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How does the brain remove its waste
metabolites from within?

Yiming Cheng, James Haorah

Laboratory of Neurovascular Inflammation and Neurodegeneration, Department of Biomedical Engineering,
Center for Injury Bio Mechanics, Materials and Medicine, New Jersey Institute of Technology, Newark, NJ 07102,
United States

Received October 29, 2019; Accepted November 23, 2019; Epub December 15, 2019; Published December 30,
2019

Abstract: The brain is the command center of the body that regulates the vital functions of circulation, respiration,
motor function, metabolic activities, or autonomic nervous system outcomes. The brain coordinates these con-
tinuous activities at the expense of huge energy utilization. This energy demand is achieved by active transport of
nutrients across the endothelial blood-brain barrier (BBB). This review discusses the barrier interfaces in the CNS
that include the BBB, blood-spinal cord barrier, the epithelial choroid plexus, and the epithelial arachnoid. While
transporting of nutrients across the BBB is a normal physiological function, the trafficking of xenobiotics and inflam-
matory cells/agents across these interfaces is harmful to brain cells. This leads to production of waste metabolites
in the brain. Clearance of these waste metabolites maintains the normal brain homeostasis, while aggregation is
detrimental to neurological complications. Since the CNS lacks lymphatic system, the CSF serves as the clearance
path for water-soluble peptides/solutes, but not large size waste metabolites like AB protein. In particular, this re-
view will focus on the mechanisms of waste metabolites clearance paths in the CNS. This will include the recently
discovered waste metabolites movement from interstitial space (IS) directly into perivascular clearance (PVC), or via
IS-CSF-PVC, and its exchange from PVC to circulation. Concluding remarks will discuss the therapeutic approach to
improve the clearance mechanisms for ameliorating neurological diseases.

Keywords: Central nervous system (CNS) clearance, cerebrospinal fluid (CSF), interstitial fluid (ISF), perivascular
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Brain barrier interfaces

The brain is the command center of the body. It
controls many functions of cardiovascular and
systemic circulation, respiratory center, motor
activities, metabolic function, renal and gastro-
intestinal excretion, and autonomic nervous
system. Coordination of these numerous activi-
ties is carried out by the release of endocrinal
chemical messengers known as hormones.
The brain does this by receiving signals from
sensory nerve cells, integrating and processing
the information in interneurons, and sending
out the message to the effector tissue organs
through motor neurons. Relaying of the mes-
sage from the central nervous system to differ-
ent parts of the body through the peripheral
nervous system is connected by the brainstem
via the spinal cord. Constant supply of nutri-
ents/minerals/ions across the selectively per-

meable blood-brain interface known as the
blood-brain barrier (BBB) meets the energy
demand of the brain. The localization of tight
junction proteins, protein/nutrient/ion trans-
porters, multidrug resistant efflux receptors, or
enzymes at the BBB selectively maintain the
ionic/nutrients homeostasis in the brain by
dumping toxic agents into the circulation [1],
as illustrated in Figure 1. Thus, small size mol-
ecules like glucose, amino acids, or essential
minerals/ions are transported across the BBB
by carrier-mediated transporters, whereas re-
ceptor mediated transporters translocate the
large size peptides and proteins [1, 2].

In addition to endothelial BBB and blood-spinal
cord barrier (BSCB) interfaces, there are two
other epithelial barriers that can render entry of
molecules into the brain. The interface between
the blood and ventricular cerebrospinal fluid
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Figure 1. Routes of transport across the BBB. Passive diffusion favors li-
pophilic molecules; Carrier mediated transporters bi-directionally transport
molecules influx and/or efflux through BBB endothelial cell layer; receptor
mediated transport requires binding of ligand for transport of macromole-
cules such as glucose, peptides and proteins across BBB endothelium (tran-
scytosis); paracellular pathway through tight junctions allows diffusion of for

small molecules and cell trafficking.

(CSF) is known as the epithelial choroid plexus
(CP), and the interface between the blood and
CSF subarachnoid is known as the epithelial
arachnoid villi [3, 4]. The main function of CP is
to act as the secretory source of cerebrospinal
fluid for maintaining the fluid volume and ionic
balance in the CNS. The concept is essentially
justified by the fact that CP serves as the
drainage sink in the brain. Recent findings
reveal that this epithelial barrier is also invol-
ved in immune cell trafficking [5] and patho-
gens entry interface [6, 7]. As such CP is impli-
cated to involve in the development of neuro-
logical diseases [8]. But most recent report by
Uchida et al. (2019) showed the impairment of
tight junction protein claudin-11 expression at
the BBB, blood-spinal cord barrier (BSCB), and
epithelial arachnoid barrier in multiple sclerosis
without affecting the epithelial CP [9]. On the
basis of this finding, they indicated that the CP
barrier is unlikely to involve in the development
of neurological diseases. However, impairment
of CP directly or indirectly involves in the devel-
opment of neurological diseases still remains
to be investigated. Choroid plexus is also impli-
cated for supply of nutrients and signaling mol-
ecules to brain parenchyma, as such, it may
play a role in brain development and aging [10],
however this argument remains for open dis-
cussion. Another recent finding implicates CP
as a potential BBB bypass route for drug deliv-
ery in the CNS [11]. This concept is based on
the rationale that since carrier-mediated influx
transporters or receptors are expressed in CP
epithelium, these molecules can be designed
for drug penetration across CP. The rationale
uses the same principle that these molecules

Tight junctions

noid villi interface between
the blood and the CSF, acts
as the main drainage channel
of water-soluble peptides/sol-
utes from CSF subarachnoid
to sagittal sinus for clearance.
Intrigu-ingly, micropinocytosis
and vacuolization of endothe-
lial cells present in the stro-
mal central core of the villi
seem to facilitate a bidirec-
tional active transport across
the arachnoid villi barrier [12].

Out of these two endothelial (BBB and BSCB)
and two epithelial (CP and arachnoid villi) barri-
er interfaces in the brain, the BBB is the pri-
mary transport/trafficking route of nutrients,
micro-organisms, immune cells, and xenobiotic
substances into the brain [13-16]. The myeloid
cells in the brain respond to inflammatory
events in the form of phagocytosis, proteolytic
degradation, and autophagy, which produce
harmful waste metabolites [17, 18]. Such harm-
ful metabolites include components of degen-
erating neurons and extracellular vesicles that
are entrapped in the interstitial space (IS) [19-
21]. Proper clearance of these waste metabo-
lites from interstitial fluid/CSF maintains the
normal homeostasis function of the brain, while
aggregation leads to neurological disorders.
Here, we focus on the clearance mechanisms
of these waste metabolites from the brain with
emphasis on perivascular clearance.

Interstitial space waste metabolites

The main donors of fluid in the interstitial space
are blood circulation and cellular secretion. The
total volume of the interstitial fluid (ISF) is
believed to be contributed by passive diffusion
of fluid from the circulation. The ISF contains
cellular metabolites, cellular shedded microves-
icles and exosomes under normal conditions.
When it turns into neuropathologic conditions
like Alzheimer's disease, entangled proteins
like amyloid-B are widely observed in ISF as
well [21]. Therefore, understanding the mecha-
nisms of these waste metabolites movement
from ISF to terminal clearance path is exceed-
ingly important for improving neurological dis-

239 Int J Physiol Pathophysiol Pharmacol 2019;11(6):238-249



Clearance system in the brain

eases. The drainage of water-soluble metabo-
lites from ISF to CP, and to CSF compartments
is a major route for clearance of small-size and
hydrophilic substances.

There are two schools of thought on the mecha-
nisms of ISF movement, bulk flow and diffusive
movement [22]. Cserr et al. (1977 and 1981)
showed that a bulk flow of ISF-independent dif-
fusion was responsible for clearance of waste
metabolites in the CNS [23, 24]. Their conclu-
sion was based on the findings that deposition
of different molecular size tracers in rat brain
interstitial space were drained at nearly identi-
cal half-life rates with varying diffusion coeffi-
cients. It was estimated that the rate of this
bulk flow was 0.1-0.3 uL/g brain/min in rat
brain [24, 25]. Recently, the hypothesis of
ISF bulk flow mechanisms has been challen-
ged by other critiques. Sykova and Nicholson
(2008) and Bakker et al. (2016) pointed out
that the movement of ISF in the interstitial
spaces was attributed to diffusive movement
rather than bulk flow mechanisms [26, 27].
Their argument was that first, the interstitial
narrow spaces between cells are too limited to
allow significant ISF bulk flow. Second, the
extracellular matrix of the interstitial space
contains repeated long chain polysaccharides
like glycosaminoglycans, which are negatively
charged, hydrophilic, and can easily trap water
molecules and positive ions like sodium. These
hindrance factors will not only deter the bulk
flow of interstitial fluid, but also limit the move-
ment of large size waste metabolites in the
interstitial space. Thus, the question of wheth-
er the ISF move through bulk flow or passive
diffusion mechanisms remains unclear. Based
on the emerging multiphoton imaging on time-
dependent interstitial bio-distribution of small,
medium, and large size molecular weight fluo-
rescent tracers, we will discuss our thoughts in
the glymphatic section below.

Clearance of waste metabolites in cerebrospi-
nal fluid (CSF)

The cellular metabolites, extracellular vesicles,
degraded peptides, and other degenerated cel-
lular components contained in the interstitial
fluid are mostly collected in the choroid plexus-
es (CP). The C3 compartment CP is localized in
the cerebrum and C4 is localized in the cerebel-
lum regions of the brain. The C3 and C4 are

connected by an aqueduct. The interstitial fluid
drainage sink (CP) and ventricular cerebrospi-
nal fluid (CSF) is separated by the epithelial
choroid plexus barrier, through which collected
interstitial fluid is excreted into the CSF [28].
The CSF flow passes through the interven-
tricular foramina of the third ventricle to the
fourth ventricle via an aqueduct. From the
fourth ventricle, the fluid then enters the sub-
arachnoid space (SAS) through a median and
two lateral apertures [29, 30]. The CSF contain-
ing the water-soluble waste metabolites, but
not cells, ultimately moves through the sub-
arachnoid space to reach to the perivascular
space [31, 32]. The water-soluble metabolites
in the CSF subarachnoid space are absorbed
into sagittal venous sinuses through arachnoid
granulations. The evidence came from the work
of Weed et al. (1914), who found that non-toxic
tracers injected into CSF crossed arachnoid
granulations along sagittal sinus and eventual-
ly penetrated into dura wall of the sinus [33,
34]. The absorption of CSF dye arachnoid
granulations was further confirmed by electron
microscopy studies, which showed that the
presence of pressure-sensitive vacuolation cy-
cle of pores indicate the one-way valves trans-
cellular flow [35]. The CSF contents in the sagit-
tal sinus, most likely at the confluence of sinus
exit along the myelin sheath of olfactory bulbs
through cribriform plate [36], which is then
believed to be delivered into the deep cervical
lymph nodes through nasal lymphatics [37].
This drainage path from subarachnoid space to
nasal lymphatic system was further confirmed
in seven different species using microfils trac-
ers [38]. Recently, these lymphatic vessels
have been investigated in rodents by using spe-
cific antibodies [39, 40].

In summary, the schematic presentation in
Figure 2 illustrates the intracranial CSF flow. It
is important to emphasize here that the ex-
change of waste metabolites from subarach-
noid to superior sagittal venous sinus may
account only for the water-soluble small size
metabolites. This is because the granulation at
the arachnoid microvilli barrier restricts the
clearance of large size waste metabolites. As
such, the clearance mechanisms of large size
waste metabolites like Ap aggregation from the
interstitial space or from the CSF remains to
be investigated. To this end, emerging findings
such as the glymphatic hypothesis and our
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Figure 2. Schematic presentation of the intracranial CSF flow. CSF is produced by the choroid plexus and flows from
the third ventricle to the fourth ventricle through the cerebral aqueduct. After circulating over hemispheres, CSF is
absorbed into superior sagittal sinus, transverse sinus, and sigmoid sinuses via arachnoid villi, as well as efflux from
the CNS along olfactory nerves through cribriform plate to nasal lymphatics and eventually to cervical lymph nodes.

most recent published article on perivascular
clearance mechanisms revealed the clearance
mechanisms of large size waste metabolites
from the interstitial space or from the CSF
circulation.

Glymphatic system

The glymphatic hypothesis proposed by Iliff,
Nedergaard et al. (2012) revealed the continu-
ous exchange of interstitial fluid (ISF) and cere-
brospinal fluid (CSF) in the brain compartments
[31]. According to this hypothesis, the exchange
is facilitated by aquaporin-4 (AQP4) water chan-
nels that are expressed in highly-polarized
astrocytic end feet. In that, CSF from subarach-
noid spaces fluxed into deep brain tissues
along pial and penetrating arterioles and into
the brain parenchyma towards peri-venous

spaces, which is facilitated by the convective
function of astrocytic AQP4 [31, 41]. Figure 3
illustrates the convective interstitial flow
towards peri-venous spaces surrounding deep
veins. They showed that water-soluble waste
metabolites in ISF were collected and carried
towards peri-venous space, from where metab-
olites were drained to lymph nodes and system-
ic circulation.

The evidence was shown by imaging the bio-
distribution of small size (Texas Red: 3 kD),
medium size (Ovalbumin, 647 kD) and large
size (FITC-d2000 kD) molecular weight tracers
injected in mice through cisterna magna. It was
observed that the tracers rapidly entered the
cortical pial arteries, then fluxed into perivascu-
lar spaces along the penetrating arterioles,
which was distinguished in Tie2-GFP:NG2-Ds-
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Figure 3. Movement of solutes in ISF and CSF through the glymphatic path-
way. CSF from subarachnoid space fluxes into the brain from perivascular
spaces and exchanges with ISF. The exchange is facilitated by aquaporin-4
(AQP4) water channels that highly expressed in the perivascular astrocyte
end-foot. The bulk movement of CSF into the brain drives the convective flow
of ISF and interstitial solutes to the peri-venous route.

The reproducibility of the bulk
flow mechanism is questioned
by several most recent publi-
cations. Some investigations
argued that clearance of
waste metabolites in intersti-
tial fluid is a passive diffusion
and not a bulk flow convective
transport [45, 46]. This argu-
ment is based on the size of
metabolites. A model of diffu-
sive and convective transport
in brain extracellular space
was designed to illustrate the
validation in support of this
argument. Findings from this
model stated that diffusion
alone [47] or combined effects
of diffusion and macroscopic
fluid motion [48] is responsi-
ble for transport of waste
metabolites in brain parenchy-
ma rather than bulk flow. The
combined effects appear to
reconcile the conflicting trans-
port mechanisms of solutes in
ISF or in perivascular space.
This is in parallel with the find-
ings that cyclic changes in
arterial pressure produces
mixing of flow in opposite

Red double reporter mice. The small size tracer
was found to exit primarily along the central
deep veins and lateral-ventral caudal rhinal
veins, while the medium and large size tracers
accumulated at perivascular and peri-arterial
spaces respectively in a time-dependent man-
ner. Using AQP4 knockout mice, this same
group of investigators validated the proof-of-
concept that astrocytic AQP4 was in part
responsible for the clearance of radiolabeled
AB1-40 peptide because they observed 55%
reduction of AB1-40 peptide clearance in AQP4
knockout mice compared with wild-type [31,
41-43]. This idea of the glymphatic hypothesis
is further embraced by the independent stud-
ies of other investigators [44]. However, on the
basis of time-dependent movement of tracers
as stated above, the movement of medium to
large size metabolites in interstitial fluid favors
diffusion rather than the bulk flow mechanism
of the glymphatic hypothesis.

directions in different spaces

of the arterial wall [49]. It is
likely that convection can assist the movement
of solutes into and out of the ISF without pro-
ducing the net flow of fluid as required by the
glymphatic system. The diffusive molecular
flow along the peri-arterial sheaths into sub-
arachnoid CSF [50], and the diffusive drainage
of waste metabolites from brain parenchyma
into the basement membrane of capillaries
[32] also argue against the glymphatic
hypothesis.

We discuss here that the transport of small
size water-soluble waste metabolites could be
mediated by glymphatic function. The missing
piece is the accumulation of large size metabo-
lites at the perivascular space, where the
glymphatic system does not account for clear-
ance mechanisms. This concept is clinically
important because aggregation of entangled
proteins at perivascular spaces is a hallmark of
certain neurological diseases like Alzheimer’s
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disease and cerebral amyloid angiopathy [51-
53]. Unravelling the clearance mechanisms of
these entangled proteins from perivascular to
blood circulation would be novel for ameliorat-
ing the relevant neurological diseases. Our
recent findings describe this novel clearance
mechanism at the perivascular space, which
is discussed in the perivascular clearance
section.

Meningeal lymphatic vessels

The lymphatic system is critical for mainte-
nance of physiological homeostasis and im-
mune surveillance. It is a conventional belief
that the central nervous system (CNS) lacks
lymphatic vessels. Recently, Aspelund et al.,
2015 and Louveau et al., 2015, independently
reported the existence of dura lymphatic ves-
sels, known as the meningeal lymphatic ves-
sels in the meninges of the brain [39, 40]. They
showed this evidence by positive stain of lym-
phatic endothelial cells marker hyaluronan
receptor 1 (Lyve-1) and vascular endothelial
growth factor receptor 3 (VEGFR3) marker
along the superior sagittal and transverse
sinuses.

Aspelund et al., 2015, concluded that dural
lymphatic vessels absorb CSF from the adja-
cent subarachnoid space and from brain ISF
through the glymphatic system, in which CSF is
then transported into deep cervical lymph
nodes via foramina at the base of the skull [39].
They validated this drainage route by showing
nearly complete absence of tracer accumula-
tion in cervical lymph nodes in transgenic mice
deficient of dural lymphatic vessels compared
with wild-type after injection of tracer into the
CSF. Louveau et al., 2015, found that the men-
ingeal lymphatic cells were able to transport
fluid and immune cells from the CSF and clear
them to the deep cervical lymph nodes [40].
Their discovery of meningeal lymphatic func-
tion in the CNS becomes highly significant in
the context of immune cell surveillance since
the development of many neurological diseas-
es involve inflammatory processes. The find-
ings of Aspelund et al. (2015) seem to connect
with the glymphatic hypothesis, but the CSF
drainage route in the meningeal lymphatic sys-
tem appears to exit at the deep cervical lymph
nodes, similar to conventional CSF exit. Here,
we illustrate the possible connection of CSF

flow, glymphatic and meningeal lymphatic sys-
tem clearance routes, Figure 4. The glymphatic
system depicts the exchange of CSF/ISF waste
metabolites at the perivascular space towards
peri-venous space, while the meningeal lym-
phatic system accounts for cervical lymph
nodes clearance route.

It is possible that waste metabolites from peri-
Venous space may gain access to meningeal
lymphatics through the subarachnoid or along
the drainage veins that can merge into dura
sinus. It may still be too early to embrace the
meningeal lymphatic vessel as clearance route
of CNS waste metabolites because there is no
direct evidence to strongly support this argu-
ment. In fact, multiple paths of CSF drainage in
the CNS that are functionally and anatomically
close to lymphatic vessels are known [54-56].
However, the exact connection between those
routes and lymphatic vessels is largely un-
known. This is because the precise location of
lymphatic vessels, whether within subarach-
noid, inside the dura or bathed between these
two layers needs to be unraveled [57].

Since meningeal lymphatic vessels are not
directly connected to CSF compartments, the
primary route of CSF waste metabolites absorp-
tion from subarachnoid into sagittal sinus will
be across the arachnoid villi. The arachnoid
microvilli barrier is permeable to small size
water-soluble metabolites, as such the clear-
ance mechanisms of large size waste metabo-
lites remains to be investigated further. Thus,
promoting the mechanisms of perivascular
clearance becomes clinically significant since
entangled proteins like AB or neurofibrillary tau-
phosphorylated protein are commonly aggre-
gated at the perivascular space.

Perivascular space clearance mechanisms

Perivascular space (PVS) is referred to the
space surrounding the penetrating arterioles
when diving down into deep brain tissues from
pial arteries [58, 59]. The fine structure of PVS
consists of vascular endothelial and glial cells.
The glial layer of the astrocyte end-feet forms
the outer wall, which becomes continuous with
the vascular membrane and basal lamina as it
penetrates into the deep brain [60, 61]. The
PVS channels are known to involve in CSF/ISF
waste metabolites movement, as indicated by
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Figure 4. Connection of CSF circulation, glymphatic system and dura lymphatic vessels in the context of clearance.
The glymphatic system (black arrow depicted flow direction) resides inside the brain is responsible for small size
water-soluble waste metabolites clearance (black dots). Lymphatic vessels (black circle) present in dura are postu-
lated to involve in waste metabolites clearance by granting access for waste metabolites that are drained via the

glymphatic system.

distribution of horseradish peroxidase following
lateral ventricle or subarachnoid space injec-
tion in cats and dogs [62]. Recently, a dynamic
exchange of fluorescently labeled tracer be-
tween CSF/ISF and the perivascular was sh-
own in NG2-DS transgenic mice by using two-
photon microscopy imaging [31]. In fact, in the
1970’s the PVS was implicated as a conduit of
waste metabolites sink similar to the choroid
plexuses because injection of horse radish per-
oxidase (HRP) tracer into striatum of rat was
found to aggregate around the PVS [23].

The assumption of PVS serving as a conduit
sink in the CNS is significantly in line with the
accumulation of waste metabolites around vas-
culatures that are clinically observed in certain
neurological diseases. The classic examples of
such waste metabolites deposition around the
perivascular space are the neuropathological
observations of phosphorylated tau protein in

cerebral amyloid angiopathy (CAA) and aggre-
gation of amyloid beta protein in Alzheimer’s
disease [61-53, 63]. These observations clear-
ly suggest that PVS may be directly involved for
the possible clearance of large size waste
metabolites like phosphorylated tau protein
and AB protein, which are transported by CSF,
meningeal lymphatics and glymphatic function.
Intriguingly, the ApoE family of molecules
(ApoE2, E3) when mediated by low-density
receptor protein (LRP1) seem to actively in-
volved in the clearance of AB protein through
BBB trans-vascular transcytosis [57, 64, 65].
In fact, experimental observations have sh-
own that the trans-vascular clearance from
brain to blood circulation across the BBB is
believed to account for more than 80% of
amyloid-beta clearance [66-68]. However, such
findings are based on clearance of small AR
peptide in normal physiological condition. In
neuropathological conditions, aggregation of
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phosphorylated tau protein and AB protein at
the perivascular space still remains to be the
hallmark of neurological diseases. The forma-
tion of this hallmark phenomenon needs fur-
ther investigation to understand whether the
aggregation of entangled proteins at the peri-
vascular space is due to onsite formation or
translocation from the ISF. Since the aggregat-
ed proteins in AD are mostly originated from
neuronal cell components, it is likely to translo-
cate from the interstitial fluid rather than onsite
formation. The rationale is that unlike the astro-
cyte end-feet, the location of neurons is not
directly in contact with perivascular endothelial
cells.

Thus, we posit here two fundamental questions
for further investigation. What is the driving
force that regulates the movement of these
waste metabolites towards the perivascular
space, and how do we improve the clearance of
these metabolites from perivascular space into
the circulation in a timely manner? Under-
standing the improved mechanisms of the
intertwined processes will be significant to
alleviate this neurological disease. To this end,
our recent findings gain clinical significant
in understanding the underlying cellular and
molecular mechanisms of waste metabolites
movement towards perivascular space. We
have shown that large size waste metabolites
injected into the CSF directly or into the cor-
tical interstitial fluid diffused towards perivas-
cular-peri-venous space instead of clearing
through the conventional CSF subarachnoid
and sagittal sinus exchange [69]. We indicated
that the hindrance for this exchange is due
to the presence of the arachnoid villi barrier
between the two compartments, which allows
the absorption of mostly small size water-solu-
ble metabolites/solutes. As a result, these
stagnated waste metabolites are forced to
move towards perivascular space, and we pos-
tulated that the driving force that regulate the
movement appears to be the dilative reactivity
of arterial endothelial cells and smooth muscle
cells interactions.

The rationale is that reactivity of vascular
smooth muscle cells was indicated to govern
the cerebral arterial pulsation driven perivascu-
lar CSF flow locally [70]. This dynamic pulsatile
pattern of neighboring blood vessels may
exert significant attraction on fluid movement
towards perivascular space. In this, the bio-

availability of nitric oxide (NO), a potent vasodi-
lator becomes essential to regulate dilative
reactivity of cerebral arterial endothelial cells
and smooth muscle cells interactions. Thus, we
examined the proof-of-concept that activation
of brain endothelial specific nitric oxide syn-
thase (eNOS) by low dose ethanol could pro-
duce favorable physiological levels of NO for
increasing the cellular reactivity and increase
diffusive movement of waste metabolites to-
wards perivascular space. The rationale is that
moderate level of ethanol has been shown to
augment endothelial-SMCs dilative activity in
placenta and pulmonary arterial vessels [71-
73]. In deed our recent findings revealed that
a very low dose ethanol (5.0 mM, equivalent
of 0.02% blood alcohol level) significantly en-
hanced the diffusive movement of waste
metabolites from ISF/CSF to perivascular-peri-
venous space [69]. We found that dilative reac-
tivity of brain endothelial and smooth muscle
cell was the underlying cellular and molecular
mechanisms for this improved diffusive clear-
ance of waste metabolites at the perivascular-
peri-venous space. Figure 5 illustrates the
underlying mechanisms of waste metabolites
clearance at the perivascular-peri-venous sp-
ace.

Our findings also validated the exchange
between perivascular-peri-venous and blood
circulation by detecting fluorescently labeled
large size waste metabolite in systemic blood
plasma after CSF/parenchyma injection. The
question of whether the maximum diffusion
into the blood circulation takes place at the
perivascular space or at the peri-venous space,
and/or both requires future studies. Other stud-
ies indicated that peri-venous flow may gain
access to meningeal lymphatic vessels or large
caliber draining veins, which may then merge
to form the dura sinus [31, 42], but it has no
direct evidence. This rationale is unlikely be-
cause lymphatic vessels appear to localize in
dura leaflets or inside surface of the dura that
are separated from the CSF, as such it will not
have access to waste metabolites. Based on
tissue organ environmental considerations,
Rapper et al. (2016) concluded that unlike the
function of the peripheral lymphatic system,
the meningeal lymphatics may not involve in
the CSF waste metabolites drainage system
[49]. In summary, the movement of AR protein
from ISF/CSF subarachnoid to perivascular
space is regulated by dilative reactivity of brain
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Figure 5. Schematic presentation of waste metabolites clearance at the perivascular-peri-venous space. Figure
indicates the CSF subarachnoid flow (orange arrow) and the perivascular-peri-venous clearance path (black arrow)
of large size waste metabolites (red dots) in neurodegenerative brain. Waste metabolites like B-amyloid proteins
are aggregated more inside the interstitial space due to lack of lymphatic system in the brain. Less metabolites are
drained into the CSF flow due to less vessel dilative reactivity (Left). In the presence of low dose alcohol (Right),
dilative arterial vessel reactivity promotes the dynamic movement of large size waste metabolites from interstitial
fluid and interstitial-CSF subarachnoid to the perivascular-peri-venous route. Reactivity of endothelial and smooth
muscle cells in arteries is mediated by alcohol-elicited eNOS activation and NO production. From perivascular and/
or peri-venous spaces, large size metabolites are exchanged into circulation through two postulated mechanisms:
(1) trans-vascular clearance to circulation from the perivascular space, and (2) diffusion into circulation from the
peri-venous space.

arterial smooth muscle and endothelial cells loid-beta towards the perivascular space. Wh-
interactions. This clearance path can be signifi- ether the movement of these waste metabo-
cantly promoted by low dose ethanol via eNOS- lites from ISF/CSF to perivascular space is reg-
induced NO production. ulated by diffusion or a bulk flow mechanisms
needs further verification. However, aggrega-
Concluding remarks tion of waste metabolites at the perivascular
space prompted the clearance path through
Efficient clearance of interstitial waste metabo- the BBB trans-vascular or re-entry into the cap-
lites in CNS is essential for normal mainte- illary basement membranes [74], which is rele-
nance of brain homeostasis. We describe the vant for eventual prevention of neurological
up-to-date emerging discoveries of various disease like Alzheimer’s disease. Thus, improv-
possible clearance systems operating in the ing the newly discovered CNS clearance path
brain apart from the conventional cerebrospi- (s) in the absence of traditional lymphatic drain-
nal fluid (CSF) clearance path. This includes age system assumes great therapeutic rele-
glymphatic system, meningeal lymphatic ves- vance for many neurological diseases.
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