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Summary 
The adult human brain represents only 2 % of the body's total 
weight, however it is one of the most metabolically active organs 
in the mammalian body. Its high metabolic activity necessitates 
an efficacious waste clearance system. Besides the blood, there 
are two fluids closely linked to the brain and spinal cord drainage 
system: interstitial fluid (ISF) and cerebrospinal fluid (CSF). The 
aim of this review is to summarize the latest research clarifying 
the channels of metabolite removal by fluids from brain tissue, 
subarachnoid space (SAS) and brain dura (BD). Special attention 
is focused on lymphatic vascular structures in the brain dura, 
their localizations within the meninges, morphological properties 
and topographic anatomy. The review ends with an account of 
the consequences of brain lymphatic drainage failure. Knowledge 
of the physiological state of the clearance system is crucial in 
order to understand the changes related to impaired brain 
drainage.  
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Introduction 
 

The high metabolic activity of the brain requires 

effective and fast clearance mechanisms, not only for 
small molecules and hydrophobic compounds, but also 
for large molecules with low diffusion coefficients [1]. 
Tissue homeostasis relies on the removal of excess fluid 
and interstitial solutes, and nerve cells are extremely 
sensitive to changes in their environment [2]. Interstitial 
fluid and metabolic waste products accumulated in the 
body are drained into regional lymph nodes by means of 
well-defined lymphatic vessels. Lymphatic vessels are 
present in most mammalian organs, but the central 
nervous system (CNS) has long been considered an organ 
without conventional lymphatic vasculature [3]. This 
theory was challenged after the discovery of the 
glymphatic system [4] and the confirmation of lymphatic 
vessels presence in the brain dura of mice [5, 6] as well as 
in humans [7]. So although there are no traditional 
lymphatic vessels in the CNS, there exist lymphatic 
drainage pathways which drain CSF and ISF into the 
extracranial (cervical) lymph nodes. In this review we 
explain the communication and drainage pattern of ISF 
and CSF and the association of CSF with the lymphatic 
system. Finally, the possible impact of brain lymphatic 
drainage failure on the incidence of neurodegenerative 
diseases is briefly mentioned.   

 
Fluid in brain parenchyma - interstitial fluid 

 
The brain ISF bathes and surrounds neurons and 
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glial cells and provides an immediate environment for 
nutrient supply, waste removal and intercellular 
communication [8]. Water, ions, organic molecules such 
as proteins, peptides and enzymes, extracellular vesicles 
and glycoprotein chains are components of ISF [9]. There 
are few studies of ISF production, but sources are still 
being investigated [10,11]. The central thesis about the 
place of ISF production focuses on the blood-brain 
barrier (BBB). Particularly the capillary-astrocyte 
complex of the BBB has been suggested as an active 
producer of brain ISF. Brasnjevic in his work thoroughly 
described the transport mechanisms at the BBB level: the 
paracellular aqueous pathway, transcellular lipophilic 
pathway, active carrier-mediated pathway, receptor–
mediated endocytosis, adsorptive endocytosis and the 
efflux transport pathway [12]. The second possible source 
of ISF could be that water is produced by brain-cell 
metabolism, with ions crossing the endothelium [13]. The 
third source of ISF may involve part of it originating 
from CSF [10]. The CSF produced in ventriculi cerebri 
gets into the subarachnoid space (SAS) through 
communication openings (foramina of Luschka and 
Magendie), and a portion of CSF is able to flow back into 
the brain tissue along the space with brain perforating 
arteries. It is able to percolate through the brain 
parenchyma and mix with ISF [14]. The part of ISF 
created this way represents a fraction of CSF flow. The 
disadvantage of this source is that it is made up of 
recycled CSF, which includes various excretory materials 
from brain tissue with which it has come into contact 
[15].  

Fluid in brain cavities and around CNS - 
cerebrospinal fluid 

CSF is another part of the cerebral fluid 
integrated system. Its basic function is to absorb 
mechanical vibrations of the brain and spinal cord, to 
relieve the weight of the brain parenchyma and also to 
serve as a buffer for the brain [16]. CSF is distributed 
between the cerebral ventricles, central canal and SAS. 
According to the traditional view, the choroid plexuses 
are responsible for the great majority (90 %) of CSF 
production [17]. These plexuses are enlargements of 
vascularized pia mater lined by ependymal epithelium, 
lining the lateral, third and fourth ventricles [18]. There 
are tight junctions between the choroid plexus epithelial 
cells representing the blood – CSF barrier, and this type 
of connection is thought to be the primary determinant of 

CSF composition. We know that CSF is produced 
continuously, but there is relatively little information 
about the regulation of its production [19]. There is 
constant circulation between ventricles, cisterns, SAS and 
blood and therefore some authors refer to the flow of CSF 
as the “third circulation” [9, 20, 21]. 

Relationship between ISF and CSF in the 
brain  

Because the sites of origin of ISF and CSF 
partially overlap, it is not possible to separate their flow 
paths. At this point it should be mentioned that CSF 
circulates in two cycles. In addition to macrocirculation 
(mentioned above) through the ventriculo–subarachnoid 
spaces to the blood (directly or indirectly by means of the 
lymphatic system), there is also limited microcirculation 
of CSF between the SAS and brain parenchyma [14,22]. 
This CSF microcirculation is closely related to the brain 
blood vasculature, and is described as follows. Cerebral 
arteries change into pial arteries running in the SAS and 
subpial space [23]. Subsequently these brain-penetrating 
blood vessels issue from the subarachnoid space and the 
coat surrounding them delimits the space known as the 
Virchow-Robin space. CSF flows into this space 
(specifically along the arteries) and travels varying 
distances to the deeper brain tissue. As the penetrating 
arterioles branch into capillaries, the CSF-containing 
spaces narrow and finally disappear. At this level the 
perivascular space consists solely of basal lamina, which   
represents a negligible barrier to CSF input to the nervous 
tissue [19]. The blood in cerebral capillaries continues 
into the post-capillary venules, where the paravascular 
space securing the outflow pathway reappears [24]. 
According to this scheme, CSF flows into the 
paravascular space around the arteries, gathers in the 
brain parenchyma, becomes combined with ISF and 
parenchymal solutions and subsequently exits the neural 
tissue in paravascular spaces around the veins. This 
pathway, first described in 2012, was referred as the 
“glymphatic” system [4], consisting of the para-arterial 
influx and paravenous efflux of CSF [25] (Fig. 1). 
Studies have shown that this drainage system plays 
an important role in the removal of metabolic waste 
products secreted by neurons [26]. The similar CSF space 
also extends outward for varying distances in 
periradicular and perineural spaces along exiting cranial 
and spinal nerves [27].  
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Fig. 1. The ISF and CSF flow paths in brain tissue (top of the image) and routs of CSF outflow from SAS (bottom of the image). 
ISF - perivascular drainage channel /IPAD system (shown by dotted lines) – elimination of ISF along the basement membrane of brain 
penetrating capillaries and arteries, CSF - paravascular drainage channel/ glymphatic system (shown by thick lines) - CSF flows into the 
paravascular space around arteries, is combined with ISF and parenchymal solutions in brain parenchyma and subsequently it exits the 
brain in paravascular space around veins, CSF outflow from SAS via: 1. the arachnoid granulations of the dural sinus; 2. connections 
between the olfactory nerves and nasal lymphatics; 3. by means of the meningeal lymphatic vessels. 

While the pattern of CSF flow is presented 
uniformly, the process of ISF outflow is described in 
a variety of ways. Part of the ISF drains through the 
paravenous space of the cerebral veins (together with 
CSF). Previous works have described ISF outflow from 
the brain tissue directly in the walls of brain-penetrating 
capillaries and cerebral arteries [3, 28]. Thus ISF drains 
along basement membranes in the walls of cerebral 
capillaries and tunica media of the arteries and then 
through the vessel walls of the internal carotid artery in 
the neck [29, 30]. This ISF transport method is referred to 
as the intramural peri-arterial drainage (IPAD) system 
(Fig.1) [31, 32]. It is worth noting that veins themselves 
are not involved in the ISF drainage path. Details of CSF 
inflow along the Pial – Glial basement membrane and 
ISF outflow via the IPAD system are shown in Fig. 2.  

At this point, based on the claims of some 

authors, a distinction should be made between the terms 
“perivascular” and “paravascular” space [26, 30, 33]. The 
perivascular space / IPAD system, draining solutions and 
soluble particles from the brain interstitial system 
(occupied by ISF), is distinct from the paravascular 
space/ glymphatic system, which is primarily concerned 
with CSF drainage [11]. The question also arises as to 
whether the terms “Virchov – Robin space” and 
“perivascular space” are used correctly as synonyms. It is 
crucial to realize that German pathologist Rudolf 
Virchow and French anatomist Charles-Philippe Robin 
described this space around vessels in 1851 without the 
precise technical equipment offered by the 21st century. 
To this day, some authors do not distinguish between the 
names denoting these different spaces. In any case, 
significant controversy exists in the literature 
regarding this terminology. 
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Fig. 2. Detail of CSF inflow 
along the Pial – Glial basement 
membrane and ISF outflow via 
Intramural peri-arterial drain-
age (IPAD) system. CSF enters 
the brain between the pia 
mater and glia limitans. ISF 
and solutes pass out the brain 
along basement membranes 
surrounding smooth muscle 
cells in the tunica media of 
arteries, what is referred to as 
the Intramural Peri - Arterial 
Drainage (IPAD) system. 

ISF and CSF outflow 

Two patterns have been proposed for ISF 
outflow. The first model involves direct ISF – CSF 
exchanges in two ways: i. into the SAS via the 
glymphatic system; ii. through ependymal cells present at 
the wall of the ventricle. The latter however is true only 
in the immediate vicinity of the ependymal lining, the 
effect decreasing away from the ventricles, and this 
journey ultimately also leads to the SAS [10, 34]. The 
second pattern of ISF outflow is via the IPAD system.  

CSF outflow is described in the following ways. 
A portion of CSF drains back into the blood (venous 
system) via the cranial arachnoid granulations (CAG) and 
spinal arachnoid granulations (SAG) [35]. The CAG are 
mostly localized close to the points where the veins enter 
the sinuses (superior sagittal sinus), but they are also 
present in the convergent area of the transverse sinus and 
other venous sinuses [36]. This is the main site of CSF 
reabsorption. The other option involves connections 
between the olfactory nerves and nasal lymphatics. The 
lamina cribrosa of the ethmoid bone appears to be a very 
important anatomical structure for extra - arachnoidal 
cranial CSF clearance. The third drainage pathway for 

CSF outflow leads through the meningeal lymphatic 
vessels. While CSF transfer from the SAS via arachnoid 
granulation and the olfactory route are well-known 
processes, the discovery of lymphatic vasculature in the 
BD was confirmed only a few years ago. All three CSF 
outflow routes are illustrated in Fig. 1. 

Meningeal lymphatics 

The dura mater, arachnoidea, pia mater and glia 
limitans together form a sophisticated set of barriers 
protecting the brain. Whereas the dura and arachnoid 
membrane are in direct contact, the pia is separated from 
the arachnoid by the subarachnoid space, filled with CSF 
and bridged by the arachnoid trabeculae, a dense 
network of connective filaments [37]. Beneath the pia 
mater begins the glia limitans, the brain parenchymal 
barrier formed by astrocytic endfeet processes [38]. The 
dura mater encephali represents the critical site for CSF 
turnover and the main route for venous-CSF outflow, 
directly through the arachnoid granulations and indirectly 
by means of meningeal lymphatics. The existence of 
lymphatic vessels (LVs) in the brain meninges was first 
described by Paolo Mascagni in the 18th century [39]. 
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Despite the exceptional anatomical precision of 
Mascagni’s wax human organ models, his claim that 

lymphatic vessels are present in the brain meninges was 
not accepted and then forgotten [40]. More than 
200 years later, with the discovery of new techniques, 
Mascagni's original observations were confirmed by two 
independent researchers in the same year [5,6]. The 
presence of lymphatic vascular structures in the BD was 
primarily described in mice, and subsequently their 
incidence was also reported in fish, rats, non-human 
primates and humans [7, 41, 42]. Because meningeal 
lymphatics do not enter the brain parenchyma, it is 
necessary to find out how they access parenchymal 
macromolecules, whereby the arachnoid mater is 
considered to be the barrier between the BD and 
cerebrospinal fluid–filled spaces [43]. Raper states that 
there are three possible localizations of lymphatic vessels 
within the meninges: (i.) protruding into the subarachnoid 
space, (ii.) located at the interface between the dura 
mater and arachnoidea, (iii.) located within the dura 
layers in close proximity to the venous sinuses (Fig. 3) 
[44]. In any case the study of this issue has confirmed 
that CSF is transported across the arachnoid membrane 
into the dura, but the unambiguous mechanism of transit 
is still not fully explained. In a study by Louveau, the 
unique character of endothelial cells in dural lymphatics 
was confirmed [45]. At this point, there are concerns 
about the morphological properties of meningeal 
lymphatic vessels, compared to those in the rest of the 
body. Lymphatic capillaries, also called initial lymphatic 
vessels, are thin-walled and blind-ended vessels formed 
by a monolayer of lymphatic endothelial cells (LECs), 
with an incoherent basement membrane, lack of pericytes 
and smooth muscle cells. The lymphatic capillaries drain 
into larger pre-collecting and then collecting LVs with 
a wider lumen, surrounded by contractile smooth muscle 
cells. Because these vessels have impermeable walls, they 
only provide passage for previously-absorbed fluids with 
particles, and they are equipped with intraluminal valves 
supporting unidirectional drainage [46,47]. A detailed 
description of meningeal lymphatic vessels was presented 
by researchers back in 2015 [5,6]. They state that these 
vessels are structurally similar to lymphatic capillaries, 
with a spaced pattern of cell junction markers, 
a noncontiguous basement membrane, no smooth muscle 
cell lining, and a lack of lymphatic valves. The results of 
recent studies indicate that the morphological differences 
in meningeal lymphatic vessels depend on their 
topography in the skull. The dorsal meningeal lymphatics 
are mostly formed of a continuously-sealed zipper-like 
junctional pattern of LECs, whereas the basal meningeal 

Fig. 3. Possibility of meningeal lymphatic vessels localization 
within the subarachnoid space. The meningeal lymphatic vessels 
are located within the subarachnoid space: (i.) they are directly 
“bathed” by CSF, therefore the products of brain metabolism 
(yellow stars) could easily diffuse into the meningeal lymphatic 
vasculature, (ii.) the lymphatic vessels are located at the 
interface between the brain dura and arachnoid layer, (iii.) they 
are positioned directly inside in brain dura. The figure is modified 
image of Raper [44]. 
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lymphatics consist in principle of a discontinuously-
sealed button-like junctional pattern, similar to that of 
initial lymphatic vessels in the peripheral organs. It is 
suggested that basal meningeal lymphatics are intended 
for taking up CSF macromolecules [48,49]. Another 
point of interest is the topographic anatomy of meningeal 
lymphatics. Detailed description of this anatomy in 
rodents is presented in a review of studies led by 
Hershenhouse [50]. In the anterior cranium, lymphatics 
are found in the BD covering the olfactory bulb next to 
the rostral rhinal veins. Meningeal LVs are also 
associated with the anterior and middle meningeal 
arteries. In the posterior and inferior cranium, lymphatics 
appear with the highest density, forming an extensive 
network. Lymphatic vessels are found along the sigmoid 
sinus and the transverse sinus in the area of confluence of 
the sinuses. Vessels associated with the superior sagittal 
sinus continue rostrally. Meningeal LVs situated beside 
the transverse sinus are found to be larger and more 
complex compared with the vessels surrounding the 
superior sagittal sinus. They are also seen in the BD 
overlying the cerebellum as lymphatic vessels 
accompanying the branches of the transverse sinus [51]. 
Some authors describe the presence of lymphatic vessels 
in the dural septae entering into deeper parts of the brain 
tissue [52]. Lymphatic vessels leave the cranial cavity in 
the sheaths of cranial nerves (CN), namely the olfactory 
(CN I), optic (CN II), trigeminal (CN V), 
glossopharyngeal (CN IX), vagus (CN X) and accessory 
nerves (CN XI), whereby the olfactory nerve associated 
with lymphatics passing through the cribriform plate has 
special status [53]. A widely-cited review reports links 
between CSF and lymphatic vessels in various 
mammalian species [54]. Human studies (in vivo using 
MRI, and also autopsies) of meningeal lymphatics have 
revealed quite similar morphology and topography to the 
murine. Of course they differ in lumen. LVs contained 
within the human BD have wider diameters, ranging from 
7 to 842 µm compared to mice with diameters of 20 to  
30 µm [50]. The results of a study examining the 
direction of lymphatic flow in the meningeal LVs running 
alongside the superior sagittal sinus in six healthy human 
volunteers are worth noting. They were subjected to high-
resolution MRI, which revealed that lymphatic flow was 
posterior to anterior, countercurrent to the direction of 
venous flow in the superior sagittal sinus toward the 
cribriform plate. These findings on flow directionality 
differ from those seen in a murine model [55].  

Following confirmation of the existence of 

meningeal lymphatic vessels, an answer is sought as to 
which of the CSF outflow pathways is dominant: the 
cranial arachnoid granulation pathway, first observed by 
Pacchioni as early as 1721 [56], together with the spinal 
arachnoid granulation pathway, discovered much later in 
1923 [36], or the lymphatic system pathway. Complete 
volumetric analysis of CSF outflow is described in the 
review published by Chen in 2015 [35]. We have also 
dealt with this issue in our workplace, when we 
monitored the dynamics of evans blue dye clearance from 
CSF (cisterna magna) into meningeal lymphatics vessels 
and deep cervical lymph nodes in rats. Our data 
confirmed the meningeal lymphatics function 
downstream in the CSF system towards corresponding 
extracranial structures [57]. In any case, owing to the 
ongoing development of increasingly effective imaging 
techniques, recent static and dynamic imaging studies 
clearly show that the predominant route of CSF outflow 
is via meningeal LVs [48,58,59].  

 
Failure of brain lymphatic drainage 
 

Knowing that the CNS has its own lymphatic 
drainage system for removing metabolic waste products 
and macromolecules, researchers are currently looking 
into the link between outflow abnormalities and the 
development of neurodegenerative pathologies. In the 
framework of neurological diseases characterized by 
abnormal protein aggregation in the brain parenchyma, 
such as Alzheimer’s disease and Parkinson’s disease, 
modulation of the meningeal lymphatics have been 
shown to impact disease physiopathology [60]. The 
question arises as to whether diseases such as 
Amyotrophic lateral sclerosis, Huntington’s disease, 
Dementia with Lewy bodies, Multiple system atrophy or 
Frontotemporal dementia are also related to the failure of 
the cleansing mechanisms of nervous tissue. In his 
research Jaffe simulated the conditions of dysfunction of 
the meningeal lymph nodes (pharmacologically by 
injection and photo- conversion of Visudyne, or 
surgically by ligation of vessels afferent to the cervical 
lymph nodes), and found that it resulted in a significant 
reduction of CSF drainage [61]. Many neurological 
disorders have a common attribute, namely ageing [62]. 
Just as ageing is associated with dysfunction of the 
peripheral lymphatic system, the impact of senescence on 
the function of the meningeal lymphatic vessels is also 
expected [63]. In a recently-published review dealing 
with lymphatic senescence, a team led by Filelfi 
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summarized the available information on how ageing 
leads to changes in the structure and function of 
lymphatic vessels in various organs, including the 
nervous tissue and BD (e.g. through decreased meningeal 
lymphatic vessel diameter). Reduced inflow of 
paravascular cerebrospinal fluid and reduced outflow of 
interstitial fluid are linked to the dysfunction of the 
meningeal lymphatic vessels and their flow alone, which 
is also induced by age [64]. This study concludes that 
ageing-related deterioration affects lymphatic drainage of 
neural tissue at both levels (glymphatic and lymphatic 
vascular systems). 

In addition, over the last two years studies have 
appeared regarding COVID-19 and its possible relation to 
glymphatic - lymphatic drainage disorders [65,66]. 

 
Conclusion 
 

In this review we have presented the existing 
body of evidence regarding the communication channels 
between ISF and CSF at brain parenchyma level, as well 
as the communication between CSF and the lymphatic 
system. We have briefly described their sources and 
overlapping flow paths, as well as the ISF/CSF outflow 
scheme. Another part of the review is devoted to 
meningeal lymphatics, their localizations within the 
meninges, their morphological properties and topographic 

anatomy. In conclusion, although research into the brain 
cleansing system has a long history, advanced methods 
and technology in neuroscience research will hopefully 
deal with new challenges and subsequently provide some 
long-awaited answers. 
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