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Abstract: The glymphatic system and meningeal lym-
phatics have recently been characterized. Glymphatic sys-
tem is a glia-dependent system of perivascular channels,
and it plays an important role in the removal of interstitial
metabolic waste products. The meningeal lymphatics may
be a key drainage route for cerebrospinal fluid into the
peripheral blood, may contribute to inflammatory reaction
and central nervous system (CNS) immune surveillance.
Breakdowns and dysfunction of the glymphatic system and
meningeal lymphatics play a crucial role in age-related
brain changes, the pathogenesis of neurovascular and
neurodegenerative diseases, as well as in brain injuries and
tumors. This review discusses the relationship recently
characterized meningeal lymphatic vessels with the glym-
phatic system, which provides perfusion of the CNS with
cerebrospinal and interstitial fluids. The review also pre-
sents the results of human studies concerning both the
presence of meningeal lymphatics and the glymphatic
system. A new understanding of how aging, medications,
sleep and wake cycles, genetic predisposition, and even
body posture affect the brain drainage system has not only
changed the idea of brain fluid circulation but has also
contributed to an understanding of the pathology and
mechanisms of neurodegenerative diseases.
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cells; meningeal lymphatics.

Introduction

The lymphatic system is a blindly closed, unidirectional
system for transporting interstitial fluid (ISF) from the
intercellular space into the venous bed. This system pen-
etrates almost all human tissues and consists of lymph
nodes, lymphatic vessels, and lymphatic capillaries.
Lymphatic drainage contributes significantly to tissue fluid
homeostasis and immune surveillance by helping to
remove excess ISF, macromolecules, and immune cells
from the intercellular space back into the bloodstream
(Schulte-Merker et al. 2011). The lymph movement begins
with blindly closed capillaries, and then the flow enters the
lymph vessels and lymph nodes ending in the right
lymphatic and thoracic ducts (Aspelund et al. 2016).

The lymph movement process through the vessels is
provided by the ISF pressure gradient, compression of the
lymphatic vessels by the surrounding contracting mus-
cles, arterial pulsation, as well as by the presence of uni-
lateral semilunar valves and a muscular layer in the
collecting lymph vessels (Zawieja 2009). The lymphatic
system is characterized by a number of different endo-
thelial markers, including vascular endothelial growth
factor receptor 3 (VEGFR-3), lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE-1), related homeobox 1
(PROX-1), podoplanin (PDPN), cluster of differentiation 31,
chemokine ligand 21 (CCL21) - which play an important
role in identifying lymphatic vessels (Kong et al. 2017;
Norrmén et al. 2011).

The central nervous system (CNS) is previously
believed to be devoid of lymphatic vessels. Indeed, despite
having a complex circulatory system, the CNS lacks a
lymphatic system that could contribute to parenchymal
immune traffic, fluid drainage in the brain. Thus, the
question arises: how is the CNS effectively cleared of
cellular waste products and maintains fluid and tissue
homeostasis in the absence of a functional lymphatic or
drainage network?

However, recent studies of intracranial clearance
showed the presence of meningeal lymphatic vessels, and
the glymphatic pathway for the ISF and cerebrospinal
fluid (CSF) drainage (Aspelund et al. 2015; Iliff et al. 2012;
Jessen et al. 2015; Louveau et al. 2015b). These new results
demonstrate the existence of a complex and integrated
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system of CSF and ISF drainage pathways and their role in
brain cleansing. A better understanding of the role of
meningeal lymphatics and the glymphatic system, their
interaction, could play a crucial role in understanding and
treating many neurodegenerative diseases, age-related
brain changes, traumatic brain injuries, circulatory dis-
orders, and tumors (Da Mesquita et al. 2018; Kress et al.
2014; Ma et al. 2017). Body posture and sleep are also
known to play a role in the proper functioning of the sys-
tem (Fultz et al. 2019; Lee et al. 2015; Xie et al. 2013). In this
review, we discuss the latest results of these studies.

Methods

A review of the literature was performed to identify current knowledge
surrounding the glymphatic system, its visualization by magnetic
resonance imaging (MRI) in animals and humans, localization, and
function of meningeal lymphatic vessels, their connection with
glymphatic system, as well as novel findings surrounding their role in
the immunity and pathophysiology of neurodegenerative disease.

The review was performed using the PubMed database. PubMed
was searched with the following search terms: ([{meningeal lym-
phatics} OR {dural lymphatics} AND {disorders}] OR [lymphatic ves-
sels]) OR ([glymphatic system] AND [brain drain]) OR ([glymphatic
system] AND [sleep]) OR ([glymphatic system] AND [disorders]) OR
([glymphatic system] OR [meningeal lymphatics] AND [immunity] OR
[antigen]). The primary search yielded 315 items. The references of
sources found were also reviewed. The search was limited to English
manuscripts.

Glymphatic system

Extracellular brain fluids are blood, CSF, and ISF. ISF is
formed from fluid and metabolites that are secreted from
the tissue and capillaries, partially from the CSF. CSF is
thought to secrete in all brain ventricles, then circulates the
brain and spinal cord, and absorbed into the bloodstream
through arachnoid granulations (Davson and Segal 1996).
The CSF circulation issue, its interaction with ISF, and the
role in the brain lymphatic drainage system has been the
subject of intensive study over the past decades.

The first attempt to study the issue was the glymphatic
system theory (Iliff et al. 2012; Jessen et al. 2015). According
to this theory, the CSF movement occurs in perivascular
spaces delimited between the vessel wall on the inner side
and the astrocytic end-feet and the pia mater with the
external side. The high concentration of aquaporin chan-
nels (AQP4) contained in the terminal sections of the
astrocytic end-feet, the influence of pulse wave of arteries,
provide a CSF-ISF exchange. Then mixed fluid with the

products of neuronal activity leaves the parenchyma along
with the perivenous spaces.

Because of the similarity of functions of the given
system with peripheral lymphatic system functions, and
also the participation of glial cells in its work the term
“glymphatic system” has been offered by the group of
researchers from Rochester University led by Dr. Maiken
Nedergaard in 2012.

This system is important for delivering nutrients
throughout the brain, such as glucose, lipids, amino acids,
various growth factors, and neuromodulators. Neverthe-
less, the main role of the glymphatic system is in the
elimination of CNS tissue products. The first scientist to
describe perivascular spaces in the brain in 1843 was
Durand Fardel. Then R. Virchow and Ch.-Ph. Robin
described these microscopic spaces as channels in 1851
and 1859, respectively (Kwee and Kwee 2007;Woollam and
Millen 1955). Perivascular spaces are believed to connect
subarachnoid space (SAS) to the brain parenchyma,
thereby providing a pathway for the CSFmovement and its
exit from the CNS (Hannocks et al. 2018; Iliff et al. 2012).
One of the first references of the CNS perivascular pathway
appeared in a study on the horseradish peroxidase injec-
tion into the lateral ventricles and SAS of the cat’s and
dog’s brains. The authors observed a rapid spread of the
introduced substance – within 4–10 min. Moreover, the
authors suggested that the unidirectional tracer movement
is mediated by the pulsation of the penetrating arteries
(Rennels et al. 1990, 1985). It was shown that extracellular
markers introduced into the rat brain CSF spaces can
penetrate into the perivascular spaces of blood vessels near
the ventricular wall (Brightman 1965; Brightman and Reese
1969). In study (Ichimura et al. 1991), the authors injected
radioiodinated serum albumin into the arterial and venous
perivascular space on the brain surface as well as into the
rat’s cerebral cortex and SAS and confirmed that peri-
vascular spaces can serve as channels for fluid exchange
within the brain. It is worth noting that there is currently no
consensus about perivascular spaces: scientists debate
both their location and the perivenous space presence
(Fayeye et al. 2010; Pollock et al. 1997; Zhang et al. 1990).

It should be noted that in modern literature the terms
“perivascular” and “paravascular” are used sometimes
interchangeably. This is partly because there is still no
clear anatomical understanding of the nature of these
spaces and whether they differ from each other.

In 2008, Carare et al. showed that tracer molecules
injected into themouse corpus striatumappear in the basal
membranes of brain capillaries and smooth muscle cells of
the arterial membrane. Based on these results, the authors
put forward an alternative concept for ISF circulation – the
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paravascular hypothesis. According to this hypothesis,
interstitial waste is drained from the brain between the
basement membrane (BM) of smooth muscle cells of
the arterial tunica media. The ISF flows in the direction of
the cervical lymph nodes (CLNs) in the opposite blood flow
direction (Carare et al. 2008). That hypothesis was
confirmed by other researchers in later works (Abbott 2013;
Arbel-Ornath et al. 2013; Morris et al. 2016).

However, the fluid flow direction in paravascular and
perivascularmodels is controversial. Part of the divergence
is due to methodological differences in research: the par-
avascular flow was caused by experiments with the tracer
introduction directly into the brain parenchyma, and the
perivascular flow was observed after tracer injection in to
CSF (Bakker et al. 2016). Some researchers believe the
introduction of the indicator violates the pressure and
volume of the brain fluid, which in turn leads to flow
direction differences (Hladky and Barrand 2014).

Morris and colleagues proposed a model of bidirec-
tional fluid movement in the brain: CSF inflow via the
glymphatic pathway and ISF outflow via the paravascular
pathway (Morris et al. 2016). Other studies (Coloma et al.
2016; Sharp et al. 2016) have confirmed this concept,
assuming that the orientation of BM structures and the
heart pulse wave reflection at the artery branch points may
play a role in this reverse transport process.

The aquaporin water channels (AQP4) are another
important component of the glymphatic system. Iliff et al.
demonstrated significant suppression of both the CSF
perivascular influx and the interstitial clearance of amy-
loid-β using AQP4 KOmice and fluorescent amyloid-β (Iliff
et al. 2012). In 2014, researchers showed that the AQP4
gene deletion in mice exacerbates lymphatic dysfunction
after a traumatic brain injury and also contributes to the
development of neurofibrillary pathology and neuro-
degeneration in the post-traumatic brain (Iliff et al. 2014).
Similar results were obtained by Plog et al. (Plog et al.
2015). A study using MRI showed that the use of the
TGN-073 facilitator for AQP4 enhances the ISF transport
from glia to the pericapillary space (Huber et al. 2018).

Glymphatic system visualization

MRI allows the entire brain to be examined at once. Iliff et al.
were the first to use dynamic contrast-enhanced MRI to
visualize the CSF-ISF exchange in the rat brain after intra-
thecal administration of a paramagnetic contrast agent. The
periarterial CSF inflow, the molecular-dependent exchange
between CSF-ISF, as well as inflow sites in the pituitary and
pineal gland were visualized (Iliff et al. 2013). The study of

glymphatic system functions was also performed by intra-
venous injections of a gadolinium-based contrast agent to
rats. It was shown that the gadodiamide distribution in the
cerebral cortex and deep cerebellar nuclei depends on both
blood and CSF flow (Taoka et al. 2018). This work also
assessed the gadolinium residual concentration in the rat
brain after repeated gadolinium intravenous administration
at different times of the day (morning or evening) and
different levels of anesthesia (no, short- and long-term). The
results showed the gadolinium concentration in the brain in
the morning injection group was significantly lower than in
the late injection group. The lowest gadolinium concentra-
tion was found in the group administered the substance in
the morning under long-term anesthesia. These results can
be explained by higher glymphatic system clearance after
morning injection and reduced glymphatic system activity
after injection in the late afternoon. Gaberel et al. usingMRI,
it was shown that subarachnoid hemorrhage and the acute
phase of ischemic stroke lead to serious disorders of the
glymphatic system (Gaberel et al. 2014).

The development of glymphatic system clinical imag-
ing methods contributes not only to the visualization and
quantitative determination of the CSF flow but also makes
it possible to create fractional anisotropy and diffusion
maps to calculate directional diffusion along with peri-
vascular spaces (Dreha-Kulaczewski et al. 2015; Taoka et al.
2017). The MRI of a human brain with intrathecal gado-
linium injection is already used to diagnose CSF leak sites
in patients with intracranial hypotension, normal-pressure
hydrocephalus (NPH) (Akbar et al. 2012; Eide and Ringstad
2015; Ringstad et al. 2017). Ringstad et al. studied CSF
dynamics and glymphatic function in patients with NPH
and the control group using T1-weighted MRI (Ringstad
et al. 2018). In all the subjects, the contrast agent spread
anterograde through the large leptomeningeal arteries on
the brain surface. Signal amplification in the parenchyma
peaked during the night in both groups, although the peak
was higher in patients with NTH. These results may indi-
cate that sleep is critical. A reduced gadolinium clearance
from SAS and a constant signal enhancement in the brain
parenchyma may be signs of a decreased glymphatic sys-
tem clearance in patients with NTH. In the study (Davoodi-
Bojd et al. 2019), the glymphatic system was modeled
based on the kinetics of the Gd-DTPA tracer measured by
MRI to (1) map the glymphatic system path, (2) derive
kinetic parameters of the glymphatic system, and (3) pro-
vide quantitative maps of the structure and function of this
system. The results of this model exhibit sensitivity to
diabetic and control animals and show increased clearance
time and binding of tracers in diabetes mellitus compared
with control animal brain. In addition, glymphatic system
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disorders are associated with neurological diseases:
Alzheimer’s disease (Reeves et al. 2020; Van De Haar et al.
2016), small vessel disease (Mestre et al. 2017), diabetes
(Jiang et al. 2017; Naganawa et al. 2017), traumatic brain
injury (Abbott 2013; Jessen et al. 2015; Morris et al. 2016),
and stroke (Goulay et al. 2017; Mestre et al. 2020).

As shown in this section, many diseases and pathol-
ogies hurt the glymphatic system. The development of non-
invasive methods for assessing the glymphatic system
functions in humans will contribute to understanding the
underlying mechanisms of these disorders, and will sub-
sequentlymake amajor contribution to the development of
disease treatment strategies.

Meningeal lymphatic system

Both the brain and spinal cord are known to be protected
by the skull and spinal column skeleton respectively, as
well as meningeal membranes (dura mater, arachnoid
mater, and pia mater).

The supposed meningeal lymphatic system was
described in 1787 by PaoloMascagni (Mascagni 1787). Also,
several isolated lymphatic vessels around the cranial
nerves and dural blood vessels were previously reported
(Furukawa et al. 2008; Killer et al. 1999; Lüdemann et al.
2005). Although in many studies, substances injected into
the parenchyma were observed in extracranial (cervical)
lymphatic vessels (Abbott et al. 2018; Cserr andKnopf 1992;
Cserr et al. 1992) yet the CNSwas considered to be devoid of
a lymphatic system. However, it was only recently, in 2015,
two independent research groups demonstrated that these
previously described vessels are lymphatic at the molecu-
lar and functional levels (Aspelund et al. 2015; Louveau et
al. 2015b). Louveau et al. looked for routes responsible for
the recycling of immune cells. They observed high con-
centrations of immune cells in structures adjacent to the
dural sinuses in the meninges of mice. These structures
provided a positive response to classical lymphatic
markers (PROX-1, LYVE-1, PDPN, VEGFR-3, and CCL21) and
their lymphatic nature was further demonstrated by the
injection of VEGF-C. The second group of scientists showed
the presence of meningeal lymph vessels by examining the
CSF drainage scheme to the CLNs. The authors demon-
strated that lymphatic vessels absorb CSF from the SAS and
ISF through the lymphatic system and then the lymph
vessels transport the fluid to the deep cervical lymph nodes
(dCLNs). Also, in a model of transgenic mice (K14-VEGFR-
3-Ig) with complete aplasia of meningeal lymphatic ves-
sels, a decreased clearance of macromolecules from the

brain and the decreased transport of CSF from the SAS to
the CLNs were shown.

Meningeal lymphatics consist of thin-walled
lymphatic vessels (without valves expressing integrin-α9)
with a non-permanent BM compared to peripheral
lymphatic vessels. Meningeal lymphatic vessels found in
mice are located in proximity to the dural blood vessels and
cranial nerves and exit the cranium through an opening
alongwith venous sinuses, arteries, and nerves. Lymphatic
vessels crossing the cribiform plate with olfactory nerves
are also observed (Aspelund et al. 2015; Louveau et al.
2015b). Since the peripheral lymphatics are responsible for
the regulation of ISF homeostasis and immune surveil-
lance, these basic functions were also evaluated in the
meningeal lymphatics (Lohrberg and Wilting 2016). The
meningeal lymphatic vessels were shown to be able to
absorb macromolecules from brain tissue and drain them
to the CLNs (Antila et al. 2017; Aspelund et al. 2015; Lou-
veau et al. 2015b, 2017). In the study (Maloveska et al. 2018)
was shown the Evans blue movement from the rat SAS
into the meningeal lymphatic vessels and then into the
peripheral lymphatics for 3 h - 12 days. Based on these data,
it can be assumed thatmeningeal lymphatic vessels are the
peripheral lymphatic system extension and the missing
link in the transport of macromolecules from brain tissue
to extracranial lymphatic vessels (Aspelund et al. 2015;
Louveau et al. 2015b).

In 1787, Paolo Mascagni showed the presence of
meningeal lymphatic vessels in the human brain (Mascagni
1787). Later, in 1953, Lecco examined the dura mater of 30
people and found lymphatic structures in four of them
(Lecco 1953). But all these results were not taken into
account, in particular, because of the difficulty in identi-
fying lymphatic vessels in the meninges of the human
brain. Convincing evidence for the existence of lymphatic
vessels in the brain meninges was presented in studies
using animal models. The use of MRI to determine the
meningeal lymphatic vessels in humans is shown (Absinta
et al. 2017; Jani and Sekula 2018). In this study, the presence
of meningeal lymphatics in vivo was confirmed in human
and non-human primates using MRI enhanced with gado-
butrol. The detected lymphatic vessels correspond to mice
meningeal lymphatics andwere found in the area of the SSS
and middle meningeal arteries. The authors suggest the
vessels being visualized are ducts since lymphatic capil-
laries probably won’t be detected on an MRI because of the
size. In a studyof humanbrain autopsy samples,meningeal
lymphatics along the SSSwere also found. Themorphology
of the observed vessels corresponded to the morphology of
peripheral lymphatic vessels (Visanji et al. 2018). CSF
drainage into the CLNs was investigated by MRI, enhanced
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with intrathecal contrast medium. The results of this study
also indicated, in contrast with rodents, a more significant
role of meningeal lymph vessels in humans in CSF draining
into the CLNs than nasal lymph vessels (Eide et al. 2018).
The role of the meningeal lymphatic network in the clear-
ance of interstitial amyloid-β was estimated in the study
(Goodman et al. 2018). The authors demonstrated that
unlike perivascular CSF outflow pathways in Alzheimer’s
patients, amyloid-β is not deposited in or aroundmeningeal
lymph vessels associated with SSS.

Glymphatic-meningeal connection

Based on available data on the glymphatic system and
meningeal lymphatics, it can be assumed that there is a
relationship between them (Figure 1; see also the videoclip
in the online supplementary material). The functional
ability of meningeal lymphatic vessels to carry out the CSF
outflow was studied by Louveau et al. (2015b). Anes-
thetized adult mice were simultaneously injected with
fluorescein intravenously and with fluorescent tracer dye
(QDot655) into the brain ventricles. The lymphatic vessels
filled with QDot655, but not with fluorescein, were visible
along with the SSS and thus carried out the CSF outflow.
Using intracerebroventricular Evans blue dye injections,
the authors showed a link between meningeal lymphatics
and dCLNs. Half an hour after its injection, the dye was

detected in themeningeal lymphatic vessels and the dCLNs
and then in the superficial cervical lymph nodes. Ligation
of the lymphatic vessels above the CLNs showed the dye
absence in the CLNs, and resulted in an increase in
meningeal lymph vessels. Notably, the dye injected into
the nasal mucosa was not identified in the dCLNs, which
means that the meningeal lymph vessels are the primary
CSF drainage pathway to the dCLNs. The connection be-
tween meningeal lymphatics and CLNs also showed in the
works (Antila et al. 2017; Choi et al. 2011; Duarte Torres
et al. 2018; Maloveska et al. 2018; Patel et al. 2019). Ma et al.
examined the main CSF outflow pathways through the
glymphatic system and meningeal lymphatic vessels (Ma
et al. 2017). Using near-infrared tracers developed by this
team and high-resolution stereomicroscopy, the authors
observed the intracerebroventricular mark propagation
along the perivascular pathways of the pia mater and ce-
rebral cortex. Tracers were also found to quickly reach
lymph nodes by perineural pathways through skull holes.
Da Mesquita et al. showed that the glymphatic system
functioning is regulated by meningeal lymphatic function,
suggesting a direct connection between them through
brain fluids without any obvious anatomical connection
(Da Mesquita et al. 2018). Using pharmacological, surgical
and genetic models, scientists showed that decreased
drainage through meningeal lymphatic vessels results in a
CSF flow impairment into the brain. One month after the
pharmacological ablation of meningeal lymphatic vessels,

Figure 1: The glymphatic system drains
cerebrospinal fluid (CSF) and solutes into
the brain via a periarterial pathway, while
interstitial fluid (ISF) and solutes leave the
brain through the perivenous pathway.
CSF can enter the venous bloodstream via
arachnoid granulations, can leave brain
parenchyma by meningeal lymphatics. CSF
macromolecules and immune cells are
transported mainly along the dural
lymphatic vessels into the lymph nodes and
extracranial systemic circulation.
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adult mice were found to be learning and memory deficits
without any detectable effects on the blood vasculature.

Role of AQP4

The AQP4 pore size is ∼0.5 nm (Gutierrez et al. 1995). There
are also gaps between the astrocytes end-feet. Thefluid and
solutes must either seep through the gaps between the
astrocyte end-feet or through the AQP4 to get into the
extracellular space. Due to the development of the glym-
phatic theory, much attention is paid to the study of the
AQP4 role in this mechanism. The issue of gaps between
astrocyte end-feet was investigated in in some studies
(Korogod et al. 2015; Mathiisen et al. 2010). According to
electron microscopy, it was shown that the astrocytic legs
cover almost the entire vascular surface (99.7%), leaving
intercellular spaces of less than 20 nm.

Thin slits (20 nm) located between the astrocytic end-
feet are a highly resistant barrier to the fluid and solute
flow between the perivascular space and the interstitial
space. The AQP4 channels were assumed to represent a
low-resistance path for convection-mediated fluid pene-
tration and AQP4 strong polarization allows cellular
waste and ions to pass through the interstitial and enter
the perivenous space (Iliff et al. 2012). In this research
(Ringstad et al. 2018), perivascular inflow and outflow
were also assumed to have low resistance for CSF-ICF flow
since the width of perivascular spaces is believed to be
orders of magnitude greater than the width of the inter-
stitial space or spaces between the brain cellular struc-
tures. However, glymphatic theory is silent on how solutes
present in ISF pass through the perivascular space,
as AQP4 is unable to transport most solutes, including
macromolecules (Abbott et al. 2018).Mathematicalmodeling
of diffusion and convective transport of fluid into the brain
intercellular space was performed (Jin et al. 2016). The
study showed that the astrocyte end-feet permeability
practically does not affect the speed of convective fluid
transport to the intercellular space, since the resistance to
the water flow through the astrocyte end-feet is greater
than through the gaps between them. Moreover, diffusion
(without convection) is the main solute movement mech-
anism in the brain’s extracellular space. The fact that
diffusion is a more probable mechanism of fluid and solute
movement was also shown in some studies (Asgari et al.
2016; Pizzo et al. 2018;Wolak and Thorne 2013). But, aswas
noted by Semyachkina-Glushkovskaya et al. (Semyach-
kina-Glushkovskaya et al. 2018), if diffusion is the domi-
nant process, then all molecules, depending on their size,
must have individual diffusion coefficients. However, this

was disproved and it was shown the size of molecules does
not influence the rate of their elimination (Cserr et al. 1981;
Ichimura et al. 1991).

It is worth noting that AQP4 plays various roles in the
brain water balance (Badaut et al. 2002), studies in mice
withAQP4 gene deletion showed afluid content increase in
the brain (Haj-Yasein et al. 2011), an intracranial pressure
increase in induced edema (Papadopoulos et al. 2004). All
this shows that AQP4 does play an important role in the
water transport between brain regions. And the mecha-
nisms affecting the transport of fluid and solutes are not yet
fully explored.

CSF outflow mechanism

Arachnoid granulations were first described by Vesalius in
1553 (Vesalius 1553). In 1705, Pacchioni described arach-
noid granulations and reported a connection between the
CSF, arachnoid villi, and the SSS (Pacchioni 1705). In 1875,
Key and Retzius demonstrated that CSF is absorbed by the
arachnoid villi (Key and Retzius 1875). In 1914, Weed
confirmed that arachnoid granulations are important sites
for CSF absorption (Weed 1914). The results of these studies
formed the theory basis that the main CSF absorption place
is arachnoid granulations. This theory is accepted today by
most researchers. The facts questioning this theory are that
venous sinuses in rats appear only 20 days after birth, and
arachnoid villi do not exist prenatally in people and sheep
and appear only after birth, increasing quantitatively with
age (Gomez et al. 1983; Osaka et al. 1980). At the same time,
choroidal plexuses produce CSF from the third month of
pregnancy (Johnston and Papaiconomou 2002). Therefore,
the presence of another pathway for CSF removal is
important, especially in the prenatal period.

It is now recognized that there are other CSF outflow
pathways, in particular, through the peripheral lymphatic
system. The connection between the SAS and the CLNs
in dogs and rabbits was shown by Schwalbe in 1869
(Schwalbe 1869). The CSF absorption through the olfactory
paths, the cribiform plate to the nasal mucosa, the post-
pharyngeal lymph nodes and, finally, to the CLNs was
demonstrated in some studies (Arnold et al. 1973; Jackson
et al. 1979; Szentistvanyi et al. 1984). Johnston and col-
leagues showed a direct connection between CSF spaces
and the lymphatic system of nasal mucosa in primates,
including humans (Johnston et al. 2004). But the lymphatic
system absence in the nasal mucosa was shown in the
research (Lohrberg and Wilting 2016). Gomez et al.
confirmed CSF absorption on the periphery of the optic
nerve in rabbits (Gomez et al. 1988). The existence of CSF
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absorption pathways along the optic nerve was shown in
(De La Motte 1978; Erlich et al. 1989; Vonrautenfeld et al.
1994). Da Mesquita et al. found the presence of multiple
perineural pathways for CSF outflow (Da Mesquita et al.
2018). These outflow pathways to the peripheral lym-
phatics appear to be the main exit pathways for both large
and small tracer molecules introduced into the CSF. The
study (Orešković and Klarica 2010) shows that CSF is pro-
duced and absorbed by all surfaces of the CNS that come
into contact with it. The exact CSF clearance proportion
along each outflow path is not yet known and can adap-
tively vary in response to other outflow paths (Aspelund
et al. 2015; Louveau et al. 2015b). For example, mice born
without meningeal lymphatic vessels do not show changes
in intracranial pressure or brain fluid content (Aspelund
et al. 2015; Louveau et al. 2017). This indicates that CSF
outflow increased along another path to maintaining
overall balance. From the multiplicity of identified outflow
paths, it follows that fluid and solutes can simply leave the
cranial cavity along the low-resistance path.

Location of meningeal lymphatic
vessels

In 2015, two independent research teams discovered the
meningeal lymphatic vessels. They were shown to be
located along the sinuses of the brain, cranial, and spinal
nerves. However, questions remain about their location in
the meninges. Taking into account modern knowledge,
three possible locations of meningeal lymphatic vessels
were proposed. They can be located in the duramater, pass
between the dura mater and arachnoid sheath or penetrate
the SAS (Raper et al. 2016). The location of meningeal
lymphatic vessels along the meningeal arteries and dural
sinuses suggests their dural location; however, it is not
clear how CSF is absorbed from the SAS. Using the mouse
model, input extensions of the meningeal lymphatic ves-
sels were detected, which most likely have a connection
with the SAS (Louveau et al. 2018). But it is not confirmed
whether these vessels completely penetrate the SAS.

Recently it was shown that CSF tracer introduced by
intrathecal injection in a human was detected in the dura
mater between SSS and SAS, called parasagittal dura,
using MRI (Ringstad and Eide 2020). Authors suggested
that parasagittal duramay serve as a link between a human
brain and dural lymphatic vessels. It was found the fissures
in the dura mater between SSS and SAS (Kutomi and
Takeda 2020). Authors suggested that these fissures in the
dura mater adjacent to SSS are assumed to be intradural

channels in the parasagittal dura to function as CSF
drainage pathways in a pig.

Diseases and lymphatic drainage

Aging is known to hurt the function of lymphatic vessels
in peripheral organs (Chevalier et al. 1996). Similarly,
aging is considered an important factor in the regulation
of the brain lymphatic system, since many neurological
conditions are associated with this process (Da Mesquita
et al. 2018; Ma et al. 2017). It is known that the level of
molecular components of the BM of cerebral arteries and
capillaries changes with age (Hawkes et al. 2011). The
authors found a decrease in drainage of low-molecular
dextran, laminin, fibronectin, and perlecan alongwith the
BM of the capillaries and arteries of the hippocampus in
old mice compared to adults and young mice. In 1998,
laminin was found to be an inhibitor of amyloid-β
aggregation and also destabilizes pre-formed amyloid-β
fibrils (Bronfman et al. 1998). Thus, age-related changes in
the brain vasculature can result in the solutes clearance
decrease, in particular, amyloid-β, which leads to its
accumulation in the BM of cerebral vessels (Carare et al.
2008; Lardenoije et al. 2015). To show the impairment
of the glymphatic system efficiency during aging, the
authors examined the transport of intraparenchymally
administered amyloid-β and found that its clearance was
impaired by 40% in old mice compared to young mice
(Kress et al. 2014). The relationship between age-related
changes in AQP4 expression and changes in the drainage
functions of the glymphatic system is expressed in a sharp
CSF-ISF exchange decreasing. Da Mesquita et al. studied
the effect of aging and Alzheimer’s disease on meningeal
lymphatic vessels in three mouse models (Da Mesquita
et al. 2018). The use of various strategies for VEGF-C
delivering in old mice helped to enhance both lymph
drainage to dCLNs and perivascular CSF flow; further-
more, older mice treated with VEGF-C showed improved
results in learning and memory tests. And ablation of
meningeal lymphatic vessels in young-adult transgenic
mice leads to more severe brain amyloid-β pathology,
with significant deposits in the meninges. Notably that a
similar pattern is observed in the dura mater in patients
with Alzheimer’s disease. But in another study conducted
on human autopsy samples, no amyloid-β deposits were
found along the SSS (Goodman et al. 2018). Ligation
of dCLNs in 5-month-old transgenic mice demonstrated
a more severe brain amyloid-β accumulation, neuro-
inflammation, synaptic protein loss, impaired AQP4
polarization, and deficits in cognitive and exploratory
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behavior (Wang et al. 2019). Decreased clearance of
extracellular tau protein from the brain parenchyma in
mice with removed and ligated meningeal lymphatic
vessels was also observed in studies (Cao et al. 2018;
P0atel et al. 2019).

While Alzheimer’s disease is the most common cause
of dementia, a large percentage of neurodegenerative dis-
eases are associated with small vessel disease, including
hypertension. Arteriolosclerosis and vascular wall remod-
eling alter the pulsation of the wall vessels and can
increase backflow and thereby reduce the net flow of CSF
into the perivascular spaces and thus disrupt the glym-
phatic system transport. Confirmation of such hypotheses
was shown in studies on hypertensive rats (Mortensen et al.
2019). One-tissue compartment analysis revealed impeded
Gd-DOTA glymphatic transport, as well as an increase in
the volume of the ventricular system and ventricular reflux
of a Gd-containing contrast, which indicates abnormal CSF
flow dynamics secondary to congenital hydrocephalus.
Similar changes were shown in a mouse model with mul-
tiple microinfarcts caused by the intraarterial injection of
cholesterol crystals (Wang et al. 2017). CSF global flow
violation aggravated with the age of mice along the glym-
phatic pathway was shown. Such changes at the level of
small vessels and the glymphatic system can have a sig-
nificant effect on brain plasticity, as well as on the devel-
opment and course of neurodegenerative and vascular
diseases.

CNS immune privilege

The CNSwas long thought to have immune privilege, which
was partly due to the lymphatic drainage lack from the CNS.
The identification of the meningeal lymphatic vessels and
the glymphatic system has led to an active study of both
drainage and fluid flow through the cerebral parenchyma
and CNS immuneprivilege. The interactionways of immune
surveillance and response are actively discussed and
studied by the world community (Engelhardt et al. 2016;
Louveau et al. 2015a, 2018).

It is now generally accepted that immune cells are
present in the meninges and provide CNS immune sur-
veillance. It was shown that immune cells (T-cells, B-cells,
and dendritic cells) were present in the meningeal
lymphatic vessels under normal conditions Louveau et al.
2015b. It is also likely that meningeal lymphatics is an
important route for antigen-presenting cells (APCs) and
soluble factors from the brain to the dCLNs (Aspelund et al.
2015; Louveau et al. 2015b. This suggests that the

meningeal lymphatic vessels are involved in themovement
of immune cells from the CNS.

However, the pathways of APC penetration and move-
ment in the brain parenchyma are still unknown. It is
assumed that CSF and ISF can carry antigens or APC to pe-
ripheral lymphatics. According to the paravascular
hypothesis, ISF from the CNS parenchyma drains to lymph
nodes along narrow and restricted pathways that include
100–150 nm thick BM in the walls of cerebral capillaries,
arterioles, and arteries (Carare et al. 2008, 2014). It was
shown that particles in the range of 15–1 μminjected into the
cerebral gray matter do not drain along the intramural
pathway but are traced along the outer side of the arteries
and are separated by the glia limitans from the vessel walls
(Carare et al. 2008; Zhang et al. 1995). Therefore, APC
migration from the brain parenchyma with CSF along nar-
row intramural periarterial pathways is extremely unlikely
(Carare et al. 2008, 2014).

Recent studies have demonstrated the glymphatic
system that removes intercellular solutes from the brain
throughCSF-ISF exchange along channels formedbetween
the vein walls and the astrocytic end-feet (Iliff et al. 2012;
Yang et al. 2013). In some studies, the T-cells and APC
outflow from CSF to the dCLNs was demonstrated (Gold-
mann et al. 2006; Hatterer et al. 2006, 2008; Kaminski et al.
2012), and Mohammad et al. proposed a different pathway
for immune cells leaving the brain parenchyma via the
rostral migratory stream (Mohammad et al. 2014). Howev-
er, it is not known whether immune cells can leave the
brain parenchyma by the glymphatic system.

Based on the results of a number of experimental
studies carried out on a mouse model of autoimmune
encephalomyelitis, the following possible ways for the
penetration of encephalitogenic T-cells into the CNS were
proposed (Agrawal et al. 2006; Bartholomaus et al. 2009;
Engelhardt and Ransohoff 2012; Engelhardt et al. 2016;
Schlager et al. 2016): T-cell migration through the lep-
tomeningeal vessels associated with the spinal cord and
brain (Bartholomaus et al. 2009), direct release of T-cells
into the CSF from leptomeningeal microvessels (Schlager
et al. 2016), and penetration of T-cells into the SAS using
CSF from the choroid plexus of the ventricles (Ransohoff
and Engelhardt 2012; Reboldi et al. 2009). It is worth
noting that these penetration routes of T-cells into the CNS
require the passage of the blood-brain barrier and then the
barrier through the glia limitans, which forms a tissue
layer surrounding microvessels in the CNS parenchyma
and forms the CNS surface adjacent to the pia mater and
SAS (Engelhardt et al. 2016).

Despite the data already available, many questions
remain to be answered regarding the functioning of the
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CNS immune system. It remains to be determined the
functions of the meningeal lymphatic vessels at the
molecular level, their role in the regulation of the immune
response in the meninges and the parenchyma of the CNS,
as well as the relationship between meningeal lymphatics
and the general immune system. In addition, the anatom-
ical routes by which APCs take from the CSF and CNS pa-
renchyma to the dCLNs remain to be determined.

Conclusion

In the brain, molecular transport and waste disposal are
accomplished using a brain lymphatic drainage system,
which can be assumed to consist of the glymphatic system,
meningeal lymphatics, drainage paths along with the
perineural spaces, and the paravascular path along with
the BM of the cerebral arteries.

Since this systemwas characterized relatively recently,
there are many unresolved questions regarding its com-
ponents. For example, experiments on the presence of the
paravascular pathway are done ex vivo, which provides
almost no information on the ISF flow dynamics. The
glymphatic component of this system is a glia-dependent
system of perivascular channels, through which CSF pen-
etrates the brain parenchyma,mixes with the ISF, and then
leaves the brain via perivenous pathways (Iliff et al. 2012).
Over the past few years, a large amount of experimental
data has appeared, indicating its role in cleaning and
maintaining brain homeostasis. However, it is still not
clear what physical mechanisms control the transfer of
solutes in the brain parenchyma: what is the relative
contribution of convection and diffusion. Another gap in
knowledge about this component is the issue of fluid
transport into the perivenous space. The discovery of
lymphatic vessels in the mouse brain meninges provides
new information about CSF transport, thereby contributing
to a deeper understanding of brain drainage pathways
(Aspelund et al. 2015; Louveau et al. 2015b). Also, this
discovery lifts the veil of CNS immune privilege: now im-
mune cells are considered to present in the meninges and
provide immune surveillance of the CNS. However, the
mystery of the entire brain lymphatic system is still far from
being fully solved.

The brain lymphatic drainage system is known to be
influenced by aging, sleep and wake cycles, and genetic
factors. The clearance effectiveness depends on various
diseases and pathologies that reduce the elasticity of blood
vessels, negatively affect the brain aquaporin channels
and prevent perivascular flow. Therefore, it is important to
understand not only the mechanisms of removal of solutes

from parenchyma but also to find out the interaction
between the glymphatic and lymphatic systems of the brain.
As it was shown in the works (Fultz et al. 2019; Xie et al.
2013), sleep promotes the spread of substances in the brain,
and therefore it is necessary to take into account the brain
activity state when conducting pharmacological studies.
The discovery and further research of the brain lymphatic
drainage system will undoubtedly contribute to the devel-
opment of techniques and approaches to neuroimaging.
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