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Abstract: Until recently, it was thought that there were no lymphatic vessels in the central nervous
system (CNS). Therefore, all metabolic processes were assumed to take place only in the circulation
of the cerebrospinal fluid (CSF) and through the blood-brain barrier’s (BBB), which regulate ion
transport and ensure the functioning of the CNS. However, recent findings yield a new perspective:
There is an exchange of CSF with interstitial fluid (ISF), which is drained to the paravenous space
and reaches lymphatic nodes at the end. This circulation is known as the glymphatic system. The
glymphatic system is an extensive network of meningeal lymphatic vessels (MLV) in the basal area
of the skull that provides another path for waste products from CNS to reach the bloodstream. MLV
develop postnatally, initially appearing around the foramina in the basal part of the skull and the
spinal cord, thereafter sprouting along the skull’s blood vessels and spinal nerves in various areas of
the meninges. VEGF-C protein (vascular endothelial growth factor), expressed mainly by vascular
DOI: smooth cells, plays an important role in the development of the MLV. The regenerative potential
10.2174/1570159X17666191113103850 and plasticity of MLV and the novel discoveries related to CNS drainage offer potential for the
treatment of neurodegenerative diseases such as dementia, hydrocephalus, stroke, multiple sclerosis,
and Alzheimer disease (AD). Herein, we present an overview of the structure and function of the
glymphatic system and MLV, and their potential involvement in the pathology and progression of
neurodegenerative diseases.
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1. INTRODUCTION

Almost all mammalian tissues have blood and lymphatic
vessels (LV) [1]. In peripheral organs, lymphatic drainage
promotes homeostasis of interstitial fluid (ISF). Immune
surveillance is provided by absorbing waste products,
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macromolecules and immune cells, filtering them in lymph
nodes (LN), and collecting them into the systemic circulation
[1-4]. The brain has high metabolic activity; therefore, it
requires a robust system for moving metabolites. The system
provides drainage from ISF into the cerebrospinal fluid
(CSF) and thence into the venous sinuses and lymphatic ves-
sels of the dura mater [1, 5-8]. The recent discovery of the
meningeal lymphatic system in the dura mater provides an
additional way for the central nervous system (CNS) to con-
nect to the systemic circulation [9].
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Isolated lymphatic vessels pass through skull channels
from the brain and CSF circulates into cervical lymphatic
vessels. Some groups of perivascular and perineural spaces
are means to transport fluid to extracranial LV [10]. The
presence of a functioning lymphatic system in the CNS
means that current postulates about the stability and immune
privileges of the brain need to be reconsidered. The potential
importance of meningeal lymphatic vessels (MLV) in the
etiology and pathogenesis of neurovascular, neuroinflamma-
tory and neurodegenerative diseases, such as Alzheimer’s
disease (AD), dementia, hydrocephalus, stroke, and multiple
sclerosis (MS), is significant.

Systematic, rigorous analysis and integration of currently
available information are first few important steps [1, 6, 11 -
26]. In the present review, we offer a critical analysis of the
literature complemented by our own experiences regarding
the structure and function of the glymphatic system and
meningeal lymphatic vessels, as well as their association
with brain pathologies.

2. GLYMPHATIC SYSTEM, BLOOD-BRAIN
BARRIER (BBB) AND THEIR ROLE IN THE
METABOLISM OF THE CNS

The BBB protects the brain from circulating blood and
potential contaminants [6]. The BBB consists of endothelial
cells that are supported by astrocytes and pericytes, and by
blood vessels [6, 27]. Only lipophilic substances and small
molecules like water and some gases are able to pass through
the BBB via passive diffusion [15-17]. In addition, there is
active transport using carrier proteins for glucose and amino
acids among others [18]. The BBB protects the brain from
ionic changes and maintains an optimal state of the intercel-
lular fluid. Blood-borne substances that cross the BBB can
initiate inflammatory reactions, disrupting the activity of the
CNS [17].

Various studies have shown that aquaporin-4 contained at
the ends of astrocytes helps in the normal redistribution of
CSF during glucose metabolism in neurons [19, 28]. Beta-
amyloid is a polypeptide of 39-43 amino acids that are
formed in normal cells during metabolism and are present in
the blood plasma, cerebral intercellular fluid, ISF, and CSF
[20]. Its concentration in the brain is regulated by the
mechanisms of the inflow and outflow of the fluids [16].
Unbound beta-amyloid can pass through the BBB using re-
ceptors and transporters such as the apical-side endothelial
receptor for advanced glycation end-products (RAGE), ef-
flux transporters P-glycoprotein/ABCB1 and BCRP/ABCG2
[8, 20] (Fig. 1). With respect to neuropathology, several
studies have shown that, for example, the accumulation of
amyloid-beta (Ap), contributes to the development of AD [5,
11, 13-17, 22, 29, 30].

The glymphatic (a portmanteau of glial and lymphatic)
system was first identified in the rodent brain in 2012 [23]. It
supports CSF currents into the brain along with the perivas-
cular arterial spaces and then into the interstitium of the
brain through aquaporin-4 [31] (Fig. 2). The dysfunction of
the glymphatic system may be associated with the influx of
CSF, which depends on arterial pulsation [12, 32]. With an
increased inflow, more solutes are transferred to the perivas-
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cular space, but they cannot leave the space due to the depo-
larization of aquaporin-4 and dysfunction of the glymphatic
system [15]. When this happens, beta-amyloid accumulates
inside the brain and in blood vessels’ walls. This leads to a
narrowing of the perivascular space and, ultimately, com-
plete blockage of the glymphatic system’s cleansing pathway
[8,21,23-39].

2.1. Lymphogenesis

During embryogenesis, the lymphatic system arises from
cells budding off the anterior and posterior cardinal veins,
forming the initial lymphatic network [22]. Lymphatic capil-
laries are thin-walled vessels with blind ends. They are re-
sponsible for the drainage of fluids and consist of a single
layer of lymphatic endotheliocytes, which are not covered by
pericytes, and smooth muscle cells (SMC) [2-4, 39-40]. Un-
like the continuous connections between endothelial cells
(EC) of blood vessels, lymphatic capillaries have specific
intercellular, intermittent connections that are characterized
by parallel linear segments of the vascular endothelial pro-
tein cadherin [29, 39]. The gaps between the endothelium
compounds permit fluids and macromolecules to passively
enter the lumen of the vessel [40-47]. Recently, it was re-
ported that angiopoietin 2 is one of the essential proteins
involved in lymphatic capillary formation [39].

A unique feature of the lymphatic capillary is the possi-
ble absence of a basement membrane. Lymphatic capillaries
are connected to the surrounding tissue by anchor filaments
that are attached to the interstitial collagen fibers. They con-
sist of emilin-1 and fibrillin [1, 41]. These filaments are in-
volved actively in draining excess extracellular fluids: in-
creased interstitial pressure can stretch connective tissue
fibers, fixing filaments and endothelial cells by increasing
the diameter of the lymphatic vessels [41]. Furthermore, im-
pairment of these features can lead to defects in the lym-
phatic system, such as the inhibition of lymphatic drainage,
lymphatic leakage, and the development of lymphedema [41].

At the cellular level, blood and lymphatic endothelio-
cytes have significant importance in the formation of the
new vessels [41]. They both need external stimulation
(through growth factors or cytokines) to form the initial sec-
tion of the vessel, where the cells acquire two different pro-
files: the cells of the endings of the pre-lymphatic capillary
produce numerous filopodia in order to “sense” the growth
factor gradient and direct the growth process to it, and the
cells of the main division, which proliferates to form new
vessels [33-35, 39, 44].

2.2. Anatomy of the Meningeal Lymphatic Vessels

The overall organization of the meningeal lymphatic vas-
cular (MLV) network has several distinctive features. The
anatomical structure of the network is complex and is de-
fined by the periarterial pathways of CSF infusion and
perivenous clearance pathways that are functionally related
to the interstitial currents supported by astrocytic aquaporin-
4 molecules [1, 5-10, 28, 31, 48] (Fig. 3). An MRI study
using a contrast agent demonstrated that humans, monkeys,
and rodents present similar glymphatic pathways and CSF
efflux [4, 10, 24].
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Fig. (1). Amyloid beta (Ap) accumulation and glymphatic tract. By several pathological mechanisms AB accumulates in the central nerv-
ous system. However, A} may leak through via the glymphatic tract from interstitium to lymphatic vessels. It is reported that the role of Aq-
uaporin-4, located in astrocytes, is critical for regulating the A equilibrium in the brain. (4 higher resolution / colour version of this figure is

available in the electronic copy of the article).

In this respect, the glymphatic pathway originates from
the orbital region and passes over the olfactory bulbs, before
reaching the venous sinuses of the hard shell. It covers a
small amount of tissue, forming a network consisting of thin
vessels, which are larger in the transverse sinuses than in the
upper sagittal sinus [1, 5, 6, 9, 10, 23, 24]. Differences in
their structure may reflect the environment in which the ves-
sels are located. For example, the higher pressure of CSF in
the CNS as compared with the pressure of the intercellular
fluid in the peripheral tissues may affect branching of the
vessels and limit their growth [11].

According to experiments on mice, the MLV network is
developed postnatally [10, 33-35]. Its development begins
when the groups of venous endothelial cells in the common
cardinal veins become associated with lymphatic cells [10].
After the formation of the first lymphatic plexus, the subse-
quent expansion of the vascular lymphatic tree occurs mainly
by sprouting branches of previously formed LV, through a
steadily increasing number of lymphatic vessels. Their con-
centration in the plexus contributes to meningeal lympho-
genesis [10, 39-44].

Analyses of the effects of drugs on the meninges at dif-
ferent periods after birth, have shown that the development
of MLV takes place during the first postnatal week. This
occurs concurrently with veins and arteries, and cranial and
spinal nerves. Developing MLV first appears around the
holes for entry and exit of blood vessels and nerves; thus
forming an extensive network with many branches. Forma-
tion ends about 3-4 weeks postnatally [14].

However, MLV have been found in mice prenatally.
They were localized in the skull around the foramen mag-
num and sphenopalatine artery (branches of the internal ca-
rotid artery) [10, 39]. After birth, MLV from the area of the
foramen magnum expand along blood vessels and then con-
nect on the ventral side of the midline with further growth to
the sagittal suture of the skull [11].

Para-sinusoidal MLV develop along the jugular veins and
cranial nerves, which enter the skull through the jugular fo-
ramen. These are associated with deep cervical lymph nodes
[1, 5, 6,9, 10]. In addition, valves were found in these ves-
sels [1]. Basically, the basal distribution of valves in MLV
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Fig. (2). Role of the astrocytes and endothelial cells (EC) in the regulation of AB levels. Astrocytes’ feet surround EC controlling the flux
of metabolites as glucose and avoiding the passage of toxins and detrimental factors through the brain. Interestingly, the AB molecules pro-
duced by neurons may be leak through the astrocytes feet and moved to CSF and blood. The glymphatic system serves as a transport media;
however, the influx of AB to CSF depends on arterial dynamics and Aquaporin-4 depolarization. Dysfunction of the glymphatic system may
lead to unnecessary A accumulation. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

shows that they are exposed to various fluid flows and have
certain functional properties in different areas around the
brain and the spinal cord [24]. Furthermore, these findings
suggest that the growth of intracranial LV along nerves and
blood vessels takes place against the direction of lymph
flows in subsequent functional LV. Intracranial and para-
sinusoidal LV are directed upwards dorsolaterally along the
sigmoid sinus, and then converge along the transverse sinus
to the superior sagittal sinus, extending towards the front of
the skull [11]. LV were discovered in the dura mater cover-
ing the cerebellum in association with the veins branching
from the transverse sinus [10]. In the dura mater, LV are
attached to the frontal bone, covering the olfactory bulb be-
fore the merging of two transverse sinuses into the superior
sagittal. These vessels form the lymphatic network around
the perforated plate, piercing and connecting with the nasal
LV that merge into the deep cervical LV and reaching the
lymph nodes [25, 26, 33-35]. Additionally, extracranial LV
have been found on the ocular orbit after the enucleation of
the eye [24]. In the base of the skull, MLV begin to develop
soon after birth, concentrating around the cranial openings
along the cranial nerves and the associated blood vessels
[10]. By the end of the first month of life, MLV have developed
in all parts of the skull.

3. MLV IN THE SPINAL CORD

Cerebrospinal fluid enters the brain cavity through the
paravascular spaces along the arteries, mixes with the inter-
stitial fluid, and then leaves them through the paravascular
spaces along the veins. The development of MLV in the spi-
nal membranes occurs in the early postnatal period. A simi-
lar pattern of the development is present in the brain. The
cervical, thoracic, and lumbar regions develop in parallel
along the spinal nerves and connect with blood vessels [1].
LV surround a large hole in the skull, connecting with MLV
in the cervical spine [1]. In contrast, MLV do not connect in
the middle with the ventral side of the vertebral canal but
instead are on the dorsal side, forming a connected uniform
pattern throughout the subarachnoid space. Closer to the
caudal region, spinal MLV become elongated, adjusting to
the growing vertebrae [10, 11]. The completed MLV are
connected along the large number of openings on both dorsal
and ventral sides, covering the area of the intervertebral disc
ventrally and intervertebral ligamentous apparatus dorsally
[14]. Finally, MLV depart from the spinal canal laterally
with the spinal nerves and blood vessels [10]. The architec-
tonics of spinal MLV change along the ventral-dorsal and
cranio-caudal axes of the spine, which reflect the functional
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Fig. (3). Meningeal system and lymphatic vessels location in brain. The meningeal system is composed of several layers including Dura
mater, Pia mater, and the Arachnoid layer. Below the Arachnoids (subarachnoid) space, is the cerebrospinal fluid CSF. CSF extends by sev-
eral cisterns and continues to spinal medulla serving as a transport media for metabolites, ions, and waste product removal. Lymphatic ves-
sels participate in the CSF dynamic and serve as drainage media (lymphatic vessel is highlighted by dashed lines). The most important brain
tissue components of the brain are depicted in the figure. (4 higher resolution / colour version of this figure is available in the electronic

copy of the article).

properties of the MLV that are typical for this departure from
the CNS [10, 11, 14, 24].

4. BIOMECHANICAL FACTORS

VEGF-C (vascular endothelial growth factor C), but not
VEGEF-D, is essential for the development of MLV [39, 41-
46]. VEGF-C is expressed by smooth muscle cells (SMC) of
blood vessels located along the direction of the growth of LV
[41]. Numerous co-receptors for VEGFR (vascular endothe-
lial growth factor receptor) have been described, such as
neuropilins, heparan sulfate, integrins, or cadherins [41].
This adds another level of regulation for VEGFR expression
and inhibition through its modulation in time and space [22].
For example, the function group neuropilin (receptors of
semaphorin-1 and 2) has been identified as pivotal factors in
the promotion of VEGFR [26, 33]. Moreover, obstacles in
the interaction of VEGF-C with VEGFR3 (vascular endothe-
lial growth factor receptor-3) worsen the development of

LV, and the removal of VEGFR3 altogether blocks LV de-
velopment. Inhibition of its signaling has been shown to
cause regression of MLV in adult mice [19, 20].

Other findings reveal that matrix metalloproteinases
(MMPs) regulate angiogenesis through the extracellular ma-
trix (ECM) remodelling [26]. Additionally, matrix metallo-
proteinases-2 (MMP-2) is involved in lymphogenesis in both
mice and aquarium fish, controlling the migration of lym-
phatic endothelial cells in the Type 1 collagen matrix by acting
similar to interstitial collagenase [33]. Membrane 1-matrix
metalloproteinase (MT1-MMP), on the contrary, is capable
of splitting the endothelial receptor-1 of hyaluronan in the
lymphatic vessel (LYVE-1) into lymphatic EC and inhibiting
lymphangiogenic reactions mediated by it [26, 33].

Interestingly, in adult mice, lymphatic vessels regressed

after VEGF-C removal. Its excess, to the contrary, induced
meningeal lymphogenesis [22]. Growth of MLV may occur
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in response to VEGF-C gene transfer without affecting blood
vessels [9, 10, 42-44]. In addition, VEGF-C, which is neces-
sary for the development of LV, was most prevalent among
the SMC of blood vessels of the pituitary and pineal gland.
These glands are the most vascularized in the brain [34].
Moreover, VEGF-C’s ability to induce the growth of vessels
is known to stimulate the contractile activity of smooth myo-
cytes around the gathering LV [10].

Finally, regarding the expression of genes responsible for
the development of BBB, it is known that non-coding single-
nucleotide polymorphism in aquaporin-4 affects the cogni-
tive and functional progression of AD [36, 49]. These com-
bined results suggest the importance of VEGF-C and aq-
uaporin-4 in the development of MLV and BBB.

5. DISEASES ASSOCIATED
DRAINAGE SYSTEMS

People with dementia have increased BBB permeability.
Disturbances caused by the weakening of dense contacts
between endothelial cells may appear not only in old age but
also at other stages of life [27, 49-63].

WITH  BRAIN

Pathology, like AD, is a result of the accumulation of Af,
leading to interruption and deregulation of the BBB. Under
normal circumstances, improperly folded proteins are puri-
fied by proteasome degradation, autophagy, and the glym-
phatic system [49-53, 64]. However, when their concentra-
tion increases, they can form aggregates, resulting in the
accumulation of neurotoxic beta-amyloid plaques and Tau
oligomers. These are evident several years before the onset
of AD [29, 30, 49].

Disturbances may occur due to the transport of proteins
that change with constant production. With age, the flow of
beta-amyloid into the brain increases and the effectiveness of
BBB and CNS purification are reduced by the expression of
protein-transporter genes [59]. Some studies have shown that
the destruction of the BBB is correlated with the accumula-
tion of AP and increases in neurodegeneration [29, 51].

The most common cause of dementia is small vessel dis-
ease, including capillaries, which affect microcirculation
[52]. Given a large number of pathologies involving an im-
balance of angiogenesis or lymphangiogenesis, it is impor-
tant to pay close attention to the characteristics of each vas-
cular network in order to develop more effective treatments
for such diseases [41].

It is assumed that the features of small vessels diseases,
including the increased formation of perivascular spaces and
abluminal protein deposits, can be explained by factors regu-
lating glymphatic function. Emphasis has been placed on the
role of aquaporin-4, cerebrovascular pulsation, and clearance
of metabolites in CNS [10, 31, 32, 48, 64]. With age, there is
a dysfunction of the glymphatic system, for example, due to
damages in the regulation of water transport in astrocytes
[29, 57].

It has been shown experimentally that mice with depleted
aquaporin-4 evidence a reduced CSF current and a deterio-
rated CSF-ISF cycle [53-55]. The purification of A in the
brain was 55 percent less when compared with normal mice
[50]. Other mice had a mutation in which superexpression
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occurred, so the deletion of aquaporins-4 led to a significant
increase in its concentration, although the level of proteins
included in the synthesis and degradation of AP remained the
same. Clearly, the mechanism involves a complex interac-
tion, including oxidative stress and energy failure, that likely
play central roles [59-63].

Furthermore, it has been shown that glymphatic system
activity is higher during sleep and lower during wakefulness
[50]. Therefore, poor quality sleep can disrupt the circadian
rhythms of cortisol secretion, which also is associated with
the development of dementia [49-58]. During wakefulness,
the extracellular level of metabolites in the brain increases,
including the production of Tau oligomers that, in turn, con-
tribute to the pathogenesis of AD [29, 30, 49-63]. During
sleep, the accumulation of metabolites in the brain decreases,
as removal occurs from the extracellular space by the con-
vective flow of interstitial and para-arterial fluid in the
paravenous space [41, 45-61]. However, when the “sleep-
wakefulness” cycle is disrupted (which is characterized by
an increased level of the neuropeptide orexin, responsible for
awakening), the degree of purification of the CNS from ex-
tracellular metabolites is reduced [51]. “Sleep-wakefulness”
disorders are associated with increased oxidative stress on
neurons and impaired hematoencephalic barrier functioning,
which presumably play a role in the development and pro-
gression of AD [30, 49]. It is noteworthy that recent studies
in humans and transgenic animal models have shown that
pathophysiological processes commence long before the
clinical onset of neurodegenerative disease, such as the
deposition of AP in the brain and circadian rhythm disrup-
tion [53]. Taken together, these results suggest a mechanistic
relationship between pathogenesis, sleep disruptions, and
waking cycles that can accelerate the progression of the AD
[50].

Moreover, it has been shown that a diet high in refined
sugars, salt, animal proteins and fats, as well as low in fruits
and vegetables, is associated with a higher risk of developing
the disease [52]. In contrast, it has been shown that a diet
that restores adequate cortisol concentrations can alleviate
sleep disorders and brain clearance, consequently reducing
the risk of cognitive impairment and dementia [49-52]. In
this aspect, the recently discovered glymphatic system pro-
vides a new means to bridge the gap [64].

6. PERSPECTIVES AND CONCLUSION

Recent discoveries regarding the anatomy of the drainage
of the CNS allow us to evaluate it in a fundamentally new
way [2-4, 65]. The glymphatic system and the MLV have
leading roles in the transport of waste products and other
substances [9, 29]. The removal of waste products from CNS
with the help of ISF via the glymphatic system was first de-
scribed by researchers from the medical center of the Uni-
versity of Rochester, when they analyzed the intake and
elimination of alcohol and interstitial flow in the brain using
2-photon microscopy in vivo [38, 53-64, 66-74]. MLV was
discovered through several experiments conducted on mice.
These experiments also showed that during a stroke the mar-
row of the skull bones supplies neutrophils to the damaged
nerve tissue actively and in greater concentration than here-
tofore thought [49-55].
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It has been described that almost all intracranial and
MLV are developed in mice during the first month after
birth. The progression is from the base of the skull, expand-
ing main branches and merging clusters of lymphatic endo-
thelial cells located next to the previously existing blood
vessels and cranial nerves (synchronous joint development)
[10]. Since these vessels are located between the membranes
of the brain, they are difficult to detect. Furthermore, it was
found that the drainage of half of the extracranial CSF oc-
curred through the lymphatic pathways with the subsequent
establishment of functional connections of the spinal suba-
rachnoid space with both the lymphatic and glymphatic sys-
tems [5].

There is a clear need for a deeper analysis regarding the
effects of lymphatic transport interruption on the antigen
presentation when they pass through the lymph nodes [38,
49, 54-63, 66-72]. It has been shown that some components
of CSF are able to stimulate the immune response in the
deep lymph nodes of the neck [38, 63].

We theorize that the most likely pathway for this process
is through the cribriform plate into the lymph of the nasal
mucosa [53-63]. To determine the direct connection of men-
ingeal lymph nodes with deep cervical lymph nodes, mice
were injected with Evans’s blue dye in the ventricles of the
brain. Thirty (30) minutes after administration, the dye was
detected in the MLV and sinus, as well as in deep cervical
lymph nodes [38, 75]. It is noteworthy that there was an ini-
tial absence of the dye in the superficial LV, but it was evi-
dent after a longer period of time [38]. At the same time,
there were no traces of dye in the surrounding tissue. Inter-
estingly, when the dye was injected directly into the nasal

mucosa, it was not found in the deep cervical lymph nodes
[38]. These findings suggest that the MLV are the primary
pathway to drain the CSF into the deep cervical lymph
nodes, not the lymph vessels of the nasal mucosa [38]. The
drainage of CSF in MLV may be used in addition to the pre-
viously described filtration of cerebrospinal fluid through the
arachnoid granulations [53]. This result suggests that there
are several ways of CSF to be released from the CNS [5].
Recently discovered MLV are a new way for CSF drainage,
and they represent a plausible manner for immune cells to
exit from the CNS [2-4, 10, 29] (Fig. 4). Additional work
should be undertaken in order to fully understand the drain-
age pathways of glymphatic systems, connecting the brain to
peripheral vessels [2-5, 29, 64].

Finally, the modulation of MLV and channels of the
glymphatic system can provide opportunities to control the
outflow of CSF, macromolecules, and cells during harmful
conditions such as spinal cord damage, multiple sclerosis,
and syringomyelia [53-64, 66-73, 76-78]. The selective re-
moval of MLV by various means could provide a new un-
derstanding of its role in normal and pathological conditions
[10]. The development of safe ways to promote therapeutic
lymphatic filtration and improve the outflow of fluid, cells,
and macromolecules from CNS is an important subject for
future research. One possible method is to control spatial and
temporal delivery and proteolytic activation of VEGF-C [9,
10, 20]. Future studies should be aimed at determining
whether the modulation of the functions of MLV can be used
safely and reliably in the prevention or treatment of various
neuropathological conditions [78].
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