothelium, its affinity
for VEGFR-3 is much higher (Joukov et al., 1997). Together with our finding that extravasation
of tail vein injected tumor cells from the blood stream to the lung parenchyma was not
increased in VEGF-C overexpressing lungs, an influence of blood vessel activation on
metastatic growth and secondary organ-to-organ metastasis via blood vessels seems unlikely.
In conclusion, our study shows that besides promoting the spread of tumor cells from primary
tumors to tumor draining lymph nodes, lymphangiogenesis can also facilitate further metastasis
by promoting the growth of metastases in distant organs and their further dissemination to other
distant organs. Anti-lymphangiogenic agents could have beneficial effects in patients with
metastatic cancers.

4.5 Material and Methods
Mice
C57BL/6J and BALB/c wild-type mice were obtained from Janvier. CCSP-rtTA × tet-OVEGF-C mice (Baluk et al., 2017; Yao et al., 2014) were backcrossed into the C57BL/6
background and the BALB/c background. Prox1-GFP mice were provided by Dr. YoungKwon Hong, University of Southern California (Choi et al., 2011). All mice were housed under
SPF conditions. The overexpression of VEGF-C in CCSP-rtTA × tet-O-VEGF-C mice was
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induced by administration of 1 mg/mL (C57BL/6 mice) or 2 mg/mL (BALB/c mice)
doxycycline in drinking water (containing 5% sucrose) for 2 weeks, starting at 8 weeks of age.
Tumor studies
For the B16F10 metastasis model, 5×105 B16F10-luc2-tdTomato cells were suspended in 200
µL PBS and injected into the tail vein. The mice were monitored 3 times a week for up to 3
weeks. For the 4T1-luc2 spontaneous breast cancer metastasis model, 1×105 tumor cells were
suspended in 50 µL PBS and injected into the 4th mammary fat pad of BALB/c mice. The
primary tumor growth was monitored every 3 days for 3 weeks until the primary tumors were
surgically removed. After the surgery, mice were monitored 3 times a week for another 3 weeks.
The mice were euthanized with an overdose of anesthesia (1,000 mg/kg ketamine, Ketasol®,
Graeub, 3.5 mg/kg medetomidine, Domitor®, Provet) and tissues were collected for analysis.
All tumor studies were performed in agreement with the regulations of the local ethical board
of Kantonales Veterinäramt Zürich, under license ZH012/15.
Retrospective lung metastasis study
The information on melanoma patients and lung samples was collected at the Department of
Dermatology at the University Hospital Zurich. Resected lung samples of patients with
melanoma metastasis (n=26) were sectioned at 4 µm thickness and stained for podoplanin
(clone D2-40, Biolegend). The lymphatic vessel hot spots around and within metastases were
imaged on a Zeiss Axioskop 2 mot plus microscope with a 20× objective. The lymphatic vessel
number and lymphatic area percentages were quantified blinded from patient information. 5
hot spots per sample were analyzed and the average value was calculated for each sample. The
incidence of lymphatic invasion was determined based on the entire sample. The local ethics
committee approved the written informed consent for tissue storage including the retrospective
analysis with collection of clinical / laboratory / histological information prior to collection
(Kantonale Ethikkommission Zürich, Biobank / Sammlung von Tumorgewebe, KEK-ZH-Nr.
647).
Immunofluorescence staining and image analysis
The mouse lungs were filled with 2% low melt agarose (BIO-RAD) through the trachea before
dissection, chilled down in PBS on ice, embedded in 2% low melt agarose and sectioned by
Vibratome (Leica VT 1000S) into 200 µm thick slices. In the studies to compare the pulmonary
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lymphatic density in CCSP×VEGFC with WT×VEGFC mice, sections from the part near the
left bronchial branch of the left lobe were used for staining. In the study to compare the
pulmonary lymphatic density in lungs of control and 4T1-injected mice, cross-sections were
made at the position of the detected nodules and corresponding positions in the control lungs.
For the lungs without visible nodules on the surface, sections from the part near the left
bronchial branch of the left lobe were used. Lymph nodes and other organs were dissected,
embedded in OCT compound, snap frozen and stored at −80°C until preparation of
cryosections (7 µm). Sections were fixed with 4% paraformaldehyde for 20 minutes, rinsed
with PBS and blocked in PBS with 0.2% BSA, 5% donkey serum and 0.3% Triton-X100
(blocking solution). Primary antibodies suspended in blocking solution were incubated at room
temperature for 2 h or at 4°C overnight, followed by extensive washing and incubation with
secondary antibodies. The antibodies used were Thy1.1 (CD90 1.1, rat, clone 53-2.1,
eBioscience), cytokeratin (wide spectrum, rabbit, polyclonal, Dako), LYVE1 (rabbit,
polyclonal, Angiobio), αSMA-Cy3 (mouse, clone 1A4, Sigma), VEGFR3 (goat, polyclonal,
R&D), MECA-32 (rat, BD) and RFP (rabbit, polyclonal, Rockland). Images were taken on a
Zeiss Axioskop 2 mot plus microscope with a 10× or a 20× objective, or a Zeiss LSM880
upright confocal microscope at 20×. Image analysis was performed using ImageJ (NIH).
Bioluminescence and stereomicroscope imaging
Bioluminescence imaging was performed with an IVIS Spectrum (PerkinElmer). 15 minutes
after intraperitoneal injection of 10 ml/g D-luciferin (15 mg/ml in PBS, PerkinElmer), mice
were anesthetized by inhalation of 2% isoflurane in O2, placed on the temperature control
platform of the IVIS machine and imaged in vivo. After euthanization, mice were dissected and
organs were imaged ex vivo. The intensity of luminescence signals was quantified by Living
Image software (PerkinElmer). Stereomicroscope imaging was performed with a Zeiss
AxioZoom V16 microscope and a QImaging OptiMOS sCMOS camera (QImaging) combined
with a light-emitting diode illumination system pE-4000 (CoolLED Ltd.).
Cell lines
B16F10 cells expressing luciferase (luc2) and tdTomato were generated and described
previously (Proulx et al., 2013a). Cells were cultured in DMEM containing Glutamax, pyruvate,
10% FBS, and penicillin/streptomycin (Gibco/Thermo Fisher). G418 (1.5 mg/ml, Roche) was
added to the culture medium to ensure stable expression of the tdTomato transgene. 4T1
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mammary carcinoma cells expressing luciferase (luc2) (PerkinElmer) were maintained in
DMEM supplemented with l-glutamine, 10% FBS and penicillin/streptomycin under standard
culture conditions (37°C, 5% CO2).
RNA extraction and qPCR
RNA from snap frozen tissues was extracted using the Nucleospin RNA kit (Macherey-Nagel)
according to the manufacturer’s instructions. The intestinal tissue was snap frozen after
removal of the fat tissue and RNA was extracted using the RNeasy Lipid Tissue Mini Kit
(Qiagen). RNA was reverse transcribed using the High Capacity cDNA kit (Applied
Biosystems/Thermo Fisher). qPCR analyses were performed on a 7900HT FAST instrument
(Applied Biosystems/Thermo Fisher) in triplicate using SYBRGreen (Roche). RPLP0 was
used as internal reference gene. Relative expression (RE) was calculated according to the
formula REgeneX= 2-(CtgeneX − CtRPLP0) and was expressed as fold change normalized to the control
condition.

The

primer

sequences

used

for

qPCR

were:

RPLP0

fwd:

AGATTCGGGATATGCTGTTGG, rev: TCGGGTCCTAGACCAGTGTTC; VEGFC fwd:
GGGGGCGAGGTCAAGGCTTTT, rev: CCTGGTATTGAGGGTGGGCTGC.
ELISA
Tissue samples were resected, snap frozen and kept at -80°C. 500 µL blood was collected in
Capiject tubes (Terumo), left at room temperature for 20 minutes and centrifuged at 1200×g
for 10 min. The serum was collected, snap frozen and kept at -80°C. For each tissue sample,
100 mg tissue was homogenized in 1 mL PBS and diluted by 1:250 (lung and intestine) or
1:5000 (liver) with PBS before measurements. Mouse VEGF-C levels were measured using a
mouse VEGF-C ELISA kit (Cusabio) following the manufacturer's instructions.
Flow cytometry analysis
For FACS analyses, the lungs were resected, minced and digested in a collagenase solution [2
mg/ml Collagenase II (Sigma), 40 µg/ml DNaseI (Roche)] for 45 min at 37°C. The digested
tissue was passed through a 40 µm cell strainer before erythrocyte lysis with PharmLyse (BD).
After washing and a second filtration step, the cell suspension was labelled with fluorescently
tagged antibodies. For the immune cell population study, CD45-APC/Cy7 (BioLegend
103116), CD103-PE (BioLegend 121406), CD11c-PE/Cy7 (BioLegend 117318), Ly6G
(BD560602), SiglecF-BV421 (BD562681), F4/80 (AbD MCA497A647), Ly6C (BD553104),
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CD11b-BV605 (BioLegend 101237) and MHCII-AF700 (BioLegend 107622) were used for
the myeloid cells panel; CD45-Pacific Blue (BioLegend 103126), CD3-PE/Cy7 (BioLegend
100320), CD4-PerCP (BioLegend 100432), CD8-FITC (BioLegend 100706) were used for the
T cells panel. Foxp3 (eBioscience, 12-5773) intracellular staining was performed after fixation
and permeabilization using a staining set (eBioscience, 72-5775-40). Fixable Aqua Zombie
(Life Technologies, L349957) was used for live/dead discrimination. Data were acquired on a
FACS Fortessa (BD) and analyzed using FlowJo software (Treestar Inc.).
Lung homing assay
106 B16F10 Luc2 Td-Tomato cells were injected into the the tail vein. After 24 h, the lung was
perfused and dissected to quantify the amount of tumor cells in the lung. The single cell
suspension was generated as described above in “Flow cytometry analysis”. CD45-APC/Cy7
(Biolegend, 103116) was used to gate out the immune population and 7AAD (Biolegend,
420404) was used for life/dead discrimination. CD45 negative, tdTomato positive cells were
counted as tumor cells homed into the lung.
Statistical Analyses
Statistical analyses were performed with GraphPad Prism5 (GraphPad Software Inc.). Graphs
represent mean±SD. Student’s t-test was used to compare two groups. Other types of tests are
indicated in the figure legends. A p-value <0.05 was considered statistically significant
(indicated by asterisks).
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5 Outflow of cerebrospinal fluid is predominantly
through lymphatic vessels and is reduced in aged
mice
This chapter is adapted from Ma Q, Ineichen BV, Detmar M, Proulx ST. 2017. Outflow of
cerebrospinal fluid is predominantly through lymphatic vessels and is reduced in aged mice.
Nature Communications 8 (1):1434.

5.1 Abstract
Cerebrospinal fluid (CSF) has been commonly accepted to drain through arachnoid projections
from the subarachnoid space to the dural venous sinuses. However, a lymphatic component to
CSF outflow has long been known. Here, we utilize lymphatic-reporter mice and highresolution stereomicroscopy to characterize the anatomical routes and dynamics of outflow of
CSF. After infusion into a lateral ventricle, tracers spread into the paravascular spaces of the
pia mater and cortex of the brain. Tracers also rapidly reach lymph nodes using perineural
routes through foramina in the skull. Using noninvasive imaging techniques that can quantify
the transport of tracers to the blood and lymph nodes, we find that lymphatic vessels are the
major outflow pathway for both large and small molecular tracers in mice. A significant decline
in CSF lymphatic outflow is found in aged compared to young mice, suggesting that the
lymphatic system may represent a target for age-associated neurological conditions.

5.2 Introduction
Cerebrospinal fluid (CSF) is considered to be produced primarily by the choroid plexus and to
flow through the ventricular system to reach the subarachnoid space (SAS) of the skull and
spinal column (Davson and Segal, 1996). An additional source of CSF is the interstitial fluid
(ISF) from the brain tissue that is produced at the blood-brain barrier and may account for
around 10% of the total volume of CSF (Cserr, 1984). Three layers of meninges surround the
central nervous system (CNS), the pia mater which covers the brain and spinal cord
parenchyma and the arachnoid and dura mater which line the skull and vertebral canal. The
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CSF flows through the SAS between the pia mater, which is semi-permeable, and the arachnoid,
which forms a tight barrier to prevent flow into the dura mater (Brightman and Reese, 1969;
Nabeshima et al., 1975). Within the CNS itself, lymphatic vessels are believed to be absent,
instead a system of paravascular spaces (historically known as Virchow-Robin spaces but
recently described as part of the “glymphatic system”) is thought to provide channels for the
movement of fluid and solutes from the brain interstitial space and to the CSF and vice versa
(Iliff et al., 2012).
Based upon work in the early part of the 20th century, the predominant outflow of CSF from
the SAS is accepted to take place through arachnoid villi or granulations that project into the
dural venous sinuses (Davson and Segal, 1996; Pollay, 2010; Weed, 1914). These structures
are described as a series of tubules within an outgrowth of arachnoid tissue that are continuous
with the CSF of the SAS of the cranium and the spine (Shabo and Maxwell, 1968; Welch and
Pollay, 1963). They were initially believed to act as one-way valves for a pressure-driven flow
from CSF to venous blood (Welch and Friedman, 1960); however, evidence from electron
microscopy later indicated the presence of an intact barrier of endothelial cells (Alksne and
White, 1965; Shabo and Maxwell, 1968). Extensive research has not led to a consensus on the
exact mechanism for flow through arachnoid villi and granulations and, despite their
widespread acceptance as major outflow sites of CSF, direct in vivo physiological evidence of
their function is lacking (Butler et al., 1983a; McComb, 1983; Zakharov et al., 2004b).
Since an original report by Schwalbe in 1869, a large body of work in many different species
has indicated a role for lymphatic vessels draining CSF in both cranial and spinal regions
(Bradbury and Cserr, 1985; Koh et al., 2005; Schwalbe, 1869). Attempts to quantify the
proportion of CSF drained by the lymphatic system using cannulation of deep cervical
lymphatic vessels and radiolabeled tracers have indicated that, in some species such as rabbit
and sheep, lymphatic vessels were responsible for around 30-50% of total outflow, with the
remainder assumed to be drained through arachnoid villi (Boulton et al., 1998; Bradbury and
Cole, 1980). The outflow pathways were defined using tracers to be within sheaths around
cranial nerves, with the cribriform plate route along olfactory nerves that extends to lymphatic
vessels in the nasal mucosa deemed especially important (Bradbury and Westrop, 1983; Kida
et al., 1993; Koh et al., 2005). These sheaths enclose extensions of the SAS that project
extracranially with the nerves through foramina of the skull. At these locations, it was
suggested that there are pathways for tracers to penetrate the arachnoid membrane to reach
58

interstitial spaces (Bradbury and Westrop, 1983; Erlich et al., 1986; Erlich et al., 1989;
Ludemann et al., 2005; Shen et al., 1985) or possibly directly to lymphatic vessels outside the
skull (Johnston et al., 2004; Kida et al., 1993; Zakharov et al., 2004a). Additional outflow
pathways were found to be present around spinal nerve roots to reach lymphatic vessels in
epidural tissue (Brierley and Field, 1948; Zakharov et al., 2003). Two recent reports in mice
have indicated that the dura mater of the CNS is endowed with a network of lymphatic vessels
capable of draining CSF or brain ISF (Aspelund et al., 2015; Louveau et al., 2015). However,
this potential route for drainage of CSF is controversial in light of the existence of the arachnoid
barrier layer between the SAS and the dura mater (Nabeshima et al., 1975).
Thus, the current paradigm suggests a dual-outflow system for CSF to reach the blood
circulation, one directly to venous blood through arachnoid projections and one indirectly
through the lymphatic system (Pollay, 2010). At this point, however, there is a lack of
consensus on what the relative contribution for each of these outflow pathways is to total
outflow of CSF. It is also not clear which pathways to reach the lymphatic system are most
important. These are key questions as a functioning lymphatic vascular system draining CSF
and brain ISF could be essential for many aspects of neurology including immune function and
clearance of toxic proteins such as amyloid beta. Since many neurological conditions are
associated with the aging process, it is also critical to determine if lymphatic outflow of CSF
is altered in aged conditions.
We have recently developed near-infrared (NIR) tracers that in conjunction with lymphatic
vessel reporter mice, allow high-resolution imaging and quantification of the anatomy and
function of lymphatic vessels (Chong et al., 2016; Proulx et al., 2013a). These bright pegylated
NIR dyes avoid many of the complications of other tracers, such as direct blood vessel uptake,
adherence to tissue components or phagocytosis by macrophages, allowing quantification of
lymphatic flow from the interstitial tissue of many different organs (Karaman et al., 2015;
Proulx et al., 2017). In this study, we first aim to use these tracers to define the major flow
routes of CSF after infusion into a lateral ventricle in mice. Next, we use a recently developed
tracer transport to blood assay to evaluate the dynamics of CSF outflow to the systemic
circulation in comparison to visualization of outflow to collecting veins or lymphatic vessels
in an attempt to shed light on the relative contribution of each pathway to total CSF outflow.
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We find that the major outflow pathway from CSF for both large and small molecular tracers
in mice is through perineural routes to reach the lymphatic system. Furthermore, we
demonstrate significantly slower dynamics of CSF outflow in aged 18-month-old mice
compared to young 2-month-old controls. Our findings implicate that the lymphatic system
plays a greater than previously acknowledged role in many neurological conditions.

5.3 Results
Characterization of CSF flow routes within the cranium
As CSF is considered to be produced primarily by the choroid plexuses that line the ventricular
system, we aimed to detail the flow of the tracer after intraventricular infusions of 40 kDa sized
poly-(ethylene)-glycol IRDye680 (P40D680), a pegylated NIR tracer. Using a stereotactic
injector, 2.5 µL of 200 µM P40D680 was delivered to the right lateral ventricle over the course
of 2.5 minutes in Prox1-GFP mice, a reporter line for lymphatic vasculature (Figure 5.1 A-C).
A quality check of the ventricle infusion was performed after completion of each experiment
by fluorescence imaging of serial 100 µm sections of the brain under a stereomicroscope
(Figure 5.1 D-G). A successful ventricular infusion showed a remnant of tracer from the needle
penetration through the cortex with no tracer remaining within or lining the ventricles. Mice
with a tracer depot present in brain parenchymal tissue were assumed to be misinjected and
were excluded from further analysis.
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Figure 5.1 Setup and coordinates for stereotactic infusions and quality check for needle
placement. (A) The stereotactic setup for infusion into right lateral ventricle including syringe pump,
stereotactic frame and dental drill. (B) Detailed image showing the needle penetration site. (C) The
coordinates for the needle penetration as measured from the bregma. (D-E) Brain sections of
successful infusions. Scale bar in (D): 1 mm, in (E): 500 µm. (F-G) Brain sections of poor infusions
showing tracer remaining within brain parenchyma. Scale bar in (F): 1 mm, in (G): 500 µm.

In initial experiments, we sacrificed groups of mice after 10, 30 and 60 min (n=5 each) to
determine the pattern of spread of P40D680. As early as 10 min after the infusion, we observed
that a portion of the intraventricularly-infused tracer appeared to localize along the
paravascular spaces of arteries within the SAS at the circle of Willis at the base of the brain
with spreading within this space along the middle cerebral artery and its branches over the
convexities of the cortical hemispheres (Figure 5.2 A-C). With increasing time, the filling of
the paravascular spaces became more extensive with almost complete coverage of the blood
vessels, both arteries and veins, apparent at one hour after infusion (Figure 5.2 D-G). There
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was also entry of tracer into the Virchow-Robin spaces around penetrating arteries (Figure 5.2
H), similar to the “glymphatic flow” described by Iliff and colleagues (Iliff et al., 2012).

Figure 5.2 Paravascular localization of P40D680 on the pial surface and in the cortex. (A-C)
Images of paravascular P40D680 on the ventral, lateral and dorsal surfaces of the brain. Mice
were sacrificed 10 min after the completion of intraventricular infusion of P40D680. Images are
representative of n=5 mice. Scale bars: 1 mm. MCA: middle cerebral artery. C of W: Circle of Willis.
(D-F) Images of paravascular P40D680 at t=10 min, 30 min and 60 min after infusion.
Representative of n=5 mice of each group. Scale bars: 2 mm. (G) Representative detailed image
of the dorsal surface of the brain showing paravascular localization of P40D680 at t=60 min. GFP
label represents autofluorescence channel. Scale bars: 200 µm. (H) Representative GFP and
P40D680 overlay image of penetrating arteries and paravascular localization of P40D680 at t=60
min. Scale bar: 200 µm.

Lymphatic routes of CSF from the cranial cavity
After sacrificing mice at 10, 30 and 60 min after infusion, we assessed the dynamics of the
P40D680 signal within the deep cervical and mandibular lymph nodes of the neck. Deep
cervical nodes already had signal at 10 min after the completion of the infusion, as shown in
representative images of the left cervical nodes at this time point in Figure 5.3 A. The signals
steadily increased with time, with significantly more tracer found in the nodes at 60 min when
compared to 10 min (25,916±10,741 vs. 7,723±3333 counts, p<0.05; one-way ANOVA,
Figure 5.3 B). While the mandibular lymph nodes had slightly delayed dynamics, all mice had
tracer within the nodes at 30 min after infusion (Figure 5.3 C). A significantly increased
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amount of tracer was found at 60 min compared to 10 min after infusion (28,544±11,942 vs.
2,382±1,214 counts, p<0.01; one-way ANOVA, Figure 5.3 D). These findings suggest that
lymphatic outflow from the CSF is rapid and sustained during the time points examined.

Figure 5.3 Tracer outflow to draining lymph nodes in the neck. (A) Representative pictures of
tracer within the left deep cervical lymph node and afferent and efferent lymphatic vessels at
sacrifice at 10 min after P40D680 infusion into the right lateral ventricle of a Prox1-GFP mouse.
Scale bars: 1 mm. (B) Quantification of fluorescent signal of deep cervical lymph nodes at t=10
min, 30 min and 60 min after infusion. n=5 mice each time point. Red dashed line indicates baseline
values from uninjected mice. Data are the mean±SD. * p< 0.05 (one-way ANOVA with the Tukey’s
multiple comparison). (C) Representative pictures of tracer within the mandibular lymph nodes and
afferent and efferent lymphatic vessels at sacrifice at 30 min after P40D680 infusion into the right
lateral ventricle of a Prox1-GFP mouse. Scale bar: 1 mm. (D) Quantification of fluorescent signal
of mandibular lymph nodes at t=10 min, 30 min and 60 min after infusion. n=5 mice each time
point. Red dashed line indicates baseline values from uninjected mice. Data are the mean±SD. **
p< 0.01 (one-way ANOVA with the Tukey’s multiple comparison).

We next aimed to characterize the lymphatic outflow routes from the murine skull. Since
perineural outflow pathways have been described in other species, we looked for P40D680
tracer near cranial nerve exit routes from the skull at 60 min after intraventricular infusion in
Prox1-GFP mice(Bradbury and Cserr, 1985; McComb, 1983). Examination of the base of the
skull demonstrated accumulation of the tracer around the optic and trigeminal nerves (CN II
and V) as they exit the skull (Figure 5.4 A, C). Tracer was also apparent at the cribriform plate
that separates the cranial and nasal cavities, indicating that outflow had also occurred along the
olfactory nerves (CN I). Removal of the skin around the eye allowed visualization of a dense
plexus of tracer-filled lymphatic vessels exiting the orbit that coalesced into one collecting
vessel coursing along the anterior facial vein towards the mandibular lymph nodes (Figure 5.4
B, D). There were often vessels that joined into or ran along this collecting vessel that
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originated from the nasal region. By extraction of the lower jaw and removal of the tongue,
esophagus and trachea we were able to observe bright signal in the nasal cavity through the
soft palate and tracer emanating from a plexus of lymphatic vessels on the pharynx which
tracked towards the deep cervical lymph nodes (Figure 5.5 A, D). We exposed the deep
cervical region and observed tracer-filled lymphatic vessels stemming from the jugular
foramen on the medial side of the tympanic bulla close to where the glossopharyngeal (CN IX),
vagus (CN X) and accessory (CN XI) nerves emerge (Figure 5.5 B, D). These vessels then
proceeded toward the deep cervical lymph nodes. An additional location that tracer appeared
to flow out of the skull was found on the lateral side of the tympanic bulla at the stylomastoid
foramen where the facial nerve (CN VII) exits (Figure 5.5 C, D). Drainage from this exit point
proceeded towards both mandibular and deep cervical lymph nodes. There was extreme
variability between mice in the collecting vessels in the deep cervical region (Figure 5.6), with
several afferent collecting vessels tracking towards up to three deep cervical lymph nodes on
each side. In some cases, it appeared as though collecting vessels were skipping the deep
cervical node and that there were also connections from the deep cervical region to the
mandibular nodes. A cartoon demonstrating the typical lymphatic outflow routes for tracer in
the deep cervical region is shown in Figure 5.5 D.
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Figure 5.4 Perineural CSF outflow pathways to mandibular lymph nodes. (A) Representative
image showing the perineural outflow at the base of the skull after removal of the brain. tn:
trigeminal nerve, on: optic nerves, cp: cribriform plate. Scale bars 1 mm. (B) Representative image
showing the lymphatic outflow from the orbit with skin around the eye removed. Prox1-GFP
expression is obvious in the lens, Schlemm's canal (sc) and tracer-filled lymphatic vessels draining
the orbit. Arrow indicates a tracer-filled lymphatic from the nasal region. Scale bars: 1 mm. Images
are acquired at t=60 min after infusion and are representative of n=10 mice. (C) Scheme of the
base of the skull with the optical (II) and trigeminal (V) nerves with associated foramina and the
cribriform plate indicated. Box indicates region of image in (A). (D) Scheme outlining the CSF
outflow routes to the mandibular lymph nodes. Green: lymphatic vessels with black arrows
indicating direction of flow, red: facial arteries. Veins are omitted for clarity. Boxes indicates regions
of images in (B) and in Figure 5.3 C.
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Figure 5.5 CSF outflow pathways to deep cervical lymph nodes. (A) Representative image
showing lymphatic outflow from the nasal cavity. Lower jaw, tongue, trachea and esophagus have
been removed. pal: palate, phx: pharynx. Inset shows a tracer-filled collecting lymphatic vessel.
Scale bar: 2 mm. (B) Representative image showing outflow from the jugular foramen on the
medial side of the tympanic bulla. n: cranial nerves IX, X and XI, jv: jugular vein, ca: carotid artery.
Scale bar: 500 µm. (C) Representative image showing the perineural outflow along the facial nerve
(fn) from the stylomastoid foramen on the lateral side of the tympanic bulla towards a mandibular
lymph node (m ln). Scale bar: 1 mm. Images are acquired at t=60 min after infusion and are
representative of n=10 mice. (D) Scheme demonstrating the outflow routes in the deep cervical
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region. Green: lymphatic vessels with black arrows indicating direction of flow, yellow: cranial
nerves, red: arteries, blue: veins. Boxes indicates regions of images in (A-C) and in Figure 5.3 A.

Figure 5.6 Complexity of lymphatic routes near the deep cervical lymph nodes. (A)
Representative image of a Prox1-GFP mouse with many deep cervical afferent lymphatic vessels
originating from the region of the tympanic bulla. Scale bars: 500 µm. (B) Representative image of
a Prox1-GFP mouse with three deep cervical lymph nodes on the left side. Scale bars: 1 mm. (C)
Representative image of a Prox1-GFP mouse with a collecting lymphatic vessel that skips the
deep cervical lymph node. Scale bars: 1 mm. (D) Representative image of a Prox1-GFP mouse
with a lymphatic connection from the deep cervical region to the mandibular lymph nodes. Scale
bars: 1 mm.

Since dural lymphatic vessels have been proposed to drain CSF within the cranial cavity, we
also examined the lymphatic vessels along the superior sagittal and transverse sinuses within
the meninges adhered to the dorsal aspect of the skull (Aspelund et al., 2015; Louveau et al.,
2015). These vessels were easily identifiable in situ by their Prox1-GFP signals. At all the
examined time points, we were unable to observe any filling of the P40D680 tracer into these
vessels despite the obvious presence of tracer in the SAS of these regions (Figure 5.7 A-D).
Additional lymphatic vessels were found in proximity to the optic nerve at the base of the skull.
These vessels also did not show obvious tracer uptake, despite clear perineural localization of
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tracer in the immediate vicinity (Figure 5.7 E). Indeed, the lymphatic vessels generally had
very small diameters and often formed a discontinuous network (Figure 5.7 F-H).

Figure 5.7 Lack of uptake of P40D680 tracer into dura mater lymphatic vessels of the
meninges. Representative images of Prox1-GFP mice with valveless lymphatic vessels in the
dura mater near the superior sagittal sinus (sss) with no obvious P40D680 uptake 10 min (A), 30
min (B) and 60 min (C) after intraventricular infusion. Scale bars: 200 µm. Number of mice
examined: n=5 (10 min), n=7 (30 min), n=7 (60 min). (D) Representative image of a Prox1-GFP
mouse with a dense network of valveless lymphatic vessels in the dura mater near the transverse
sinus (ts) but no apparent P40D680 uptake. Scale bars: 200 µm. (E) Representative image of a
Prox1-GFP mouse with a dura mater lymphatic vessel close to the optic nerve. P40D680 tracer is
in close proximity to the vessel but does not appear to be within it. Perineural flow appears around
the trigeminal (tn) and optic nerves (on). Scale bars: 500 µm. (F-H) Representative images of
discontinuous dural lymphatic vessels. Arrowheads indicate blind ends of dural lymphatic vessels.
Star indicates a cord of individual lymphatic endothelial cells rather than a vessel-like structure.
Scale bar in F and G: 100 µm. Scale bar in H: 200 µm.

Lymphatic outflow of a macromolecular tracer from CSF
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Quantification of lymphatic outflow of CSF has been attempted in many species using
approaches such as recovery of radiolabeled tracers through cannulation of collecting
lymphatic vessels or detection of signal in draining lymph nodes with imaging approaches
(Boulton et al., 1998; Bradbury and Cole, 1980; Courtice and Simmonds, 1951; Pile-Spellman
et al., 1984). Our above findings have revealed that the multiple routes of lymphatic flow and
the anatomical variation between animals indicate that such previous approaches would be
limited. Therefore, we aimed to apply a technique recently developed in our lab, which allows
quantification of lymphatic transport from an organ by measurement in a peripheral blood
vessel of an interstitially-injected tracer (Proulx et al., 2017). This approach assumes that the
tracer is lymphatic-specific for the tissue of interest and that the tracer is not retained in the
tissue or within draining lymph nodes by phagocytosis. The P40D680 tracer that we have used
in the anatomical studies was shown to be highly sensitive for this assay with a direct linear
relationship between the amount of intravenously-infused tracer and saphenous vein signal and
a detection threshold of approximately 0.2% of the injected dose in blood (Figure 5.8). We
therefore tested whether we could quantify outflow from the CSF after intraventricular infusion
using this technique.

Figure 5.8 Determination of tracer sensitivity of detection in blood and dose calibration of
P40D680. Tail vein catheters were implanted into albino C57BL/6J-Tyrc-J mice to measure the
saphenous vein signal response to known bolus intravenous infusions of tracer. (A) Plot showing
saphenous vein signal enhancement during stepwise infusions of 10 μL of 1 μM P40D680 every
three min. Each bolus represents 2% of the dose that is infused into the lateral ventricle. Note
linear relationship of P40D680 dose with the signal enhancement in blood. Representative of n=3
mice. (B) Plot showing saphenous vein signal during stepwise infusions of 10 μL of 0.05 μM
P40D680 every three min. Detection threshold indicates time point where signal increase is first
detected after two infusions of 0.05 μM P40D680. With a ventricular infusion of 2.5 μL of 200 μM
P40D680, the detection threshold in systemic blood would represent 0.2% of the dose.
Representative of n=3 mice.
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We infused 2.5 µL of P40D680 into the right lateral ventricle and after 5 min initiated
noninvasive imaging of the saphenous vein with NIR stereomicroscopy (Figure 5.9 A). The
venous signal pattern demonstrated an approximate 25 min delay before signal was seen and a
steady increase thereafter (Figure 5.9 B). This pattern is indicative of lymph outflow as
previously observed in the subcutaneous tissue and the peritoneal cavity (Proulx et al., 2017).
Unlike these tissues, however, outflow was robust from the CSF even under anesthesia, with
an estimated 21.6±6.0% (n=5 mice) of the infused dose within the bloodstream at 60 min based
on the calibration curve shown in Figure 5.8.
If the delay in the initial signal increase in the saphenous vein was due to lymphatic outflow
then functional lymphatic transport should be apparent at earlier time points. As the mandibular
lymph nodes are located directly under the skin, we speculated that we would be able to
noninvasively visualize these nodes with NIR imaging similar to a previous report (Mathieu et
al., 2013). As before, we infused P40D680 into the lateral ventricle and placed the Prox1-GFP
mice under the stereomicroscope with a region of interest on the shaved neck skin (Figure 5.9
C). We could easily noninvasively visualize tracer transport within collecting lymphatic
vessels and into the lymph nodes as early as 11 min after the infusion (Figure 5.9 D). In n=5
mice that were imaged with each protocol we detected an average initial signal increase at
15.9±3.4 min (transit time to nodes) in the draining lymph nodes which was significantly earlier
than the increase at 25.3±2.8 min representing the transit time to blood (Figure 5.9 E). Active
contractility of the afferent collecting lymphatic vessels of the mandibular lymph nodes was
also observed with contraction frequencies of 13.88±2.36 per min (Figure 5.9 F). Although
they could not be visualized in a similar manner noninvasively, the deep cervical lymphatic
trunks were also transporting fluid at early time points as signal increases were often detected
in videos in the more caudal mandibular nodes before superficial afferent vessels were
observed, demonstrating a functional connection from the deeper network. In addition, as
shown in Figure 5.3 B above, deep cervical node signal was apparent in situ in all mice when
sacrificed 10 min after the infusion.
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Figure 5.9 Dynamics of CSF outflow to systemic blood and mandibular lymph nodes. (A)
Representative GFP and P40D680 images of the saphenous vein region in a Prox1-GFP mouse
60 min after lateral ventricle infusion of P40D680. Prox1-GFP+ dermal lymphatic vessels can be
observed overlying the saphenous bundle of blood vessels. Scale bars: 500 µm. (B) Saphenous
vein signal enhancement plot of n=5 mice showing delayed tracer transport to systemic blood after
lateral ventricle infusion of P40D680. The slight loss of signal at 5 to 10 min is due to
photobleaching of endogenous autofluorescence (solid line: mean value, dashed line: SD). (C)
Representative GFP and P40D680 images of the superficial aspect of cervical region (region
shown in Figure 3d) in a Prox1-GFP mouse 30 minutes after lateral ventricle infusion of P40D680.
Prox1-GFP+ mandibular lymph nodes can be observed through the skin and a subset of these
nodes are filled with P40D680. Scale bars: 2 mm. (D) Signal enhancement plot of mandibular
lymph nodes (LNs) in n=5 mice (solid line: mean value, dashed line: SD) (E) Quantification of
transit time of P40D680 tracer to mandibular lymph nodes and systemic blood after intraventricular
infusions (n=5 each). ** p<0.01 (2-tailed Student’s t-test). Data are mean±SD. (F) Representative
plot of signal enhancement in afferent collecting lymphatic vessels of the mandibular lymph nodes
at a time point of 25 to 28 min after infusion showing a contractile pattern.
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Figure 5.10 Monitoring of signal of the posterior facial vein after intraventricle infusion. (A)
Scheme showing region of interest (ROI) for the venous signal monitoring. (B) Representative
autofluorescence picture on GFP channel showing the blood vessel network and video frames
showing the absence of signal from P40D680 tracer within the posterior facial vein at 10 min, 20
min and 30 min after infusion. Scale bar: 500 µm. Note P40D680 signal that is apparent through
the skull that declines over time. (C) Plot from n=5 mice demonstrating the loss of intracranial
P40D680 signal over time and a slight increase in signal beginning at around t=25 min after
infusion. (D) Representative image showing the detected signal from P40D680 tracer from
saphenous vein at 30 min after infusion. Scale bar: 500 µm. (E) Representative image showing
the detected signal from P40D680 tracer from submandibular lymph nodes at 30 min after infusion.
Scale bar: 2 mm. (F) Representative image showing the detected signal from P40D680 tracer from
deep cervical lymph nodes at 30 min after infusion. Scale bar: 1.5 mm.

The delay in the time for the signal to be apparent in the blood suggested that there did not
appear to be rapid venous uptake of the tracer, implying that direct routes into the blood may
not be active under these conditions. To provide further evidence for this, we tested whether
we could detect a direct blood outflow of the tracer by imaging the posterior facial vein (Figure
5.10 A). In rodents, the major venous outflow routes for blood from the brain and the dural
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sinuses exit the skull through the postglenoid (or “spurious” jugular) foramina and drain into
the posterior facial veins to reach the external jugular veins, as opposed to the internal jugular
veins which act in this capacity in larger mammalian species including humans (Cook, 1966;
Greene, 1968; Mancini et al., 2015). Infusions into the lateral ventricle were performed in n=5
mice and an incision of the skin on the lateral aspect of the head was made to expose the
posterior facial vein. Imaging was initiated at 10 min after the completion of the infusion and
continued for 20 min. At no point was a signal apparent within the posterior facial vein (Figure
5.10 B, C) until around 25 min after infusion at which point an increase in signal was detected.
The time point of this signal increase and the overall signal enhancement at 30 min were
directly comparable to the values detected at the saphenous vein, indicating that a systemic
blood signal increase had occurred. We validated at this point that there was signal within the
saphenous vein as well as within the lymphatic vessels leading to the mandibular and cervical
lymph nodes (Figure 5.10 D-F). Based on our dynamic imaging data, we conclude that lymph
transport was the main route for tracer movement from the CSF into the systemic bloodstream
rather than direct blood outflow through the posterior facial vein.
CSF outflow of small molecules through the lymphatic system
We next determined if small molecular tracers would exhibit similar outflow patterns compared
to P40D680. Three fluorescent small molecular tracers with excitation and emission
wavelength properties similar to P40D680 were utilized: Evans blue (EB), IRDye680CW and
a 3 kDa dextran conjugated to AlexaFluor680 (3kDa-AF680). Initial experiments were
performed to establish comparable doses for intraventricular infusion as well as to test the
sensitivity of detection in the saphenous region. It was observed during these studies that
although both IRDye680CW and 3kDa-AF680 were not retained within the blood
compartment after intravenous injection, they leaked rapidly in sufficient quantities within the
skin above the saphenous vein to be detected with high sensitivity (Figure 5.11). In groups of
n=4 mice, we infused 2.5 µL of either 0.6% EB, 200 µM IRDye680CW or 1.6 mg/ml 3kDaAF680 into the right lateral ventricle and initiated imaging of the saphenous vein. Surprisingly,
we could not detect immediate blood uptake of any tracer, with the patterns exhibiting delays
before signal could be detected peripherally (Figure 5.12 A). After sacrifice, we confirmed
that lymphatic outflow of the tracers was occurring with similar routing to lymph nodes as
P40D680 (Figure 5.12 B, C). With the small molecules, obvious transport through foramina
of the cribriform plate occurred with strong signals in this region (Figure 5.12 D). There was
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also signal apparent around the optic nerves (Figure 5.12 D) with outflow from the orbit similar
to P40D680 (Figure 5.12 E). Noticeably less EB reached the bloodstream compared to the
other two small molecular tracers. Upon examination of brain sections, EB appeared to directly
enter the parenchyma of the brain through the ependymal lining of the ventricles (Figure 5.13
A) in more significant quantities than IRDye680CW and 3kDa-AF680. Fluorescence imaging
indicated more significant accumulation of EB and IRDye680CW around arteries compared to
veins (Figure 5.13 B), rather than the paravascular spreading pattern that was observed around
both blood vessel types with P40D680. Both EB and IRDye680CW appeared to bind strongly
to the arteries surrounding the SAS (Figure 5.13 C). On the other hand, 3kDa-AF680 showed
less specific binding to arteries with distribution of the tracer within regions between arteries
and veins of the pia mater. In summary, the results indicate that despite evidence of varying
degrees of retention of these small molecular tracers within the CNS, the CSF outflow routes
through lymphatics and the dynamics of transport to systemic blood were similar to those of a
macromolecular tracer.

Figure 5.11 Demonstration of tracer sensitivity of detection at saphenous region of different
small molecular tracers and dose calibration of EB. Tail vein catheters were implanted into
albino C57BL/6J-Tyrc-J mice to measure saphenous vein signal response to known intravenous
bolus infusions of tracer. (A) Plot showing saphenous vein signal enhancement during stepwise
infusions of 10 μL of 0.003% EB. Each bolus represents 2% of the dose that is infused into the
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lateral ventricle. Note linear relationship of EB dose with the signal enhancement in blood at similar
enhancement values as P40D680 (Figure 5.8). (B) Plot showing saphenous vein signal during
stepwise infusions of 10 μL of 0.00015% EB. Detection threshold indicates time point where signal
increase is first detected after four infusions. With a ventricular infusion of 2.5 μL of 0.6% EB, the
detection threshold in systemic blood would represent 0.4% of the dose. (C) Plot showing signal
enhancement at saphenous region during tail vein injection of 100 μL of 5 µM IRDye680CW at t=3
min. Tracer rapidly leaked from blood vessels in the skin and was retained over time. (D) Plot
showing signal enhancement at saphenous region during tail vein injection of 100 μL of 0.04 mg/ml
3kDa-AF680 at t=3 min. Tracer rapidly leaked from blood vessels in the skin but note decrease in
signal over time due to photobleaching effects. Each plot is representative of n=3 experiments.

Figure 5.12 CSF outflow after intraventricular infusions of small molecular tracers. (A)
Saphenous vein signal enhancement plots of Prox1-GFP mice after lateral ventricle infusions of
0.6% EB, 200 μM IRDye680CW or 1.6 mg/mL 3kDa-AF680 (n=4 each; solid line: mean value,
dashed line: SD). The loss of signal from 5 to 15 min is due to photobleaching of endogenous
autofluorescence. (B) Representative image of mandibular lymph nodes and afferent collecting
vessels 60 min after lateral ventricle infusion of 200 μM IRDye680CW. Similar images were
acquired for EB and 3kDa-AF680. Scale bar: 1 mm. (C) Representative image of the left deep
cervical lymph node and collecting vessels 60 min after lateral ventricle infusion of 0.6% Evans
blue. Similar images were acquired for IRDye680CW and 3kDa-AF680. Scale bar: 1 mm. (D)
Representative image showing the perineural outflow of IRDye680CW at the base of the skull after
removal of the brain. tn: trigeminal nerve, on: optic nerves, cp: cribriform plate. White arrows
indicate foramina in the cribriform plate. Scale bars 500 µm. Similar images were acquired for EB
and 3kDa-AF680. (E) Representative image showing the lymphatic outflow of 3kDa-AF680 from
the orbit with skin around the eye removed. Scale bars: 500 µm. Similar images were acquired for
EB and IRDye680CW.
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Figure 5.13 Retention of different small molecular tracers within the CNS after
intraventricular infusion. (A) Representative picture of cross section of the brain showing
diffusion of EB into the parenchyma from the lateral and third ventricles. Scale bars: 1 mm. Less
diffusion was seen with IRDye680CW and diffusion was not observed with 3kDa-AF680. Images
were acquired at t=60 min after lateral infusion. (B) Representative images of the brain dorsal
surface at 60 min after lateral ventricle infusion of EB, IRDye680CW and 3kDa-AF680. Scale bars:
2 mm. (C) Detailed representative image of a brain section showing binding of EB and
IRDye680CW to arteries at the circle of Willis and the spread of 3kDa-AF680 into pia mater tissue
between arteries (white arrows) and veins (yellow arrows). Scale bars: 100 µm. All images
representative of n=4 mice per tracer.

Reduced lymphatic outflow from CSF in aged mice
The incidence of Alzheimer’s disease and other dementias and many other neurodegenerative
diseases increases with age. Recently, a hypothesis for the development of these disorders was
proposed that toxic proteins such as amyloid beta and tau may accumulate in the brain due to
reduced clearance (Tarasoff-Conway et al., 2015). Earlier studies have shown a reduced
turnover of CSF and removal of labeled proteins, including amyloid beta, after ventricularcisternal perfusion in aged rats (Preston, 2001). Therefore, we tested whether lymphatic
outflow from CSF was reduced in aged mice and would be similar to prior observations of
reduced peripheral lymphatic transport in aged mice (Karaman et al., 2015; Proulx et al., 2017;
Zolla et al., 2015). We first tested whether we could detect differences in CSF transport to
blood after ventricular infusion of P40D680 in 18-month-old (aged) and 2-month-old (young)
C57BL/6J-Tyrc-J albino mice. After 60 min, we observed less P40D680 signal in the
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saphenous vein of aged mice compared with the young controls (Figure 5.14 A, B). Dynamic
imaging (Figure 5.14 C) showed a significant increase in the transit time to blood in aged mice
(37.5±8.4 vs. 24.2±2.1 min, p=0.0085; 2-tailed Student’s t-test, Figure 5.14 D) compared with
young mice. The signal enhancement at 60 min in aged mice was significantly reduced
compared with young mice (1600±1160 vs. 5580±1285 counts, respectively; p=0.0009; 2tailed Student’s t-test, Figure 5.14 E), as was the slope of enhancement from 45 to 60 minutes
(64.1±38.0 vs. 214.9±42.5 counts/min, p=0.0004; 2-tailed Student’s t-test, Figure 5.14 F).
These results indicate that the dynamics of CSF outflow to blood were slower in aged mice.
We next tested if less lymphatic outflow from CSF to the submandibular lymph nodes also
occurred in aged mice. As before, we infused P40D680 into the right ventricle and imaged the
submandibular lymph node region through the skin. There was less signal seen in the lymph
nodes of aged mice at 30 min compared to young controls (Figure 5.14 G, H). Quantification
from dynamic imaging (Figure 5.9 I) revealed a significantly increased transit time to the
lymph nodes in aged mice compared to young mice (20.7±2.3 vs. 12.4±1.5 min, p<0.0001; 2tailed Student’s t-test, Figure 5.14 J). Signal detected in the mandibular nodes at 30 min was
dramatically reduced (aged: 8567±5273 vs. young: 32173±9617 counts; p=0.0003; 2-tailed
Student’s t-test, Figure 5.14 K). The slope of signal increase during the last 5 min of imaging
(aged: 1136±637 vs. young: 2027±795 counts/min; p=0.056; 2-tailed Student’s t-test, Figure
5.14 L) was not significantly different. Further analysis after sacrificing the mice showed that
less signal was also apparent in the deep cervical lymph nodes at 30 min in aged mice (aged:
7780±2781 vs. young: 15123±4756 counts; p=0.006; 2-tailed Student’s t-test, Figure 5.15).
However, no significant difference could be seen at 60 min indicating a delayed outflow pattern
in aged mice.
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Figure 5.14 CSF outflow to systemic blood and lymph nodes in young and aged mice. (A)
Representative image of the saphenous vein in a young (2-month-old) mouse 60 min after lateral
ventricle infusion of P40D680. (B) Representative image of the saphenous vein in an aged (18month-old) mouse at the same time point. Scale bars: 500 µm. (C) Saphenous vein signal
enhancement plots of young and aged mice (n=5 each). Solid line indicates mean, dashed lines
indicate SD. (D) Quantification of transit time. (E) Quantification of signal enhancement at 60 min.
(F) Quantification of slopes of the signal enhancement from 45 to 60 min. ** p<0.01, *** p<0.001
(2-tailed Student’s t-test). Data are mean±SD. (G) Representative image of the mandibular lymph
node region in a young mouse 30 min after lateral ventricle infusion of P40D680. (H)
Representative image of the mandibular lymph node region in an aged mouse 30 min at the same
time point. Scale bars: 2 mm. (I) Mandibular lymph node enhancement plots of young (n=5) and
aged mice (n=7). Solid line indicates mean, dashed lines indicate SD. (J) Quantification of the
transit time to the mandibular lymph nodes. (K) Quantification of average signal enhancement at
the lymph nodes at 30 min. (L) Quantification of the average slopes of the signal enhancement in
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the lymph nodes during the last 5 min of imaging. ** p<0.01, *** p<0.001 (2-tailed Student’s t-test).
Data are the mean±SD.

Figure 5.15 Tracer flow in young and aged mice to draining lymph nodes in the neck. (A-B)
Representative pictures of tracer within the left deep cervical lymph nodes at 30 min after P40D680
infusion into the right lateral ventricle in young (n=5) and aged (n=7) mice. Scale bars: 1 mm. (C)
Quantification of fluorescent signal of deep cervical lymph nodes at t=30 min after infusion. Red
dashed line indicates baseline levels in uninjected mice. Data are the mean±SD. ** p<0.01 (2tailed Student’s t-test). (D-E) Representative pictures of tracer within the left deep cervical lymph
nodes at 60 min after P40D680 infusion into the right lateral ventricle in young (n=6) and aged
(n=5) mice. Scale bars: 1 mm. (F) Quantification of fluorescent signal of deep cervical lymph nodes
at t=60 min after infusion. Red dashed line indicates baseline levels in uninjected mice. Data are
the mean±SD.

As the delay of outflow that was observed after intraventricular infusion could possibly be due
to altered transport from the lateral ventricle to the SAS in aged animals, we also tested for a
reduction in lymphatic outflow in aged mice after cisterna magna infusion. Cisterna magna
infusions of 5 µL of 100 µM P40D680 were performed in 18-month-old (aged) and 2-monthold (young) C57BL/6J-Tyrc-J albino mice. The infusion cannula was kept in place for 10 min
to limit the backflow of tracer from the CSF and imaging was initiated at 15 min after the
completion of the infusion. Once again, aged mice demonstrated a reduction in CSF outflow
with lower signals apparent in the systemic blood at 60 min (Figure 5.16). Quantification
revealed an increased transport time, decreased signal in blood at 60 min, and a lower slope of
enhancement from 45 to 60 min in aged mice compared to younger controls. In sum, the
imaging data after both intraventricular and cisternal infusions indicated significantly slower
CSF outflow into lymphatic vessels of aged mice.
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Figure 5.16 Dynamics of CSF transport to blood of P40D680 tracer in young and aged mice
after infusion into cisterna magna. (A) Representative image of the saphenous vein in a young
(2-month-old) mouse 60 min after cisterna magna infusion of P40D680. (B) Representative image
of the saphenous vein in an aged (18-month-old) mouse at the same time point. Scale bars: 500
µm. (C) Saphenous vein signal enhancement plots of young (n=6) and aged mice (n=5). Solid line
indicates mean, dashed lines indicate SD. (D) Quantification of transit time. (E) Quantification of
signal enhancement at 60 min. (F) Quantification of slopes of the signal enhancement from 45 to
60 min. ** p<0.01, *** p<0.001 (2-tailed Student’s t-test). Data are mean±SD.

5.4 Discussion
We have elucidated a complex flow pattern of CSF after ventricular infusion of tracers in mice,
demonstrating various perineural outflow routes from the mouse cranial cavity, as well as flow
from the ventricles to the SAS and into the nervous tissue of the brain via paravascular spaces.
Dynamic imaging suggested that lymphatic outflow was the major outflow route for CSF rather
than venous routes, with even small molecular tracers not demonstrating immediate blood
uptake. Finally, we have demonstrated a significant decline in CSF outflow in aged mice, a
finding that may have significance for many aging-associated neurological disorders.
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Figure 5.17 Overview scheme of CSF outflow. From the subarachnoid spaces (light blue), CSF
outflow occurs at several perineural exits of the skull to reach lymphatic vessels that drain to
mandibular and deep cervical lymph nodes of the neck. Spinal lymphatic outflow may also occur.
Cranial nerves are shown in yellow and lymphatic vessels are shown in green. The contributions
of the arachnoid villi and the dural lymphatic vessels still remain to be elucidated.

Our study is, to our knowledge, the first to characterize in detail the lymphatic outflow
pathways of CSF from the skull in mice (Figure 5.17). Our use of pegylated and small
molecular NIR tracers and lymphatic-specific reporter mice combined with high-resolution
stereomicroscopy have allowed an in-depth analysis of perineural outflow pathways and
routing to CSF-draining lymph nodes. We found an extensive network of lymphatic vessels
outside the CNS that transported tracer from the CSF to both mandibular and deep cervical
lymph node groups within 30 min after intraventricular infusion. Our findings of perineural
outflow largely agree with a wide-ranging body of research in many species dating back to
Schwalbe in 1869 that detail the major outflow pathways from the skull to reach the lymphatic
system (Koh et al., 2005; Schwalbe, 1869). Most previous researchers have come to the
conclusion that perineural drainage along the olfactory nerve (CN I) through the cribriform
plate to reach the nasal mucosa is the most important CSF lymphatic outflow route in several
species (Bradbury and Westrop, 1983; Jackson et al., 1979; Kida et al., 1993; Koh et al., 2005).
While we were able to confirm that this pathway was active, we also highlighted several other
perineural routes that appear to complement the nasal route in mice. In agreement with previous
literature, the perineural pathways along the optic (CN II) nerve through the orbit appeared to
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be important (Erlich et al., 1989; Ludemann et al., 2005; Shen et al., 1985). However, we have
shown that the trigeminal nerve (CN V) also exhibited a perineural pattern and, therefore, may
represent another pathway from the cranial SAS to the orbit. We also detected tracer emanating
from the jugular foramina along the glossopharyngeal (CN IX), vagus (CN X) and accessory
(CN XI) nerves, as well as outflow from the stylomastoid foramina along the facial nerve (CN
VII), two locations that are in close proximity to the deep cervical lymph nodes. Interestingly,
jugular outflow was detected in the early study in dogs by Schwalbe, however, these specific
pathways through the base of the skull have otherwise been identified in only a few previous
studies (Arnold et al., 1972; Field and Brierley, 1948; Schwalbe, 1869; Zakharov et al., 2003).
In sum, we found evidence of tracer exiting along several cranial nerves in mice after
intraventricular infusion.
The recent rediscovery of dural lymphatic vessels has attracted a great deal of attention on a
role for a functional lymphatic system within the central nervous system (Aspelund et al., 2015;
Louveau et al., 2015). While these vessels have been previously observed in many species,
these earlier findings have been largely ignored (Andres et al., 1987; Butler et al., 1983b; Földi
et al., 1966; Kida et al., 1993; Mascagni, 1787). In the current study, we were not able to
observe any apparent uptake of the P40D680 tracer into the dural lymphatic vessels within the
skull near the superior sagittal and transverse sinuses or near the optic nerve at several different
time points after infusion. We found that these lymphatic vessels were frequently discontinuous,
had small diameters and, as previously reported (Aspelund et al., 2015; Louveau et al., 2015),
lack intraluminal valves (except at the base of the skull), indicating that they are different from
conventional lymphatic networks. One possible objection to a functional role for these vessels
draining CSF is the presence of an arachnoid barrier layer between the CSF and the dura mater
(Coles et al., 2017; Nabeshima et al., 1975; Shabo and Maxwell, 1971). Similar to the barriers
at the endothelium of the brain capillaries and at the epithelial lining of the choroid plexus
(Brightman and Reese, 1969), there exists a barrier layer that consists of arachnoid cells
containing tight junctions that serves to isolate the CSF within the SAS from the interstitial
fluid of the dura mater (Coles et al., 2017; Nabeshima et al., 1975; Shabo and Maxwell, 1971).
Since the blood vessels of the dura mater tissue are fenestrated(Nabeshima et al., 1975), it is
possible that the dural lymphatic vessels exist to drain this tissue. A previous study found the
presence of horseradish peroxidase in dural lymphatic vessels of the cat only under high
injection pressures indicating that physical disruption of the arachnoid barrier must occur in
order for CSF to reach the dura mater tissue (Butler et al., 1983b). Others have discussed that
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dural lymphatics must play a minor or accessory role to the main perineural outflow pathways
(Kida et al., 1993; Mollanji et al., 2001). Interestingly, anatomical studies have demonstrated
lymphatic vessels in the dura around the optic and facial nerves and at the cribriform plate and
jugular foramen, indicating that lymphatic uptake of CSF may occur as the cranial nerves exit
the skull (Aspelund et al., 2015; Földi et al., 1966; Furukawa et al., 2008; Killer et al., 1999).
Clearly, more research is needed to determine the importance of the dural lymphatic route for
CSF outflow in comparison to the more established perineural pathways to reach extracranial
lymphatic vessels.
Our development of near-infrared dynamic imaging approaches has allowed real-time
quantitative assessments of both lymphatic outflow and transport to blood of CSF-infused
tracers that were not previously possible in animals without cannulation. The dynamic imaging
results after CSF infusions of macromolecular and small molecular fluorescent tracers strongly
suggest that lymphatic transport is the predominant CSF outflow pathway in mice. Supporting
evidence for this conclusion is (1) the similarity of the CSF outflow pattern to patterns of
lymphatic transport to blood from other tissues such as skin and peritoneal cavity(Proulx et al.,
2017), with a delay in the appearance of the signal in blood followed by a steady linear increase;
(2) the presence of significant levels of tracer within the lymphatic vessels and lymph nodes
draining the skull before any appearance of signal in the blood; (3) the lack of any evident
signal during direct imaging of the posterior facial vein which receives the blood from the
transverse sinus in rodents (Greene, 1968) (Cook, 1966); and (4) the confirmation of the active
pumping mechanism of collecting lymphatic vessels draining CSF that serves to propel the
lymphatic fluid towards the venous system even under anesthesia. These results, indicating a
lymphatic-predominant drainage of CSF, are largely in agreement with work from the group
of Miles Johnston who reached a similar conclusion (Mollanji et al., 2001; Wagshul and
Johnston, 2013). Starting in the late 1990’s, a series of elegant quantitative studies in sheep and
rats from this group demonstrated that radiolabeled tracers could be recovered in sufficient
quantities from cannulated lymphatic vessels to account for over half of the tracers estimated
within the bloodstream (Boulton et al., 1998; Koh et al., 2005). The robust outflow through
lymphatic vessels under anesthesia observed in the current study is likely due to a favorable
pressure gradient driving flow from the SAS within the rigid cranial cavity to the lymphatic
vessels outside the skull. Measurements in other species have indicated that pressure within
the SAS may be 3 or more times that of the cervical lymphatic system (Yoffey and Drinker,
1939). While we have shown previously that lymphatic transport is reduced under anesthesia
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due to lack of uptake into initial vessels(Proulx et al., 2017) , the pressure gradient between the
skull and surrounding tissue may overcome the need for muscular movement that normally
drives lymph formation. Nonetheless, the question whether CSF lymphatic outflow is increased
or decreased during awake conditions remains to be answered.
These findings call into question the role of arachnoid villi or other possible direct venous
connections as outflow routes of solutes from the CSF. It is perhaps not surprising, due to their
location within the skull, that no direct in vivo proof of arachnoid villi uptake has ever been
demonstrated. Supporting evidence for the importance of these structures draining CSF have
mostly relied on examination of post-mortem tissue (Key and Retzius, 1875; Weed, 1914) or
on ex vivo studies which have shown in isolated arachnoid villi that particles as big as
erythrocytes could pass through (Welch and Pollay, 1961). However, since a continuous lining
of endothelial cells with tight junctions was found to exist on the villus (Alksne and White,
1965; Shabo and Maxwell, 1968), it is still unclear how macromolecules are transported (Butler
et al., 1983a; Pollay, 2010; Tripathi and Tripathi, 1974). Previous studies have attempted to
use the dynamics of accumulation of intraventricular-injected macromolecular tracers into the
blood or urine as evidence of arachnoid villi transport (Davson et al., 1973; McComb et al.,
1982; Prockop et al., 1962). In these studies, there were often delays until tracer was apparent
in the blood or urine compared to when the tracers were injected intravenously, similar to our
findings of a delayed transport to blood. We were also unable to provide evidence of a direct
route from the CSF to blood by dynamic imaging of the posterior facial vein that collects blood
from the transverse sinus in mice within the first 30 min after infusion despite the presence of
high levels of tracer within lymphatic vessels. These results are similar to an early cannulation
study in dogs (Földi et al., 1959). Studies from the group of McComb under various CSF
pressure conditions were unable to detect increased tracer levels in the superior sagittal sinus
compared to peripheral blood in rabbits, cats and primates (McComb J.G., 1990; McComb et
al., 1982; McComb et al., 1984). In rats, direct blood uptake was detected after intraventricular
infusions of inulin or polystyrene beads only after reaching CSF pressures of 7 to 8 times
normal levels (Mann et al., 1979). Studies in sheep by the Johnston group determined that
pressures of around 3-fold higher than normal levels were necessary to detect direct blood
uptake (Zakharov et al., 2004b). Therefore, it appears that plenty of doubt exists regarding the
role of the arachnoid projections in the drainage of fluid and macromolecules from the CSF in
many species beyond mice, and that it may be time for a reexamination of this widely-accepted
concept. While the present experiments cannot explicitly rule out a direct connection from CSF
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to blood, particularly one that is active at later time points or under high intracranial pressure,
they are strongly indicative that the lymphatic outflow pathways are much more important than
originally envisioned and that the lymphatic system may represent the major site between the
CSF and blood compartments.
To our knowledge, our study is the first to demonstrate a reduction of lymphatic outflow of
CSF with aging. One previous study has shown less outflow of radiolabeled tracers to the nasal
turbinates in aged rats but did not quantify outflow to the lymphatic system or the systemic
blood (Nagra and Johnston, 2007). Since under homeostatic conditions CSF inflow must equal
CSF outflow, this decreased outflow in aged mice may be at least in part due to reduced CSF
production by the choroid plexus or by sources from within the interstitial tissue such as the
blood-brain barrier (Bradbury and Cserr, 1985; May et al., 1990). The choroid plexus has been
shown to undergo age-related morphological alterations in its epithelial lining as well as a
thickening of the basement membrane (Preston, 2001). An additional explanation for the
reduced CSF outflow observed during the current study could be previous data from humans
and rats showing an increased CSF volume with aging which would indicate that the infused
tracer may have been more diluted in the CSF of aged mice (Matsumae et al., 1996; Preston,
2001). It will be interesting to test whether a more accelerated decrease in CSF lymphatic
outflow exists in mouse models of Alzheimer’s disease and whether a functional decline is
associated with the development of amyloid beta plaques. If so, the lymphatic system may
represent a possible new therapeutic target with the aim to enhance the clearance of toxic
proteins from the CSF and the brain.
In conclusion, we have identified many perineural sites for the egress of CSF from the cranium
of mice. Most importantly, through NIR dynamic imaging, we have presented evidence that
these outflow pathways to reach the lymphatic system appear to represent the major exit routes
for both macromolecular and small molecule tracers from the CSF, rather than the commonly
accepted venous route. While demonstration of this phenomenon in humans still awaits, this
study sets the stage for investigation of a potentially important role for the lymphatic system
in a multitude of CNS related pathologies. In addition, there may be potential for clinical
translation of the imaging technique since noninvasive monitoring of near-infrared tracers in
the blood already exists in the clinic (Iijima et al., 1998). Therefore, quantification of CSF
outflow after intrathecal administration of NIR tracers in patients suffering from neurological
disorders may be possible.
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5.5 Methods
Mice
All mouse experiments were approved by Kantonales Veterinaramt Zurich (license number
185/13, 196/13 and 161/16). Female C57BL/6J-Tyrc-J albino mice (Jackson Laboratories, Bar
Harbor, ME) and Prox1-GFP mice(Choi et al., 2011) on the C57BL/6J background were kept
under specific pathogen–free conditions and used for experimental studies at the age of 2 to 3
months. For aging studies, female C57BL/6J-Tyrc-J mice were aged in-house to 18 months of
age and compared with young animals from the same colony. After the completion of imaging
experiments, the mice were euthanized with an overdose of anesthesia (1,000 mg/kg ketamine;
3.5 mg/kg medetomidine).
Infusion of tracers into lateral ventricle or cisterna magna
Mice were anesthetized (80 mg/kg ketamine; 0.2 mg/kg medetomidine) and fixed in a
stereotaxic frame (RWD, San Diego, CA). The skull was thinned with a dental drill (RWD) at
a location 0.95 mm lateral and 0.22 mm caudal to the bregma. A 33G steel needle was inserted
into the right lateral ventricle 2.35 mm ventral to the skull surface. 2.5 µL of 200 µM P40D680
tracer (Proulx et al., 2013a) (provided by Dr. J.-C. Leroux, ETH Zurich), 0.6% Evans blue
(Sigma, St. Louis, MO), IRDye680CW NHS ester (LI-COR Biosciences, Lincoln, NE) or
3kDa-AF680 (Thermo Fischer) at the speed of 1 µL/min was then infused with a syringe pump
(Stoelting, Wood Dale, IL). The needle was left in place for 2.5 minutes and then slowly
removed while observing if any significant backflow occurred.
For cisterna magna infusion, mice were anesthetized as above and a surgical procedure to
access this structure was performed(Ineichen et al., 2017). After a small skin incision over the
occipital bone/cervical spinal cord was performed, the three covering muscle layers were
carefully dissected under a stereomicroscope using fine forceps and scissors. Subsequently, the
atlanto-occipital membrane (AOM), covering the cisterna magna, was pre-punctured using a
34G cannula. The infusion cannula was then inserted through this opening to a depth of 250
µm. A droplet of histoacryl was added to the interface of cannula and AOM to avoid reflux of
CSF/tracer during the infusion. 5 µL of 100 µM P40D680 tracer was infused at the speed of 1
µL per minute. After the infusion, the cannula was left in place for 10 minutes to avoid reflux.
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After withdrawal of the cannula, a droplet of histoacryl was finally added to ensure no CSF
fistula.
Dynamic NIR imaging of CSF outflow
For noninvasive imaging of tracer signals in blood (Proulx et al., 2017), fur above the
saphenous vein region was shaved with a razor and depilation cream before the ventricular or
cisternal infusion. After removal of the needle from the skull or the cisterna magna, the mice
were quickly positioned under a Zeiss StereoLumar.V12 stereomicroscope with AxioVision
software (Carl Zeiss, Feldbach, Switzerland) and a Photometrics Evolve 512 camera
(Photometrics, Tuscon, AZ) in a supine position on a heating pad to retain body temperature.
The autofluorescence signal on the GFP channel was used to position the saphenous blood
vessels at 25x zoom. Dynamic imaging was initiated 5 minutes after the completion of the
ventricle infusion and 15 minutes after completion of the cisterna infusion by acquisition of a
sequence of images (1 image every 15 s for 55 min) with a Cy5 filter set to monitor the NIR
signal of the saphenous vein. Exposure time and camera gain settings were 200 ms and 200,
respectively.
For noninvasive imaging of the lymphatic flow (Proulx et al., 2013a) in the shaved neck region,
the ventricular infusion procedure was the same as above with the following modifications:
Magnification of the imaging was at 6x zoom on the neck region and dynamic imaging was
performed for 25 min with a sequence of 1 image per 1 s.
For noninvasive imaging of potential tracer outflow to the posterior facial vein, the same
ventricular infusion procedure was followed, but immediately afterwards, an incision to the
lateral skin of the head was made to expose the junction of the internal maxillary vein with the
posterior facial vein. Dynamic imaging was initiated at 10 min after injection and continued
for 20 min with 1 image acquired every 15 s at 22x zoom.
Assessment of transport to blood and lymph nodes
Using AxioVision software, a circular region of interest of radius 100 µm was placed over the
saphenous vein on the acquired videos. Using the Measure Profile function, a table of
fluorescence intensity in counts versus time was exported into Microsoft Excel. Since there
was a loss of signal at the beginning of the scans due to photobleaching of tissue
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autofluorescence, baseline intensity in counts was calculated as an average signal of the lowest
ten consecutive imaging frames. This baseline intensity was then subtracted from the
fluorescence intensity values in order to plot fluorescent signal enhancement versus time in
minutes. For quantification of transport to blood, three assessments were made from the data
of signal enhancement versus time. These were the NIR fluorescent signal enhancement value
in counts at t=60 min, the linear slope of signal enhancement from t=45 to 60 min after infusion
in counts/min and the transit time in minutes of the arrival of tracer to the blood circulation (set
at a threshold of 100 counts of signal enhancement).
For assessment of transport to mandibular lymph nodes, the procedure was the same excepting
that the circular region of interest was of radius 500 µm over the mandibular lymph node. The
linear slope was calculated as the signal enhancement from t=25 to 30 min after infusion and
the threshold for signal enhancement to determine the transit time was set to 300 counts. The
quantifications of one lymph node on each side were averaged to generate one value per mouse.
Assessment of collecting lymphatic vessel contractility
Contractility was assessed based on our published methods(Chong et al., 2016). In short, in
AxioVision software, on each video of dynamic imaging of mandibular lymph nodes, a region
of interest of radius 200 µm was drawn over the afferent collecting vessel on each side of the
mouse. The data in mean fluorescent intensity values over time was then exported in .xml
format. Contractility measures were determined for a 5 min period between 25 and 40 min after
infusion using a Matlab algorithm for the frequency in contractions per min. Values from the
two vessels were then averaged to obtain one value for each measure per mouse.
Intravenous infusions for tracer dose calibration
A custom-designed catheter of polyethylene (PE)-10 tubing (SCI, Lake Havasu City, AZ) and
a 30G needle was placed into the tail vein of C57BL/6J mice. An infusion pump (PHD2000,
Harvard Apparatus, Cambridge, MA) connected to the catheter was used for consistent
infusions of tracer. For demonstration of the linear relationship between tracer dose and venous
signal, either 10 µL of the P40D680 tracer (at 1 µM) or Evans blue (at 0.003%) was infused
every 3 min using a stepwise infusion program. To determine the threshold amounts for
detection in blood, P40D680 was diluted to 0.05 µM and Evans blue to 0.00015% and infused
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in a similar manner. The number of infusions before increasing signal was detected in the
blood was determined to be the threshold for detection.
In situ analysis of CSF flow and lymphatic outflow
Anatomical mapping of the outflow pathways in Prox1-GFP mice was performed in three
groups of n=5 mice at time points of sacrifice at 10, 30 and 60 min after intraventricular
infusion of P40D680. Images of P40D680 tracer spread on the surfaces of the brain, perineural
exit points, and within the lymphatic vasculature were acquired with a Zeiss AxioZoom V16
microscope and a QImaging OptiMOS sCMOS camera (QImaging, Surrey, Canada) combined
with a light-emitting diode illumination system pE-4000 (CoolLED Ltd, Andover, UK). To
compare signals within lymph nodes at different time points, images were acquired at identical
zoom factors (25 x) and exposure times (200 ms). Since there were no consistent differences
in signal in the lymph nodes on the injected and contralateral sides, the average value of the
nodes on each side was used.
Brain sections
Mouse brains were dissected and fixed in 4% PFA at 4°C overnight. A section of the brain
between 1 mm cranial and 1 mm caudal to the needle insertion site was cut out by razor blade
and imbedded with 2% low melt agarose (BIO-RAD 161-3113). Cross sections were made
from dorsal to ventral side at a thickness of 100 µm with Vibrating blade microtome (Leica
VT1000 S). Images were acquired with a Zeiss AxioZoom V16 microscope.
Statistics
For the studies to assess paravascular spread and CSF outflow at different time points, mice
were randomly allocated to different experimental groups. Due to the nature of the aging
studies, neither randomization nor blinding of investigators was possible. Group sizes were
estimated based on pilot studies to determine the success rate and reproducibility of the
intraventricular and cisterna magna infusions. All data are presented as mean±SD. All groups
were found to be normally distributed using the Kolmogorov–Smirnov (K-S) test. Means of
two groups were compared using a two-tailed Student’s t-test. Means of three groups were
compared with one-way ANOVA with the Tukey’s multiple comparison post hoc test. All
analyses were performed using GraphPad Prism V5.0 (GraphPad Software, San Diego, CA)
and p<0.05 was accepted as statistically significant.
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6 Fluid outflow from the central nervous system is
reduced in glioblastoma
6.1 Abstract
Glioblastoma is a malignant brain tumor with an overall survival of affected patients of usually
less than 15 months. Brain edema caused by leaky blood vessels dramatically decreases the
quality of life of glioblastoma patients. Therefore, it is of great clinical interest to study the
changes of brain fluid outflow in glioblastoma. By monitoring blood uptake dynamically after
tracer infusion into the brain, we found that the outflow of brain fluid was dramatically reduced
in glioblastoma-bearing mice. The paravascular pathway for interstitial fluid and cerebrospinal
fluid exchange was impaired due to disruption of aquaporin 4 polarization. Treatment with
dexamethasone, which is commonly applied for the treatment of brain edema, improved the
outflow of brain fluid. These findings indicate that the brain edema of glioblastoma patients
may be induced not only by increased blood vessel leakage but also by compromised fluid
outflow.

6.2 Introduction
Glioblastoma multiforme (GBM) arises from astrocytes and is classified as World Health
Organization Grade 4 infiltrative glioma. Standard treatment for GBM includes surgical
resection, chemotherapy (temozolomide, TMZ) and/or radiation. However, a positive response
to treatment is seen in less than 10% of patients with recurrent GBM (Chamberlain, 2011). The
mean overall survival achieved with repeat surgery or irradiation or with salvage chemotherapy
remains only 14.6 months (Das and Marsden, 2013). Glioblastoma is one of the most
vascularized cancers. Expression of the angiogenic factor vascular endothelial growth factorA (VEGF-A) and blood vascular density are correlated with clinical outcome (Leon et al.,
1996). Bevacizumab, a humanized monoclonal antibody that targets VEGF, was approved as
a single agent therapy for patients with GBM with progressive disease following prior therapy
(Cohen et al., 2009). However, in newly diagnosed glioblastoma patients, bevacizumab
treatment failed to show benefits in overall survival (Chinot et al., 2014; Gilbert et al., 2014).
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The newly formed blood vessels in glioblastoma are leaky with disruptions of the blood-brainbarrier (BBB), which leads to the formation of peritumoral edema and intracranial hypertension
(Mack et al., 2017). Headache caused by intracranial hypertension has severe effects on the life
quality of glioblastoma patients. High doses of corticosteroids, typically dexamethasone, are
given to glioblastoma patients for managing the tumor induced edema. More recently, it has
been observed that bevacizumab, or the tyrosine kinase inhibitor cediranib, also have profound
anti-edema effects (Dietrich et al., 2011; Pitter et al., 2016).
Fluids within the central nervous system (CNS) include interstitial fluid (ISF), which is
produced at the BBB and fills in the interstitial space in the brain parenchyma, and
cerebrospinal fluid (CSF), which is produced primarily by the choroid plexus and flows
through the ventricular system to the subarachnoid space (SAS) surrounding the brain and
spinal cord. The CNS is believed to lack lymphatic vessels. Alternatively, a system of
paravascular spaces (“glymphatic” pathway) has been suggested to provide pathways for the
fluid exchange between ISF and CSF (Iliff et al., 2012). The paravascular space is aligned by
aquaporin 4 (AQP4) expressed on the end feet of astrocytes, which facilitates the spread of
fluid into the brain parenchyma. While it has been suggested that ISF directly exits the skull
through paravascular spaces (Földi et al., 1968; Weller et al., 2009), ISF outflow from the
parenchyma into the CSF might represent an alternative pathway (Szentistvanyi et al., 1984).
It has been generally accepted that the outflow of CSF from the SAS occurs through arachnoid
villi or granulation projections into the dural venous sinuses (Pollay, 2010). With the
rediscovery of lymphatic vessels in the dura mater, some have suggested that these vessels are
responsible for the fluid and solute transfer of CSF to brain draining lymph nodes (Aspelund
et al., 2015; Louveau et al., 2015). Our recent study revealed that the major outflow of CSF
from the skull in mice occurs through perineural routes to lymphatic vessels, and we could not
find any evidence for the outflow through arachnoid villi to the blood circulation nor for
substantial transport of CSF by the dural lymphatic network (Ma et al., 2017b)
The outflow of fluid from the CNS can be modulated by physiological and pathological
conditions. For example, both paravascular clearance (Kress et al., 2014) and CSF outflow
through lymphatic vessels (Ma et al., 2017b) are reduced in aged mice. After traumatic brain
injury, the glymphatic pathway function is reduced by approximate 60% (Iliff et al., 2014).
However, the changes of CNS fluid outflow by glioblastoma have not been studied yet.
Glioblastoma is usually associated with intracranial hypertension due to increased blood vessel
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leakage and resultant brain edema. However, it has remained unknown whether CNS fluid
outflow might also be a contributing factor. With the use of a GL261 orthotopic glioblastoma
mouse model and dynamic imaging of lymphatic transport to the blood after tracer infusion
into the brain or the CSF, we found that the outflow of fluid from the CNS was dramatically
reduced in glioblastoma. The paravascular flow was also impaired due to the disruption of
AQP4 polarization. Dexamethasone treatment, which reduces brain edema, was found to
rescue the impairment and improve the fluid outflow from the CNS.

6.3 Results
Outflow of brain interstitial fluid is reduced in glioblastoma-bearing mice
We used a syngeneic graft model, in which 20,000 GL261 glioblastoma cells were
orthotopically injected into the right striatum of adult mice. Magnetic resonance imaging (MRI)
was used to detect and measure the glioblastomas (the time points for MRI scan vary in
different studies and are indicated below) (Figure 6.1 A). Brains were sectioned and tumor
areas were detected after routine histological staining (Figure 6.1 B). Based on MRI scans, the
GL261 tumor volume ranged between 3 and 25 mm3 on day 11 after tumor implantation (data
not shown).

Figure 6.1 Glioblastoma volume measurement. (A) Glioblastoma measurement by MRI scan
(possessed by MIPAV software). (B) Glioblastoma size measurement after hematoxylin & eosin
staining. Scale bar: 200 µm.
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Figure 6.2 ISF outflow is reduced in glioblastoma-bearing mice. (A) Scheme showing the time
course of the tumor study. (B) Saphenous vein signal enhancement plots of non-tumor mice, tumor
mice with tracer injected in tumor contralateral hemisphere and within tumor. Solid line indicates
mean, dashed lines indicate SD. Intratumoral group, n=3. (C) Quantification of transit time. (D)
Quantification of signal enhancement at 60 min. (E) Representative images of deep cervical lymph
node (LN). Scale bar: 1 mm. (F) Quantification of tracer signal in LNs. (G) Representative images
showing the tracer distribution on the brain surface. Red circle indicates the injection site. Dashed
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yellow line indicates the tumor area. Scale bar: 1 mm. (H) Quantification of tracer intensity at
injection site and on brain surface. (I) Representative images of dural lymphatic vessels (indicated
by white arrow heads) at the confluence of sinuses on the inside of the skull of Prox1-GFP mice
and the small cartoon indicating T zone. Scale bar: 500 µm. (J) Quantification of dural lymphatic
area percentage in the T zone.

Since glioblastomas arise from astrocytes and therefore grow within the parenchyma of the
brain, we first studied the outflow of ISF. A bolus of 1 µL of 500 µM 40 kDa sized pegylated
NIR tracer poly-(ethylene)-glycol IRDye680 (P40D680), was injected into the cortex at the
speed of 0.2 µL/min at 14 days after tumor implantation (Figure 6.2 A). To determine the
proper tracer infusion position in the glioblastoma-bearing brain, we first infused the tracer
either into the glioblastoma-bearing hemisphere or the contralateral hemisphere and monitored
the tracer transport to blood at the saphenous vein. The blood tracer signal was not detected
until at least 20 min after tracer injection either into the glioblastoma-bearing hemisphere or
the contralateral hemisphere, indicating that there was no direct transport from brain
parenchyma to the bloodstream in tumor-bearing mice. With the infusion in the glioblastomabearing hemisphere, only very little amount of tracer was transported to the blood even 60 min
after tracer injection. After infusion into the contralateral hemisphere, there was a consistently
detectable amount of tracer transported to the blood starting from around 30 min on after tracer
injection (Figure 6.2 B). To assure accuracy and reliability of the blood signal detection, we
decided to infuse the tracer into the contralateral hemisphere of the glioblastoma in the
following studies.
We next compared the ISF outflow in both control and glioblastoma-bearing mice by dynamic
imaging of the tracer in the saphenous vein after tracer infusion into the contralateral
hemisphere of the glioblastomas. For non-tumor control mice, the same volume of PBS was
injected instead of the GL261 cell suspension, and the tracer was injected into the contralateral
side of the PBS injection. Compared with non-tumor brains, the transit time (the time from the
end of tracer infusion until 100 signal count enhancement was detected in the blood) was 2fold longer (50.4±18.39 vs. 25.5±10.66 min, p=0.018, Figure 6.2 C) and the signal
enhancement in the vein at 60 min after tracer injection was dramatically lower in
glioblastoma-bearing mice (508.9±739.5 vs. 3,955±3,013 counts, p=0.0057, Figure 6.2 D).
We also assessed the signal within the deep cervical and mandibular lymph nodes of the neck
60 min after the tracer infusion (Figure 6.2 E). In both the right side (tumor ipsilateral) and
left side (tumor contralateral) lymph nodes, the tracer intensity at 60 min was significantly
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lower in glioblastoma-bearing mice (left deep cervical LN, 689.9±280.3 vs. 21,702±13,392
counts, p=0.0016; right deep cervical LN, 863.4±475.8 vs. 11,946±5,375 counts, p=0.001; left
mandibular LN, 1,116±112.8 vs. 8,540±4,554, p=0.001 counts; right mandibular LN,
1,160±142 vs. 5,301±4,371 counts, p=0.001; Figure 6.2 F). The tracer intensity at the tracer
infusion site was much higher in glioblastoma one hour after tracer infusion (20,085±6,642 vs.
10,495±4,831 counts, p=0.016, Figure 6.2 G, H), and the tracer intensity over the whole brain
top surface was also slightly but not significantly increased (4,685±1,122 vs. 3,841±1,276
counts, p=0.22, Figure 6.2 G, H). Together, most of the tracer infused into the brain
parenchyma of tumor-bearing mice remained at the injection site rather than flowed out of the
skull to the draining lymph nodes and the blood circulation, indicating that ISF outflow is
reduced in glioblastoma.
Dural lymphatic vessels have been reported to be involved in brain fluid drainage (Aspelund
et al., 2015; Louveau et al., 2015). We imaged dural lymphatic vessels in the “T” joint of the
superior sagittal sinus (SSS) and transverse sinus (TS), where a network of dural lymphatics is
usually found (Figure 6.2 I). The percentage of area covered by lymphatic vessesl was
comparable in glioblastoma-bearing mice and non-tumor bearing mice (1.80±0.83 vs.
1.65±0.75, Figure 6.2 J). Importantly, despite the growth of an intracranial tumor which likely
increased pressure within the skull, the tracer was never detected within dural lymphatic vessels.
Paravascular flow is impaired in glioblastoma-bearing mice
Paravascular pathways are regarded as an alternative mechanism of lymphatic transport in the
brain (Iliff et al., 2012). In control mice, after intraparenchymal injection, the tracer spread
through the paravascular spaces in a well-defined pattern (Figure 6.3 A). In contrast, in
glioblastoma-bearing mice, the paravascular spread was completely impaired. In fact, it was
not possible in these mice to detect a recognizable paravascular space filled with tracer (Figure
6.3 A). In many pathological conditions, such as traumatic brain injury, massive neurogenesis
induces a disruption of AQP4 polarization and thus impairs the paravascular pathway function
(Iliff et al., 2014; Kress et al., 2014). Co-stainings for the pan endothelial marker CD31 and for
AQP4 in healthy brain revealed that AQP4 was expressed in a continuous layer outside of
CD31 positive vessels (Figure 6.3 B), whereas, no AQP4 staining was detectable within
GL261 glioblastomas (Figure 6.3 C). By co-staining for the astrocyte marker glial fibrillary
acidic protein (GFAP) and AQP4, we found that the expression of GFAP increased in
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glioblastoma-bearing brains, especially stronger in the tumor ipsilateral hemisphere. AQP4
expression was not polarized on the end feet and instead demonstrated spreading towards the
body of astrocytes (Figure 6.3 D). To quantify the degree of polarization, the fluorescence
intensity was plotted with regard to the distance to blood endothelial cells as determined by
CD31 staining (Figure 6.3 E) (Kress et al., 2014). In glioblastoma-bearing brains, the AQP4
intensity on the blood vessels was decreased, concomitant with an increase of AQP4 intensity
in the extracellular space (Figure 6.3 F, two-way ANOVA, p<0.001).
Outflow of cerebrospinal fluid is reduced in glioblastoma-bearing mice
It has been suggested that direct routes exist from the ISF to the lymphatic system (Földi et al.,
1968; Weller et al., 2009). Conversely, according to the “glymphatic” system concept, ISF
from the brain parenchyma may flow through para-venous spaces back to the CSF (Nedergaard,
2013). Thus, the ISF drainage measured above might reflect combination of ISF and CSF.
Outflow, in particular since there might have been backflow from the injection site directly to
the CSF after intra-parenchymal infusion. To determine whether there are changes of CSF
outflow in glioblastoma-bearing mice, we next infused the tracer directly into the CSF by
intraventricular injection of 2.5 µL of 200 µM P40D680 at the speed of 1 µL/min (Figure 6.4
A). We performed the studies on day 8 after glioblastoma implantation instead of day 14
because with tumor size increase, the lateral ventricles may be compressed and not in the
normal position, which would likely reduce the injection success rate. CSF outflow was
strongly reduced in glioblastoma even at this early stage (Figure 6.4 B). The transit time from
ventricle to blood was appr. 50% longer (32.8±6.1 vs. 22.56±4.88 min, p=0.0065, Figure 6.4
C), and the signal enhancement at 60 min after tracer infusion was appr. 30% of control mice
(1690±885.5 vs. 5580±1167 counts, p<0.001, Figure 6.4 D). Accordingly, the tracer intensity
in deep cervical and submandibular lymph nodes was also slightly lower (left dcLN,
16,570±4,787 vs. 23,909±11,141, p=0.1957; right dcLN, 20,642±14,058 vs. 27,390±11,438,
p=0.3623; left mLN, 12,650±5,826 vs. 15,296±7,282, p=0.51; right mLN, 14,258±7,940 vs.
20,101±7,439, p=0.22; Figure 6.4 E). However, perhaps due to the small tumor volume on
day 8 or the fact that lymph node signals were assessed only at 60 min after infusion, the
decreases in lymph node signal did were not as strong.
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Figure 6.3 Paravascular flow is impaired in glioblastoma. (A) Representative images of
paravascular flow on posterior surface (scale bar: 1 mm), tumor side of posterior surface (scale
bar: 500 µm) and anterior surface of the brain (scale bar: 500 µm). (B) Representative images of
AQP4 and CD31 staining in the cross section and longitudinal section of blood vessels. Scale bar:
100 µm. (C) Representative images of AQP4 and CD31 staining of intra- and peri-tumor area. “T”
indicates the tumor area. Scale bar: 100 µm. (D) Representative images of GFAP and AQP4
staining in control, contralateral and ipsilateral peritumoral area. Scale bar: 20 µm. (E)
Representative images showing the measurement of AQP4 polarization over blood vessels at
contralateral side of the tumor/PBS injection. Dashed yellow line indicates the path of
measurement. Scale bar: 20 µm. (F) Plots of fluorescent intensity of the measurement path. Solid
line indicates mean, dashed lines indicate SD. n=15 for each group. Two-way ANOVA analysis
was performed.

Figure 6.4 CSF outflow is reduced in glioblastoma. (A) Scheme showing the time course of the
tumor study. (B) Saphenous vein signal enhancement plots of non-tumor mice and tumor mice
with tracer infused into the left lateral ventricle. Solid line indicates mean, dashed lines indicate
SD. (C) Quantification of transit time. (D) Quantification of signal enhancement at 60 min. (E)
Quantification of tracer signal in LNs.

CSF influx through the penetrating arteries is reduced in glioblastoma-bearing
mice
CSF is thought to flow from the SAS to the interstitial brain tissue through the paravascular
space along the penetrating arteries (Iliff et al., 2012). To assess whether the influx along
penetrating arteries was affected in glioblastoma-bearing brains, cross sections through the
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lateral ventricles were imaged and the two regions at the top surface of the brain were analyzed
for the area covered by area (Figure 6.5 A). Under control conditions, CSF influx through the
penetrating arteries was symmetrical at both tracer injection side and non-tracer injection side
of the brain. However, it was asymmetrical in glioblastoma-bearing brains, with a strong
reduction at the tumor side (non-injection side). The influx at the non-tumor side (tracer
injection side) was comparable in glioblastoma-bearing mice and control mice (2.04±1.11 vs.
2.98±1.23, p=0.24, Figure 6.5 B), while the influx at the tumor side (non-injection side) was
significantly lower in glioblastoma-bearing mice than in control mice (1.12±0.47 vs. 2.52±0.82,
p=0.011, Figure 6.5 B).

Figure 6.5 CSF influx through the penetrating arteries is reduced in glioblastoma. (A)
Representative pictures of the brain cross section. Scale bar: 500 µm. (B) Quantification of tracer
coverage percentage of control and glioblastoma mice at the injection site and non-injection site.

CSF outflow is enhanced upon dexamethasone treatment
To manage brain edema and intracranial hypertension, dexamethasone is often used in brain
tumor patients to relieve symptoms (Dietrich et al., 2011). To study whether dexamethasone
treatment might improve CSF outflow, we treated glioblastoma-bearing mice with 1.0 mg/kg
dexamethasone twice per day for 3 consecutive days before CSF outflow measurement (Figure
6.6 A). Dynamic imaging of tracer transport to blood (Figure 6.6 B) showed that CSF outflow
improved after dexamethasone treatment. The transit time was shorter (36.94±8.67 vs.
49.3±6.19 min, p=0.019, Figure 6.6 C) and more tracer reached blood 60 min after tracer
infusion (1,526±943.4 vs. 419.8±178 min, p=0.027, Figure 6.6 D). The area covered by tracer
at the tumor side was increased (1.818±0.537 vs. 1.067±0.646, p=0.044, Figure 6.6 E)
indicating improved influx through penetrating arteries. There was also slightly more tracer in
the draining lymph nodes (left dcLN, 17,521±12,933 vs. 7,118±5,711 counts, p=0.122; right
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dcLN, 21,842±8,295 vs. 12,270±11,295 counts, p=0.14; left mLN, 7,648±7,454 vs.
3,516±1,847 counts, p=0.26; right mLN, 14,509±11,505 vs. 6,627±5,771 counts, p=0.19;
Figure 6.6 F).

Figure 6.6 CSF outflow is improved after Dexamethasone treatment. (A) Scheme showing the
time course of the tumor study. (B) Saphenous vein signal enhancement plots of PBS treated
control mice and tumor mice with tracer injected in ventricle. Solid line indicates mean, dashed
lines indicate SD. (C) Quantification of transit time. (D) Quantification of signal enhancement at 60
mins. (E) Quantification of the tracer coverage percentage at the non-injection site (tumor site). (F)
Quantification of tracer signal in LNs.

6.4 Discussion
In this study, we performed tracer injections into the brain parenchyma and the CSF of
glioblastoma-bearing mice and normal controls and imaged the tracer transport to blood and
the signal intensity in CNS draining lymph nodes. Using these techniques, we found that the
outflow of brain fluid decreases in glioblastoma-bearing mice. The paravascular pathway was
also impaired with the growth of glioblastoma, as the influx of CSF from the SAS through
penetrating arteries was significantly reduced. AQP4 expression was not detectable in tumor
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mass and AQP4 polarization was disrupted in the tumor periphery. Importantly, treatment with
dexamethasone largely improved the outflow of the CSF.
While it has been suggested that the brain edema of glioblastoma patients is caused by BBB
disruption and increased blood vessel leakage (Dietrich et al., 2011), the results of the current
study indicate that impaired fluid outflow may also play a critical role. In mice, CSF flows out
of the skull using perineural routes through foramina in the skull and is drained by lymphatic
vessels to the cervical and mandibular lymph nodes (Ma et al., 2017b). The high intracranial
pressure might compress the perineural space (Binder et al., 2004; Soler et al., 1998) and the
massive waste produced in glioblastoma, including dead neuron cells or/and tumor cells, could
also accumulate in the perineural spaces, thus occluding the CSF outflow. In our study, we
observed that the paravascular pathways were totally impaired in the ipsilateral hemisphere of
the glioblastomas. This observation is line with the previous findings in the unilaterally induced
vasogenic edema in cats. They injected horseradish peroxidase (HRP) in the CSF and found
there was little tracer present in the ipsilateral hemisphere of the edema, even in the normal
tissue at more distant sites (Blaumanis et al., 1990). This suggest brain edema induced by
glioblastomas contribute to impairment of the outflow pathway. Accumulation of fluid in the
cranium might in turn accelerate the development of the edema. The disruption of AQP4
polarization has been reported to impair the function of the paravascular pathway in aging and
traumatic brain injury conditions (Iliff et al., 2014; Kress et al., 2014). In the glioblastomabearing brains, AQP4 expression was not detectable in tumor mass and AQP4 polarization was
disrupted in the tumor periphery, which might also explain the impairment of paravascular
pathways in the glioblastomas. However, the detailed mechanism of AQP4 depolarization still
needs to be investigated.
Impaired outflow leads to chronic accumulation of toxic proteins, solutes, pro-inflammatory
cytokines and chemokines, which may accelerate glioblastoma progression. Additionally, the
transport of tumor antigens to draining lymph nodes might also be largely reduced,
compromising the activation and proliferation of anti-tumor T cells, which would provide the
glioblastoma an immune-privileged environment facilitating progression.
In a recent study, we found that outflow of CSF occurs predominantly through lymphatic
vessels, and by dynamic imaging of the posterior facial vein that collects blood from the
transverse sinus in mice, we excluded a direct route from CSF to blood (Ma et al., 2017b).When
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we injected the tracer into the parenchyma or lateral ventricle of non-tumor bearing mice or
into the contralateral hemisphere of glioblastoma-bearing mice, the transport of tracer to blood
also showed a delay followed by a steady signal increase in the blood over time, which is the
typical pattern for lymphatic uptake (Proulx et al., 2017). This finding indicates that direct
routes to blood also do not appear to be active for macromolecular tracers in the parenchyma
of the brain, which may be expected considering the tight junctions that are present at the BBB.
However, even when injected into the tumor mass, an even longer delay of tracer transport to
the blood was found and barely any tracer was present in the systemic blood at 60 min. This
indicates that despite an extended blood vessel network, increased blood vessel leakage and
disrupted BBB resulting in edema and increased intracranial pressure (Jain et al., 2007), brain
fluid outflow in glioblastoma is still predominantly, if not exclusively, through lymphatic
vessels. In most types of cancers, distant metastasis is the major cause of tumor-related deaths.
In contrast, glioblastoma rarely metastasizes outside of the skull. When metastasis does occur,
cervical lymph nodes are the most commonly reported extracranial site (Ates et al., 2003;
Wallace et al., 1996; Wassati et al., 2016), which provides further evidence that the CSF
outflow is through lymphatic vessels. Reduced CSF outflow in glioblastoma in turn could
provide a potential explanation for the rare incidence of extracranial metastases.
It is of interest that in both control and glioblastoma-bearing mice, the tracer signal in the
ipsilateral lymph nodes was much higher compared with the contralateral nodes when the tracer
was infused into the brain parenchyma. This finding is in line with a report that tracers injected
into the left cerebral ISF preferentially drain to lymph nodes on the left sides (Szentistvanyi et
al., 1984) and indicates that ISF might partially flow directly out of the skull to lymphatics
without joining the CSF.
Dural lymphatic vessels were recently re-discovered (Absinta et al., 2017; Aspelund et al.,
2015; Louveau et al., 2015) and have been proposed to be responsible for the drainage of
macromolecules and cells from the CSF and brain ISF. However, in our recent study (Ma et
al., 2017b), under normal conditions, we were not able to observe any apparent tracer uptake
into the dural lymphatic vessels within the skull near the superior sagittal sinus and the
transverse sinus or near the optic nerve at several time points after infusion. Moreover, a
previous study found the presence of horseradish peroxidase in dural lymphatic vessels of the
cat only under high injection pressures, indicating that physical disruption of the arachnoid
barrier must occur in order for CSF to reach the dura mater tissue (Butler et al., 1983b). In
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glioblastoma, intracranial pressure increases due to leaky blood vessels and the arachnoid
barrier could potentially be disrupted due to invasive tumor growth and/or tumor-associated
inflammation (Cuddapah et al., 2014), which might give CSF or ISF access to the dura mater.
Despite this, we could not observe any apparent tracer uptake into dural lymphatic vessels in
glioblastoma-bearing mice. Since lymphangiogenesis is commonly seen in tumor-draining
lymphatics in many cancer types (Karaman and Detmar, 2014; Stacker et al., 2014) and since
the dural lymphatic vessel network was reported to be responsive to VEGFC/VEGFR3
modulation (Aspelund et al., 2015; Louveau et al., 2015), we assessed whether we might detect
an expansion of the dural lymphatic vessel network by glioblastomas. We did not observe any
changes of dural lymphatic vessels, indicating that the dural lymphatic vessels may not be
related to the progression of glioblastomas, in agreement with previous findings that the
expression of pro-lymphangiogenic factors was not high in glioblastomas (Jenny et al., 2006).
Dexamethasone is given to glioblastoma patients to reduce the brain edema. However, the
effects of dexamethasone on the cell growth in glioma models have remained controversial and
corticosteroids treatments have ever been reported to compromise survival in glioblastoma
patients (Pitter et al., 2016). Our finding that dexamethasone improved the brain fluid outflow
leads further support for its application. Since bevacizumab has also been reported to exert an
anti-edema effect in glioblastoma patients, it will be of great interest to investigate whether it
might improve the brain fluid outflow. Theoretically, there is a potential risk to increase
extracranial metastasis by improving the fluid outflow from the CNS, similar to the effects of
enhanced lymphatic vessel drainage in peripheral tumors (Karaman and Detmar, 2014; Stacker
et al., 2014). However, given the rather short survival time upon diagnosis, this might not be a
major concern in glioblastoma patients.
In conclusion, our study reveals that outflow of brain fluid is reduced in glioblastoma. Thus,
brain edema in brain tumor patients might not only be due to the breakdown of the BBB, but
might concomitantly also be caused by compromised fluid outflow through lymphatic vessels.
Therefore, treatments that potentially increase brain fluid outflow may be worthy of further
study. Despite increased intracranial pressure and blood vessel leakage, the predominant
outflow pathway of CNS fluid still occurred through lymphatic vessels, indicating the
importance of lymphatic system in physiological and pathological conditions of the brain.

6.5 Material and Methods
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Mice
All mouse experiments were approved by the Kantonales Veterinäramt Zürich (license number
185/13 and 161/16). Female C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) and
Prox1-GFP mice (Choi et al., 2011) on the C57BL/6J background were kept under specific
pathogen-free conditions and used for experimental studies at the age of 8 weeks. After
completion of the imaging experiments, the mice were euthanized with an overdose of
anesthesia (1,000 mg/kg ketamine; 3.5 mg/kg medetomidine).
Cell line
GL261 glioblastoma cells were maintained in DMEM supplemented with l-glutamine, 10%
FBS and penicillin/streptomycin under standard culture conditions (37°C, 5% CO2).
Intracranial implantation of GL261 glioblastoma cells
C57BL/6J mice were injected with 0.1 mg/kg buprenorphine (Temgesic, Reckitt Benckiser
AG, Switzerland) subcutaneously. After 30 mins, the mice were anesthetized by inhalation of
2.5% isoflurane and fixed in a stereotaxic frame (RWD, San Diego, CA) with a heating pad
(37°C). 1 cm cut was made on the head skin to expose the skull between the eyes. The skull
was thinned with a dental drill (RWD) at a location 2 mm lateral and 1.5 mm caudal to the
bregma. 20,000 GL261 cells were suspended in 2µL PBS and injected at the speed of 1 µL/min
into the right striatum at a depth of 3 mm from the skull surface with a 26G needle. The needle
was left in place for 2 minutes and then slowly removed while observing if any significant
backflow occurred. The injection hole was closed with bonewax (ETHICON) and the skin over
the skull was sutured. The mice were observed in a cage with heating pad at 37°C until they
recovered fully.
MRI and glioblastoma volume calculation
In vivo measurements of the tumor volume were performed with a 4.7 T animal magnetic
resonance imaging (MRI) system (Pharmascan 47/16, Bruker BioSpin GmbH, Ettlingen,
Germany) using a head surface coil. The mice were anesthetized by inhalation of 2.5%
isoflurane and injected with the contrast agent Dotarem (1.5 µL/g, Guerbet, 0.5 mmol acidum
gadotericum) subcutaneously. The mice were stereotactically fixed and the body temperature
was maintained at 37°C. A rapid acquisition with relaxation enhancement (2D TurboRARE)
sequence was used with the following parameters: echo time/ repetition time=36/2200 ms, rare
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factor=8, BW=50 kHz, FOV 15 mm × 15 mm, matrix 256 × 256, slice thickness=0.5 mm, 13
slices, 6 averages, scan time=5 min 16 sec. The scans were analysed and three dimensions of
glioblastoma were manually measured using the MIPAV (Medical Image Processing, Analysis
and Visualization) software (Version 7.4.0, NIH). The glioblastoma volume was calculated as
4/3π*x/2*y/2*z/2. This noninvasive assessment of tumor volume was used to exclude mice
with either very small or large tumors when grouping the animals for the treatment study.
Infusion of tracers into lateral ventricle or parenchyma
For lateral ventricle infusion, mice were anesthetized (80 mg/kg ketamine; 0.2 mg/kg
medetomidine) and fixed in a stereotaxic frame. The skull was thinned with a dental drill at a
location 0.95 mm lateral and 0.22 mm caudal to the bregma. A 33G steel needle was inserted
into the right lateral ventricle 2.35 mm ventral to the skull surface. 2.5 µL of 200 µM P40D680
tracer (Proulx et al., 2013a) was then infused at a speed of 1 µL/min with a syringe pump
(Stoelting, Wood Dale, IL). The needle was left in place for 2.5 minutes and then slowly
removed while observing if any significant backflow occurred.
For intraparenchymal infusion, mice were anesthetized and fixed as above. The skull was
thinned with a dental drill at a location 2 mm lateral and 2.5 mm caudal to the bregma. A 33G
steel needle was inserted 2 mm deep from the skull surface. 1 µL of 500 µM P40D680 tracer
was then infused at a speed of 0.2 µL/min with a syringe pump (Stoelting, Wood Dale, IL).
The needle was left in place for 2.5 minutes and then slowly removed while observing if any
significant backflow occurred.
Dynamic NIR imaging of CNS fluid outflow
For noninvasive imaging of tracer signals in the blood (Proulx et al., 2017), fur above the
saphenous vein region was removed with a razor and depilation cream before the ventricular
infusion. After removal of the needle from the skull, the mice were quickly positioned under a
Zeiss StereoLumar.V12 stereomicroscope with AxioVision software (Carl Zeiss, Feldbach,
Switzerland) and a Photometrics Evolve 512 camera (Photometrics, Tuscon, AZ) in a supine
position on a heating pad to retain body temperature. The autofluorescence signal in the GFP
channel was used to position the saphenous blood vessels at 25× zoom. Dynamic imaging was
initiated 5 minutes after completion of the ventricle infusion and 15 minutes after completion
of the cisterna infusion by acquisition of a sequence of images (1 image every 15 s for 55 min)
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with a Cy5 filter set to monitor the NIR signal of the saphenous vein. Exposure time and camera
gain settings were 200 ms and 200, respectively.
Assessment of transport to blood
Using AxioVision software, a circular region of interest with a radius of 100 µm was placed
over the saphenous vein on the acquired videos. Using the Measure Profile function, a table of
fluorescence intensity in counts versus time was exported into Microsoft Excel. Since there
was a loss of signal at the beginning of the scans due to photobleaching of tissue
autofluorescence, baseline intensity in counts was calculated as an average signal of the lowest
ten consecutive imaging frames. This baseline intensity was then subtracted from the
fluorescence intensity values in order to plot fluorescent signal enhancement versus time in
minutes. For quantification of tracer transport to the blood, two assessments were made from
the data of signal enhancement versus time. These were the NIR fluorescent signal
enhancement value in counts at t=60 min and the transit time in minutes of the arrival of tracer
to the blood circulation (set at a threshold of 100 counts of signal enhancement).
In situ analysis of brain fluid outflow and lymphatic outflow
Images of P40D680 tracer signal on the surfaces of the brain and in the submandibular and
deep cervical lymph nodes were acquired with a Zeiss AxioZoom V16 microscope and a
QImaging OptiMOS sCMOS camera (QImaging, Surrey, Canada), combined with the lightemitting diode illumination system pE-4000 (CoolLED Ltd, Andover, UK). To compare
signals, images of the lymph nodes were acquired at identical zoom factors (25×) and exposure
times (200 ms). Images of the total brain surface were acquired at 11.2× and exposure times of
200 ms, and the zoomed-in images were acquired at 20× and exposure times of 20 ms. Images
of dural lymphatic vessels were acquired at 40× and exposure time 20 ms.
Brain sections
Mouse brains were dissected and fixed in 4% PFA at 4°C overnight. A section of the brain
between 1 mm cranial and 1 mm caudal to the needle insertion site was cut out by razor blade
and imbedded with 2% low melt agarose (BIO-RAD 161-3113). Cross sections were made
from the dorsal to ventral side at a thickness of 100 µm with a vibrating blade microtome (Leica
VT1000 S). The sections were either directly imaged for P40D680 tracer spread in the
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paravascular space with a Zeiss AxioZoom V16 microscope or were processed for
immunofluorescence staining.
Immunofluorescence staining and image analysis
The brain sections were rinsed with PBS and subsequently blocked in PBS with 0.2% BSA, 5%
donkey serum and 0.3% Triton-X100 (blocking solution). Primary antibodies suspended in
blocking solution were incubated at room temperature for 2 h or at 4°C overnight, followed by
extensive washing and incubation with secondary antibodies. The antibodies used were antiCD31 (rat clone MEC 13.3, BD 550274), aquaporin 4 (rabbit polyclonal, Millipore AB2218)
and glial fibrillary acidic protein (GFAP, chicken polyclonal, Millipore AB5541). Images were
taken on a Zeiss Axioskop 2 mot plus with a 10× objective, or a Zeiss LSM880 upright confocal
microscope at 20× or 63×. Image analysis was performed using ImageJ (NIH).
Statistics
All analyses were performed using GraphPad Prism V5.0 (GraphPad Software, San Diego,
CA). All data are presented as mean±SD. Means of two groups were compared using a twotailed unpaired student’s t-test. The other types of test performed are indicated in the figure
legends. p<0.05 was accepted as statistically significant.
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7 Conclusions and outlook
In this dissertation, we investigated the involvements of lymphatic vessels in secondary distant
tumor metastasis and in fluid outflow from the CNS. We found that lymphatic vessels play a
pro-metastatic role, supporting the distant metastatic growth and promoting the secondary
metastasis to other distant organs. Furthermore, we established that lymphatic vessels, contrary
to the commonly accepted route through arachnoid villi, play a predominant role in the outflow
of CSF. CSF flows along the perineural sheaths out of the skull through the foramina and
reaches the lymphatic vessels. In aged mice, the CSF lymphatic flow is significantly decreased.
Similarly, in glioblastoma, the fluid outflow from the CNS is significantly reduced and this
reduction can be improved by dexamethasone treatment which is commonly used to treat brain
edema.
Lymphangiogenesis at the sites of distant metastasis: a prognostic factor and
a potential therapeutic target for late-stage cancer patients with distant organ
metastasis
In many types of cancers, lymphatic density, VEGF-C expression levels and incidence of
lymphatic invasion at the primary tumor site, correlate with poor patient outcome and have
been suggested as prognostic markers (Dieterich and Detmar, 2016; Stacker et al., 2014). Our
study (Chapter 4) for the first time reveals that lymphangiogenesis is also induced at sites of
distant metastasis. As in the primary tumors, the lymphatic density and the incidence of
lymphatic invasion in and around the metastases in the lung correlated with poor outcome in
melanoma patients. Thus, lymphatic expansion at distant metastatic sites could potentially
serve as a new prognostic factor in late-stage melanoma patients with distant organ metastases.
In our retrospective study, lymphatic density and the incidence of lymphatic invasion in the
metastasis-bearing lung correlated with the presence of metastasis in the lung-draining lymph
nodes of melanoma patients. Using a transgenic mouse model with inducible VEGF-C
expression and increased lymphangiogenesis in the lung, we found increased growth of
experimental melanoma metastases in the lung and more metastasis in further distant organs in
both a melanoma and a breast cancer model. Additionally, in lungs with expanded lymphatics
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after VEGF-C overexpression, the incidence of lymphatic invasion was stronlgy increased and
the weight of the draining lymph nodes was also significantly increased. These results indicate
that increased lymphatic vessel density at metastatic sites, especially in combination with
lymphatic invasion, facilitates further lymphatic spread of metastatic cells from established
metastases.
Our finding could provide a possible explanation for the contradiction between the diagnostic
and therapeutic relevance of sentinel lymph nodes, which means that although secondary
metastasis from tumor-draining lymph nodes might occur in several types of tumor (Gundem
et al., 2015; Naxerova et al., 2017), surgical resection of sentinel lymph nodes did not improve
the overall survival rate (Faries et al., 2017; Galimberti et al., 2013; Giuliano et al., 2011). In
our study (Chapter 4), increased growth of metastatic nodules was observed in the lungs with
expanded lymphatics, indicating that lymphatic vessels at distant metastatic sites might exert a
"trophic" effect to directly promote proliferation or to support stem-like properties of nearby
metastatic cells. Thus, the presence of sentinel lymph node metastasis might simply reflect the
capability of disseminated tumor cells to induce lymphangiogenesis, which might
independently promote progression at distant sites.
In the lungs with VEGF-C overexpression, we observed an increase in the percentage of
regulatory T cells and a decrease in the percentage of CD8+ T cells under steady-state
conditions. This immunosuppressive microenvironment might protect metastatic tumor cells
from anti-tumor immunity. This finding is in line with other recent studies (Christiansen et al.,
2016; Lund et al., 2012). It would be highly interesting to study how VEGF-C exerts its
immunosuppressive function, either directly or through activation of LECs. In K14-VEGFC
mice, which overexpress VEGF-C in epidermal keratinocytes, the antigen-presentation
capacity was reduced due to the suppression of dendritic cell maturation. While VEGF-C
showed no direct effect on DC maturation, LEC conditioned medium after VEGF-C
stimulation induced an immature phenotype in DCs (Christiansen et al., 2016). Immature
dendritic cells have the ability to prime naïve T cells to differentiate into regulatory T cells
(Dhodapkar et al., 2001; Jonuleit et al., 2000). This indicates that VEGF-C might exert its
functions to regulate T cells through LECs. However, the detailed mechanisms still need to be
investigated.
Lymphatic vessels: the predominant players in fluid outflow from the CNS
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It is widely accepted that the outflow of CSF from the SAS occurs predominantly through
arachnoid villi that project into the dural venous sinuses (Davson and Segal, 1996; Pollay, 2010;
Weed, 1914). In our study (Chapter 5), after infusion of tracers into a lateral ventricle, we
quantified the transport of tracers to the blood and lymph nodes using noninvasive imaging
techniques. We also monitored the tracer signal in the posterior facial vein, which is the major
venous outflow route for blood from the brain. Based on the results from the experiments above,
we concluded that lymphatic transport is the predominant route for CSF outflow from the SAS
rather than the commonly accepted route through arachnoid villi, which refutes a decades-old
dogma.
To our knowledge, our study (Chapter 5) is the first to characterize in detail the lymphatic
outflow pathways of CSF from the skull in mice. After infusion into a lateral ventricle, tracers
rapidly spread into the SAS, flowed along perineural routes and exited the cranium through
foramina in the skull, where they were taken up by an extensive network of lymphatic vessels
outside the CNS and transported to both mandibular and deep cervical lymph nodes groups.
Several cranial nerves were identified to provide a pathway for tracers to exit the skull. In
addition to verifying the previously reported perineural drainage along the olfactory nerve (CN
I) through the cribriform plate to reach the nasal mucosa and along the optic (CN II) nerve
through the orbit, we revealed that the trigeminal nerve (CN V), the glossopharyngeal (CN IX),
vagus (CN X) and accessory (CN XI) nerves through the jugular foramina and the facial nerve
(CN VII) through the stylomastoid foramina also exhibited a perineural tracer transport pattern.
Importantly, our study (Chapter 5) for the first time demonstrates a reduction of lymphatic
outflow of CSF with aging. This reduction might partially be due to reduced CSF production
and to increased CSF volume with aging. It will be of interest to study whether lymphatic
outflow of CSF will be further decreased in mouse models of Alzheimer’s disease and whether
this functional decline might be associated with the development of amyloid beta plaques. If
so, the lymphatic system may represent a possible new therapeutic target for treating
Alzheimer’s disease, and other CNS related diseases.
We also provided evidence that the fluid outflow from the CNS is significantly decreased in
glioblastoma, as studied by dynamic imaging of the transport of tracers to the blood and to
draining lymph nodes after their infusion into the brain (Chapter 6). After treatment with
dexamethasone, which is used in glioblastoma patients to reduce the brain edema, the fluid
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outflow was significantly improved. This suggests a tight connection between the pathogenesis
of brain edema and the fluid outflow from the CNS. The high intracranial pressure caused by
brain edema might compress the perineural space (Binder et al., 2004; Soler et al., 1998) and
the massive waste produced in glioblastoma could accumulate in the perineural spaces, thus
occluding the CSF outflow. Impaired outflow might in turn accelerate the development of the
brain edema. With the development of glioblastoma, the paravascular pathway became
impaired. The influx of CSF from the SAS through penetrating arteries was significantly
reduced. AQP4 expression was not detectable in the tumor mass and AQP4 polarization was
disrupted in the tumor periphery. The reduced fluid efflux due to an impaired paravascular
pathway likely increased the brain water content and enhanced the brain edema, revealing a
potential contribution the reduced fluid outflow to the brain edema (Plesnila, 2017). However,
it still not clear to what extent brain edema and intracranial hypertension contribute to the
reduction of fluid outflow. Thus, it will be highly interesting to study the correlation of brain
edema and intracranial pressure with fluid outflow. For this purpose, the degree of brain edema
could be detected by the brain water content (% brain water content=100×(wet weight–dry
weight)/wet weight) (Plesnila, 2017) and the intracranial pressure could be measured by noninvasive techniques (Krieg and Ille, 2017).
The impaired fluid outflow in glioblastoma leads to the possible chronic accumulation of toxic
proteins, solutes, pro-inflammatory cytokines and chemokines, which may accelerate
glioblastoma progression. Additionally, the reduction of the transport of tumor antigens to the
draining lymph nodes might compromise the activation of anti-tumor immunity, providing an
immune-privileged environment for the glioblastoma to progress. Thus, besides reducing the
headache and increasing life quality, measures to improve the fluid outflow might also inhibit
tumor progression.
To assess the changes in fluid outflow (Chapter 6), we performed tracer infusions both into a
lateral ventricle (CSF) and into the brain parenchyma (ISF). In both control and glioblastomabearing mice, when tracers were infused into the brain parenchyma, the tracer signal in the
ipsilateral lymph nodes was much higher compared with the contralateral nodes. This finding
is in line with a previous report (Szentistvanyi et al., 1984) which indicated that ISF might
partially flow directly out of the skull to the lymphatics without mixing with CSF. However,
the outflow pathway of ISF is not fully clear. The ISF outflow is highly related to the clearance
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of toxic proteins and the pathogenesis of neurological disorders, thus, it will be of great interest
to characterize the outflow pathway of ISF in detail.
In conclusion, we revealed the involvement and essential role of lymphatic vessels in the
process of distant organ metastasis and the fluid outflow from the CNS under physiological
conditions, ageing and in glioblastoma. These findings indicate that therapeutic strategies
targeting lymphatic vessels might be beneficial for patients with highly metastatic cancers and
for patients with neurological disorders.
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