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In recent years, 2 major discoveries have modified the traditional understanding of the brain. First, meningeal lymphatic vessels
(MLV) were found in the dural sinus, which may absorb and drain cerebrospinal fluid (CSF). Second, the glymphatic system was
discovered, composed of para-arterial CSF influx channel, paravenous interstitial fluid (ISF) efflux channel, and the water channel
aquaporin-4 (AQP4) in astrocytes connecting the 2 channels. Accumulating evidence demonstrates that the lymphatic system of
the brain plays a vital role within the circulation of CSF and, therefore, in the removal of metabolites. Therefore, it is involved in
the incidence and development of some central nervous system (CNS) diseases. The optic nerve and retina are the extension of the
CNS in the orbit. Whether they have a lymphatic system and how they clear the metabolites of the optic nerve and retina are still
unclear. Recent studies have found that the ocular lymphatic system has a crucial impact on bounding eye diseases, like disorders
of the optic nerve and retina. Therefore, here we review the recent research progress concerning the structure and function of
MLV and glymphatic system. We also discuss the biomarkers for identification of lymphatic vessels, the composition of ocular
lymphatic systems, and the possible association with diseases.

1. Introduction

Many neurologic diseases and disorders affect vision, caus-
ing various ocular symptoms, demonstrating association
between the brain and the eye. There have been studies
reported that visual hallucinations are a core feature of
dementia with Lewy bodies [1]. Armstrong found that visual
problems are associated with traumatic brain injury [2].
However, the connection between the brain and the eye is
not clear. In recent years, discoveries in the brain and ocular
lymphatic systems have linked them.

Lymphatic system consists of lymphatic vessels, lym-
phatic organs, and lymphatic tissues. It is concerned within

the removal of metabolites from most organs and tissues of
the body and plays a vital role in maintaining tissue homeo-
stasis and function [3]. Lymphatic vessels are pathways
made from lymphatic endothelial cells (LECs) that resemble
blood vessels in structure. Unlike blood vessels, lymphatic
vessels discharge excess interstitial fluid (ISF), which enters
the terminal lymphatic vessels to form lymphatic fluid,
which passes through the lymph nodes and returns to
venous circulation [4]. When lymphatic vessels are injured,
lymphatic backflow is blocked, the body compensates inade-
quately, and edema is formed [5].

Previous studies have recommended that there is no
lymphatic system in the brain. As a result, the brain has
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historically been thought to eliminate metabolites primarily
in 2 ways: the first is through the blood-brain barrier into
the blood circulation, and the second is through diffusion
into the cerebrospinal fluid (CSF) circulation. However,
studies have shown that these 2 ways are tough to efficiently
take away metabolites with low diffusion constant and large
molecular weight generated by brain tissue [6]. How the
brain rapidly and efficiently excretes metabolites is an
unsolved question in neuroscience. In recent years, the dis-
covery of the brain lymphatic system with the glymphatic
system [7] and the meningeal lymphatic vessel (MLV) [8,
9] as the core has answered the above questions. Growing
studies have instructed that the brain lymphatic system plays
a crucial role within the CSF circulation and participates in
the occurrence and development of some central nervous
system (CNS) diseases.

Whether the optic nerve and retina, as extensions of the
CNS, have a lymphatic system and how they function are
still unclear. Recent studies have suggested that the lym-
phatic system also plays an important role in the removal
of metabolites from the optic nerve and retina, suggesting
that it may be involved in the occurrence and development
of the optic nerve and retinal diseases. In this article, we
review recent studies about the structure and function of
MLV and glymphatic systems and describe their biomarkers
as well as relationship with CNS disorders. Besides, the com-
position of ocular lymphatic systems and its association with
ocular diseases are also discussed.

2. Brain Lymphatic System

2.1. Glymphatic System. Glymphatic system is mainly com-
posed of three parts: para-arterial CSF influx channel, para-
venous ISF efflux channel, and the water channel aquaporin-
4 (AQP4) in astrocytes connecting the 2 channels. In 2012,
Iliff et al., of the University of Rochester Medical Center in
the United States, used in vivo imaging technology to dis-
cover for the first time the way in which CSF and ISF
exchange substances and named it the glymphatic system
[7]. In brief, CSF flows into the brain through the para-
arterial space and exchanges with ISF via AQP4; this type
of exchange can drive metabolites and ISF into the parave-
nous space and then into the CSF circulation or directly
through the lymphatic capillaries into the cervical lymphat-
ics (Figure 1).

As important components of the blood-brain barrier
(BBB), astrocytes and AQP4 do not only participate in the
blood-CNS exchange but also play an important role in the
glymphatic system to clear brain metabolites. These cells
are crucial for the formation and function of the glymphatic
system. The team found that knocking out AQP4 in mice
reduced CSF flow to the brain, and the brain solute clearance
rate decreased by about 70% [7]. After labeling CSF with
contrast agents of different molecular weights, dynamic-
enhanced MRI showed that macromolecular contrast agents
(200 000Da) retained more in the perivascular space [7, 10].
These results indicate that the glymphatic system not only
has a certain effect on the removal of brain metabolites but

also has different clearance rates for metabolites with differ-
ent molecular weights.

In addition to their studies in mice, Ringstad et al. [11]
used MRI to study the long-term distribution of tracer-
labeled CSF in the human brain and found that the contrast
agent enters the perivascular space and is then absorbed by
the brain, thus suggesting the existence of the glymphatic
system in the human brain. Raz et al. [12] found in the pro-
cess of thrombectomy in patients with acute ischemic stroke
that the brain absorbed a contrast agents. It also reflects the
existence of the glymphatic system in the human brain from
another side.

2.2. MLV. In addition to the above studies on the glymphatic
system, MLV research has also made great progress in recent
years. As early as the end of the 18th century, Italian doctor
Mascagni proposed that the meninges have lymphatic ves-
sels [13], but his opinion was quickly denied [14]. Almost
a hundred years later, a Swedish anatomist Retzius published
a book called the Studien in der Anatomie des Nervensystems
und des Bindegewebs. He announced that the human brain
had no lymphatic system. Retzius’s book misled the world
for more than 150 years, especially by denying Mascagni’s
correct observations, leading to the ridicule that Mascagni
probably liked the lymphatic system so much that he could
“see” whether it was present or not in his brain. In the
1960s, Foldi et al. [15] described the existence of lymphatic
connections between the CNS and the peripheral system,
which are involved in the excretion of CNS metabolites,
but these findings have been met with skepticism. At the
end of the last century, Li et al. [16] used scanning electron
microscopy and found that there were nonvascular duct
structures in the meninges, but they could not determine
whether the round pores between the mesothelial cells of
the meninges were lymphatic vessels. They believed that it
is part of the lymphatic precapillary system of the brain,
hence the name “meningeal stomata”.

Until 2015, Louveau et al. confirmed the existence of
MLV [8] (Figure 2). The team stained the entire meninges
and found lymphatic vessels that drained CSF into the deep
cervical lymph nodes. These vessels clear the brain of metab-
olites and are responsible for the migration of T cells.
Because of their location in the dura, these lymphatic vessels
are also called dural lymphatic vascular. In the same year,
Aspelund et al. [9] not only found lymphatic vessels in
mouse meninges but also studied the distribution of lym-
phatic vessels in detail and found that the MLV extends
down to the base of the skull along the transverse sinus, sig-
moid sinus, retroglenoid vein, and nasal vein, as well as
branches of the middle and anterior dural arteries. Since
then, researchers have confirmed the existence of MLV in
fish, rats, and nonprimates [17]. Further study found that
although the structure of MLV was similar to peripheral
lymphatic vessels to a certain extent, the structure of MLV
had a certain uniqueness, which was shown as follows: (1)
lack of smooth muscle cells and valve structure, (2) diameter
less than the peripheral lymphatic vessels, and (3) responsi-
ble for the migration of T-lymphoid immune cells [8]. Lohr-
berg and Wilting found that lymphatics can also be found in
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Vessels” published in Nature in 2015 [8]). However, in the
transgenic mouse model with hypoplasia of MLV, the trans-
port of CSF through MLV to cervical lymph nodes is
impaired, resulting in a serious obstacle in the excretion of
macromolecular metabolites [9]. These studies suggest that
whether the structure and function of MLV are normal or
not, to a certain extent, affects the ability of the glymphatic
system to clear brain metabolites. MLV is closely related to
the glymphatic system in structure and function. In addition
to providing a tissue basis for brain immunity, the discovery
of MLV also provides theoretical support for a new meta-
bolic excretion pathway.

2.4. Biomarkers for Identification of Lymphatic Vessels

2.4.1. PDPN. Williams et al. [19] first described PDPN in
1996. It is a highly conserved mucin-type transmembrane
glycoprotein. PDPN is expressed on many normal cells, such
as lung cells, kidney cells, osteocytes, and lymphocytes [19,
20]. PDPN is also expressed in malignant tumors, such as
squamous cell carcinoma, malignant mesothelioma, and
brain tumors. After knockdown of PDPN gene, lymphatic
vessel generation was blocked, indicating that PDPN plays
an important role in lymphatic vessel generation. PDPN
has certain specificity for identifying LECs [21]. Since then,
PDPN has been widely used as a biomarker for LECs in lym-
phoid organs, skin, and lymphatic vessels in the tumor
microenvironment.

2.4.2. LYVE-1. LYVE-1 was first reported by Banerji et al.
[22] in 1999. It is the major receptor for hyaluronic acid
(HA) in LECs. Although studies have found that LYVE-1
is expressed in human scleral perivascular macrophages
[23] and choroidal dendritic cells [24] and macrophages
[25], many researchers believe that it is also one of the most
characteristic markers of LECs.

2.4.3. FOXC2. In 2009, Norrmen et al. [26] found that
FOXC2 is a factor of lymphatic vessel development, which
is involved in the process of lymphatic vessel development.
Phosphorylation of FOXC2 has been found to play an
important role in lymphangioplasty [27]. In addition, studies
have found that lymphedema is associated with FOXC2
mutations, showing its role in lymphoid development

[28–30]. Therefore, this marker is often used in the identifi-
cation of lymphatic vessels.

2.4.4. CCL21. In 1997, Nagira et al. [31] demonstrated that
CCL21 is a chemokine for lymphatic vessel development.
Studies have found that the human skin LECs express
CCL21 [32]. Many researchers have also used CCL21 as a
biomarker of LECs to identify lymphatic vessels.

In MLV studies, researchers often combine several dif-
ferent biomarkers to identify lymphoid tissue more reliably.
Louveau et al. [8] used LYVE-1 and PDPN costaining to
identify MLV, and CD31 and CD3e were used to label
immune cells in MLV to distinguish lymphatic vessels from
blood vessels. Trost et al. [33] used a combination of four
lymphatic biomarkers (LYVE-1, PDPN, FOXC2, and
CCL21) to investigate whether there are lymphatic vessels
in the human optic nerve. When Lohrberg and Wilting stud-
ied the distribution of lymphatic vessels in the head of adult
mice, they used two antibodies, LYVE-1 and PDPN, to reli-
ably identify lymphatic vessels [18].

2.5. Brain Lymphatic System and Diseases. It is currently
believed that the main pathological changes of Alzheimer’s
disease (AD) are the abnormal deposition of β-amyloid
and phosphorylated tau in the brain. It was found that the
elimination rate of β-amyloid protein in knockout mice
decreased after AQP4 was knocked down by gene knockout
technology [7]. More interestingly, comparing the results of
rats of different ages, it was found that the clearance rate of
β-amyloid protein was decreased in aged mice and the nor-
mal distribution of AQP4 in the perivascular space in the
brain was lost [34]. These results suggest that aging leads
to the decline of glymphatic system function and the deposi-
tion of β-amyloid protein in brain, which may be an impor-
tant cause of AD. In addition to the close relationship
between AD and glymphatic system mentioned above,
recent studies have found that MLV in transgenic AD mice
destroyed with verteporfin increased β-amyloid deposition.
However, after intervention with vascular endothelial
growth factor-C (VEGF-C), not only the ability of the dam-
aged brain to clear β-amyloid protein was significantly
improved but also the cognitive dysfunction of mice was
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Figure 3: Connection between the glymphatic system and the MLV. A schematic representation of a connection between the glymphatic
system, responsible for collecting of the interstitial fluids from within the central nervous system parenchyma to cerebrospinal fluid, and
the MLV.
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improved [35]. These studies suggest that MLV may play a
key role in the occurrence and development of AD.

In addition, studies have shown that brain edema may
also be closely related to the glymphatic system. Brain edema
is a pathological change that increases intracellular or inter-
cellular fluid, resulting in increased brain volume, increased
intracranial pressure, and eventually damaged to brain tis-
sue. As important components of both BBB and glymphatic
system, AQP4 and perivascular astrocytic endfeet are
involved in water movement from ISF to blood as well as
CSF. In addition, expression of AQP4 may be necessary for
sustaining astrocytic morphology and growth as knockdown
of AQP4 in astrocyte primary cultures results in altered cell
morphology and impair cell growth, as well as a drastic
reduction in membrane water permeability [36]. Their
abnormalities will not only affect the function of BBB but
also lead to the abnormal transport of glymphatic system,
causing the deposition of metabolites in conditions such as
brain edema and so on [37]. Studies have found that after
AQP4 was knocked down by gene knockout technology,
astrocyte morphology changed and growth was impaired.
Finally brain edema was more severe and mortality was
higher in mice with gene knockout [38]. Futhermore, in
ischemic brain edema such as after acute ischemic stroke,
arterial constriction causes the enlargement of the peripheral
vascular space and increased CSF influx through the glym-
phatic system into the brain, coupled with the abnormal
exchange of CSF-ISF, further aggravating brain edema
[39]. These experiments indicated the importance of AQP4
and astrocyte-involved glymphatic system in brain edema.

3. Ocular Lymphatic System

3.1. Optic Nerve Lymphatic System. The optic nerve is an
extension of the CNS in the orbit. Like the brain, the optic
nerve belongs to a hypermetabolic tissue, and its surround-
ing CSF needs to be continuously updated to maintain the
stability of the structure and function of the optic nerve.
Whether the optic nerve has lymphatic system has not been
clear [40–42]. In 1999, Killer et al. [43] found by electron
microscopy and immunohistochemistry that the optic nerve
sheath has lymphatic vessels. In addition, he used Indian ink
as a tracer of CSF and injected Indian ink into the cisterna
magna and observed that there were ink particles in the lym-
phatic vessels of the optic nerve sheath [43], suggesting that
the lymphatic vessels of the optic nerve sheath could drain
CSF. Recently, Aspelund et al. [9] and Ma et al. [44] also
used CSF tracing technology and found that MLV gathered
around the optic nerve and followed the nerve out of the
skull. Further studies revealed that CSF tracers injected into
the subarachnoid space were drained through the optic
nerve to periorbital tissues and cervical lymph nodes [45].

In addition, the relationship between the optic nerve and
the glymphatic system has also aroused attention (Figure 4).
CSF was labeled with different molecular weights of contrast
agents. Immunofluorescence was used to detect the presence
of glymphatic system in the optic nerve of mice. Markers
below 70 kDa were found to enter the optic nerve paren-
chyma through the glymphatic system [46]. These results

suggest that the glymphatic system plays a role in CSF circu-
lation and substance transport in the optic nerve and is
related to the molecular weight of substances. In the same
year, Wostyn et al. [47] used Indian ink as a tracer of CSF
in the subarachnoid space of the optic nerve and observed
the cross section of the optic nerve with a light microscope
and found that Indian ink accumulated in the perivascular
space of the optic nerve. The results showed that there was
a perivascular space in the human optic nerve. However,
they did not study its function and significance, which need
to be further elucidated.

3.2. Retinal Lymphatic System. The retina is also an exten-
sion of the CNS in the orbit, which has physiological and
anatomical similarities with the brain [48]. The retina is
the most metabolically active part of the eye, and despite
its high metabolism, it is traditionally believed to lack lym-
phatic drainage [49]. In recent years, some researchers have
proposed that the retina also has the glymphatic system [50,
51]. Using tracer imaging, the researchers found that there
were also perivascular spaces around the branches of the
central retinal vessels, which were similar in structure to
the perivascular spaces of the brain glymphatic system.
Moreover, AQP4 is highly expressed in retinal glial cells
[52]. These studies suggest that the retina may have a glym-
phatic system and hypothesize that this system contributes
to the removal of metabolites produced by the retina [53].

3.3. Ocular Surface Lymphatic System. In 1999, Gausas et al.
[54] described the conjunctival lymphatics by enzymatic his-
tochemical staining combined with morphological charac-
teristics. Thereafter, Sugar et al. [55] and Singh [56]
confirmed the presence of conjunctival lymphatics by sub-
conjunctival injection of trypan blue.

In addition to the above studies of conjunctival lymphat-
ics, corneal and scleral lymphatics have also been studied.
Using transmission electron microscopy, researchers found
that lymphangiogenesis existed in some corneal tissues of
patients after alkali burn, and these lymphangiogenesis had
typical structural features of lymphatic vessels.

Researchers made preliminary detection of lymphatic
vessels in human sclera and found that no LYVE-1
(+)/PDPN (+) lymphatic vessels were detected in the sclera
but only LYVE-1 (+)/CD68 (+) macrophages were detected,
suggesting that human sclera lacks lymphatic vessels [23].
Whether the human sclera has lymphatic vessels needs fur-
ther study.

3.4. Ocular Lymphatic System and Diseases. Glaucoma is the
first irreversible and blinding eye disease in the world and its
pathogenesis is unclear [57]. Recent studies suggest that the
glymphatic system may be involved. In glaucoma mice and
glaucoma patients, Mathieu et al. [58] and Boye et al. [59]
found that tracer-labeled CSF was reduced to enter the optic
nerve through the glymphatic system.

Many retinal diseases can produce macular edema, the
pathogenesis of which is not fully understood. In recent
years, studies have found that the glymphatic system exists
in the retina of rodents [50–52]. Further studies found that
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the expression of AQP4 was decreased in the macular region
of diabetic patients while the expression of AQP4 was
enhanced outside the macular region [53]. Some researchers
have speculated that macular edema may be the result of
metabolites deposited in the retina after the glymphatic sys-
tem is destroyed [53].

4. Summary

MLV and the glymphatic system play an important role in
brain material exchange and metabolite removal, which have
shown great value and significance in the study of CNS dis-
eases such as AD and subarachnoid hemorrhage. The lym-
phatic system of the optic nerve, retina, and other parts
has also made preliminary progress. These advances provide
new ideas and directions for recognizing the pathogenesis of
some optic nerve diseases, glaucoma, and macular edema,
which is worthy of attention of brain neurologists and
ophthalmologists.

Conflicts of Interest

All authors declare no competing interests.

Authors’ Contributions

Y.X. and L.C. contributed equally to this work.

Acknowledgments

This study was funded by the Open Project of National
Facility for Translational Medicine (Shanghai)
(TMSK02021-103), the National Basic Research Program
of China (973 Program) (No. 2015CB554103), and the
Department of Science and Technology of Sichuan Province,
China (2020YFSY0044). We acknowledge all the individuals
who generously shared their time and effort for this study.

References

[1] C. A. Maurage, M. M. Ruchoux, R. de Vos, A. Surguchov, and
A. Destee, “Retinal involvement in dementia with Lewy bodies:

a clue to hallucinations?,” Annals of Neurology, vol. 54, no. 4,
pp. 542–547, 2003.

[2] R. A. Armstrong, “Visual problems associated with traumatic
brain injury,” Clinical & Experimental Optometry, vol. 101,
no. 6, pp. 716–726, 2018.

[3] G. A. Secker and N. L. Harvey, “VEGFR signaling during lym-
phatic vascular development: from progenitor cells to func-
tional vessels,” Developmental Dynamics, vol. 244, no. 3,
pp. 323–331, 2015.

[4] M. Loukas, S. S. Bellary, M. Kuklinski et al., “The lymphatic
system: a historical perspective,” Clinical Anatomy, vol. 24,
no. 7, pp. 807–816, 2011.

[5] Y. S. Yoon, T. Murayama, E. Gravereaux et al., “VEGF-C gene
therapy augments postnatal lymphangiogenesis and amelio-
rates secondary lymphedema,” The Journal of Clinical Investi-
gation, vol. 111, no. 5, pp. 717–725, 2003.

[6] S. T. Proulx, “Cerebrospinal fluid outflow: a review of the his-
torical and contemporary evidence for arachnoid villi, peri-
neural routes, and dural lymphatics,” Cellular and Molecular
Life Sciences, vol. 78, no. 6, pp. 2429–2457, 2021.

[7] J. J. Iliff, M.Wang, Y. Liao et al., “A paravascular pathway facil-
itates CSF flow through the brain parenchyma and the clear-
ance of interstitial solutes, including amyloid β,” Science
Translational Medicine, vol. 4, no. 147, p. 147ra111, 2012.

[8] A. Louveau, I. Smirnov, T. J. Keyes et al., “Structural and func-
tional features of central nervous system lymphatic vessels,”
Nature, vol. 523, no. 7560, pp. 337–341, 2015.

[9] A. Aspelund, S. Antila, S. T. Proulx et al., “A dural lymphatic
vascular system that drains brain interstitial fluid and macro-
molecules,” The Journal of Experimental Medicine, vol. 212,
no. 7, pp. 991–999, 2015.

[10] J. J. Iliff and M. Nedergaard, “Is there a cerebral lymphatic sys-
tem?,” Stroke, vol. 44, 6 Suppl 1, pp. S93–S95, 2013.

[11] G. Ringstad, L. M. Valnes, A. M. Dale et al., “Brain-wide glym-
phatic enhancement and clearance in humans assessed with
MRI,” Insight, vol. 3, no. 13, 2018.

[12] E. Raz, S. Dehkharghani, M. Shapiro et al., “Possible empirical
evidence of glymphatic system on computed tomography after
endovascular perforations,” World Neurosurgery, vol. 134,
pp. e400–e404, 2020.

[13] F. Bucchieri, F. Farina, G. Zummo, and F. Cappello, “Lym-
phatic vessels of the dura mater: a new discovery?,” Journal
of Anatomy, vol. 227, no. 5, pp. 702-703, 2015.

CSF production
CSF infux

CSF/ISF exchange
Lymphatic drainage

1 2 3 4

2
3

4

Figure 4: Diagram of the circulation of the ocular lymphatic system.

6 BioMed Research International



[14] I. K. Lukić, V. Glunčić, G. Ivkić, M. Hubenstorf, and
A. Marušić, “Virtual dissection: a lesson from the 18th cen-
tury,” The Lancet, vol. 362, no. 9401, pp. 2110–2113, 2003.

[15] M. Földi, A. Gellért, M. Kozma, M. Poberai, Ö. T. Zoltán, and
E. Csanda, “New contributions to the anatomical connections
of the brain and the lymphatic system,” Acta Anatomica
(Basel), vol. 64, no. 4, pp. 498–505, 2004.

[16] J. Li, J. Zhou, and Y. Shi, “Scanning electron microscopy of
human cerebral meningeal stomata,” Annals of Anatomy,
vol. 178, no. 3, pp. 259–261, 1996.

[17] N. I. Bower, K. Koltowska, C. Pichol-Thievend et al., “Mural
lymphatic endothelial cells regulate meningeal angiogenesis
in the zebrafish,” Nature Neuroscience, vol. 20, no. 6,
pp. 774–783, 2017.

[18] M. Lohrberg and J. Wilting, “The lymphatic vascular system of
the mouse head,” Cell and Tissue Research, vol. 366, no. 3,
pp. 667–677, 2016.

[19] M. C. Williams, Y. Cao, A. Hinds, A. K. Rishi, and
A. Wetterwald, “T1 alpha protein is developmentally regulated
and expressed by alveolar type I cells, choroid plexus, and cil-
iary epithelia of adult rats,” American Journal of Respiratory
Cell and Molecular Biology, vol. 14, no. 6, pp. 577–585, 1996.

[20] S. Breiteneder-Geleff, K. Matsui, A. Soleiman et al., “Podopla-
nin, novel 43-kd membrane protein of glomerular epithelial
cells, is down-regulated in puromycin nephrosis,” The Ameri-
can Journal of Pathology, vol. 151, no. 4, pp. 1141–1152, 1997.

[21] V. Schacht, M. I. Ramirez, Y. K. Hong et al., “T1alpha/podo-
planin deficiency disrupts normal lymphatic vasculature for-
mation and causes lymphedema,” The EMBO Journal,
vol. 22, no. 14, pp. 3546–3556, 2003.

[22] S. Banerji, J. Ni, S. X. Wang et al., “LYVE-1, a new homologue
of the CD44 glycoprotein, is a lymph-specific receptor for hya-
luronan,” The Journal of Cell Biology, vol. 144, no. 4, pp. 789–
801, 1999.

[23] S. L. Schlereth, B. Neuser, A. Caramoy et al., “Enrichment of
lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1)-
positive macrophages around blood vessels in the normal
human sclera,” Investigative Ophthalmology & Visual Science,
vol. 55, no. 2, pp. 865–872, 2014.

[24] F. Schroedl, A. Brehmer, W. L. Neuhuber, F. E. Kruse, C. A.
May, and C. Cursiefen, “The normal human choroid is
endowed with a significant number of lymphatic vessel endo-
thelial hyaluronate receptor 1 (LYVE-1)-positive macro-
phages,” Investigative Ophthalmology & Visual Science,
vol. 49, no. 12, pp. 5222–5229, 2008.

[25] K. Birke, E. Lütjen-Drecoll, D. Kerjaschki, and M. T. Birke,
“Expression of podoplanin and other lymphatic markers in
the human anterior eye segment,” Investigative Ophthalmology
& Visual Science, vol. 51, no. 1, pp. 344–354, 2010.

[26] C. Norrmén, K. I. Ivanov, J. Cheng et al., “FOXC2 controls for-
mation and maturation of lymphatic collecting vessels through
cooperation with NFATc1,” The Journal of Cell Biology,
vol. 185, no. 3, pp. 439–457, 2009.

[27] K. I. Ivanov, Y. Agalarov, L. Valmu et al., “Phosphorylation
regulates FOXC2-mediated transcription in lymphatic endo-
thelial cells,” Molecular and Cellular Biology, vol. 33, no. 19,
pp. 3749–3761, 2013.

[28] D. N. Finegold, M. A. Kimak, E. C. Lawrence et al., “Truncat-
ing mutations in FOXC2 cause multiple lymphedema syn-
dromes,” Human Molecular Genetics, vol. 10, no. 11,
pp. 1185–1189, 2001.

[29] S. Michelini, D. Degiorgio, M. Cestari et al., “Clinical and
genetic study of 46 Italian patients with primary lymph-
edema,” Lymphology, vol. 45, no. 1, pp. 3–12, 2012.

[30] M. A. van Steensel, R. J. Damstra, M. Heitink et al., “Novel
missense mutations in the FOXC2 gene alter transcriptional
activity,” Human Mutation, vol. 30, no. 12, pp. E1002–
E1009, 2009.

[31] M. Nagira, T. Imai, K. Hieshima et al., “Molecular cloning of a
novel human CC chemokine secondary lymphoid-tissue che-
mokine that is a potent chemoattractant for lymphocytes and
mapped to chromosome 9p13,” The Journal of Biological
Chemistry, vol. 272, no. 31, pp. 19518–19524, 1997.

[32] L. A. Johnson and D. G. Jackson, “Inflammation-induced
secretion of CCL21 in lymphatic endothelium is a key regula-
tor of integrin-mediated dendritic cell transmigration,” Inter-
national Immunology, vol. 22, no. 10, pp. 839–849, 2010.

[33] A. Trost, C. Runge, D. Bruckner et al., “Lymphatic markers in
the human optic nerve,” Experimental Eye Research, vol. 173,
pp. 113–120, 2018.

[34] B. T. Kress, J. J. Iliff, M. Xia et al., “Impairment of paravascular
clearance pathways in the aging brain,” Annals of Neurology,
vol. 76, no. 6, pp. 845–861, 2014.

[35] S. Da Mesquita, A. Louveau, A. Vaccari et al., “Functional
aspects of meningeal lymphatics in ageing and Alzheimer's
disease,” Nature, vol. 560, no. 7717, pp. 185–191, 2018.

[36] J. Badaut, S. Ashwal, and A. Obenaus, “Aquaporins in cerebro-
vascular disease: a target for treatment of brain edema?,” Cere-
brovascular Diseases, vol. 31, no. 6, pp. 521–531, 2011.

[37] I. C. M. Verheggen, M. P. J. van Boxtel, F. R. J. Verhey, J. F. A.
Jansen, and W. H. Backes, “Interaction between blood-brain
barrier and glymphatic system in solute clearance,” Neurosci-
ence and Biobehavioral Reviews, vol. 90, pp. 26–33, 2018.

[38] W.W.Wang, C. L. Xie, L. L. Zhou, and G. S. Wang, “The func-
tion of aquaporin4 in ischemic brain edema,” Clinical Neurol-
ogy and Neurosurgery, vol. 127, pp. 5–9, 2014.

[39] L. Lin, X. Hao, C. Li et al., “Impaired glymphatic system in sec-
ondary degeneration areas after ischemic stroke in rats,” Jour-
nal of Stroke and Cerebrovascular Diseases, vol. 29, no. 7,
article 104828, 2020.

[40] S. S. Hayreh, “Pathogenesis of oedema of the optic disc,” Doc-
umenta Ophthalmologica, vol. 24, no. 2, pp. 289–411, 1968.

[41] J. R. Ehrlich, J. Peterson, G. Parlitsis, K. Y. Kay, S. Kiss, and
N. M. Radcliffe, “Peripapillary choroidal thickness in glau-
coma measured with optical coherence tomography,” Experi-
mental Eye Research, vol. 92, no. 3, pp. 189–194, 2011.

[42] T. Brinker, W. Lüdemann, D. Berens von Rautenfeld, and
M. Samii, “Dynamic properties of lymphatic pathways for
the absorption of cerebrospinal fluid,” Acta Neuropathologica,
vol. 94, no. 5, pp. 493–498, 1997.

[43] H. E. Killer, H. R. Laeng, and P. Groscurth, “Lymphatic capil-
laries in the meninges of the human optic nerve,” Journal of
Neuro-Ophthalmology, vol. 19, no. 4, pp. 222–228, 1999.

[44] Q. Ma, B. V. Ineichen, M. Detmar, and S. T. Proulx, “Outflow
of cerebrospinal fluid is predominantly through lymphatic ves-
sels and is reduced in aged mice,” Nature Communications,
vol. 8, no. 1, p. 1434, 2017.

[45] M. Pollay, “Overview of the CSF dual outflow system,” Acta
Neurochirurgica. Supplement, vol. 113, pp. 47–50, 2012.

[46] E. Mathieu, N. Gupta, A. Ahari, X. Zhou, J. Hanna, and Y. H.
Yücel, “Evidence for cerebrospinal fluid entry into the optic

7BioMed Research International



nerve via a glymphatic pathway,” Investigative Ophthalmology
& Visual Science, vol. 58, no. 11, pp. 4784–4791, 2017.

[47] P. Wostyn, H. E. Killer, and P. P. De Deyn, “Glymphatic stasis
at the site of the lamina cribrosa as a potential mechanism
underlying open-angle glaucoma,” Clinical & Experimental
Ophthalmology, vol. 45, no. 5, pp. 539–547, 2017.

[48] A. London, I. Benhar, and M. Schwartz, “The retina as a win-
dow to the brain–from eye research to CNS disorders,” Nature
Reviews. Neurology, vol. 9, no. 1, pp. 44–53, 2013.

[49] L. Chen, “Ocular lymphatics: state-of-the-art review,” Lym-
phology, vol. 42, no. 2, pp. 66–76, 2009.

[50] Y. Yucel and N. Gupta, “Lymphatic drainage from the eye: a
new target for therapy,” Progress in Brain Research, vol. 220,
pp. 185–198, 2015.

[51] A. K. Denniston and P. A. Keane, “Paravascular pathways in
the eye: is there an 'ocular glymphatic system'?,” Investigative
Ophthalmology & Visual Science, vol. 56, no. 6, pp. 3955-
3956, 2015.

[52] X. Wang, N. Lou, A. Eberhardt et al., “An ocular glymphatic
clearance system removes β-amyloid from the rodent eye,” Sci-
ence Translational Medicine, vol. 12, no. 536, 2020.

[53] A. Daruich, A. Matet, A. Moulin et al., “Mechanisms of macu-
lar edema: beyond the surface,” Progress in Retinal and Eye
Research, vol. 63, pp. 20–68, 2018.

[54] R. E. Gausas, R. S. Gonnering, B. N. Lemke, R. K. Dortzbach,
and D. D. Sherman, “Identification of human orbital lymphat-
ics,” Ophthalmic Plastic & Reconstructive Surgery, vol. 15,
no. 4, pp. 252–259, 1999.

[55] H. S. Sugar, A. Riazi, and R. Schaffner, “The bulbar conjuncti-
val lymphatics and their clinical significance,” Transactions
American Academy Ophthalmology Otolaryngology, vol. 61,
no. 2, pp. 212–223, 1957.

[56] D. Singh, “Conjunctival lymphatic system,” Journal of Cata-
ract and Refractive Surgery, vol. 29, no. 4, pp. 632-633, 2003.

[57] B. Hohberger, U. Schlötzer-Schrehard, C. Mardin et al.,
“Inhibitory and agonistic autoantibodies directed against the
β2-adrenergic receptor in pseudoexfoliation syndrome and
glaucoma,” Frontiers in Neuroscience, vol. 15, article 676579,
2021.

[58] E. Mathieu, N. Gupta, L. A. Paczka-Giorgi et al., “Reduced
cerebrospinal fluid inflow to the optic nerve in glaucoma,”
Investigative Ophthalmology & Visual Science, vol. 59, no. 15,
pp. 5876–5884, 2018.

[59] D. Boye, M. Montali, N. R. Miller et al., “Flow dynamics of
cerebrospinal fluid between the intracranial cavity and the
subarachnoid space of the optic nerve measured with a diffu-
sion magnetic resonance imaging sequence in patients with
normal tension glaucoma,” Clinical & Experimental Ophthal-
mology, vol. 46, no. 5, pp. 511–518, 2018.

8 BioMed Research International


	Progress on Brain and Ocular Lymphatic System
	1. Introduction
	2. Brain Lymphatic System
	2.1. Glymphatic System
	2.2. MLV
	2.3. The Relationship between the Glymphatic System and the MLV
	2.4. Biomarkers for Identification of Lymphatic Vessels
	2.4.1. PDPN
	2.4.2. LYVE-1
	2.4.3. FOXC2
	2.4.4. CCL21

	2.5. Brain Lymphatic System and Diseases

	3. Ocular Lymphatic System
	3.1. Optic Nerve Lymphatic System
	3.2. Retinal Lymphatic System
	3.3. Ocular Surface Lymphatic System
	3.4. Ocular Lymphatic System and Diseases

	4. Summary
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments



