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The eﬃcient clearance of the interstitial waste metabolites is essential for the normal maintenance of brain
homeostasis. The brain lacks the lymphatic clearance system. Thus, the drainage of waste metabolites in the
brain is dependent on a slow ﬂow of cerebrospinal ﬂuid (CSF) system. Glymphatic system claims the direct bulk
ﬂow transport of small size water-soluble waste metabolites into to the perivenous space by aquaporin-4 water
channels of the astrocyte end-feet, but it did not address the diﬀusive clearance of large size waste metabolites.
Here, we addressed the clearance mechanisms of large size waste metabolites from interstitial ﬂuid to perivascular space as well as from CSF subarachnoid into perivascular space via the paravascular drainage. A low
dose ethanol acting as a potent vasodilator promotes the dynamic clearance of waste metabolites through this
perivascular-perivenous drainage path. We observed that ethanol-induced increased in vascular endothelial and
smooth muscle cell reactivity regulated the enhanced clearance of metabolites. Here, activation of endothelial
speciﬁc nitric oxide synthase (eNOS) by ethanol and generation of vasodilator nitric oxide mediates the interactive reactivity of endothelial-smooth muscle cells and subsequent diﬀusion of the CNS waste metabolites
towards perivascular space. Detection of tracer dye (waste metabolite) in the perivenous space and in the blood
samples further conﬁrmed the improved clearance of waste metabolites through this unraveled interstitialperivascular-perivenous clearance path. Our results suggest that alcohol intake at low-dose levels may promote
clearance of neurological disease associated entangled proteins.

1. Introduction
Eﬃcient clearance of interstitial ﬂuid (ISF) waste metabolites by
cerebrospinal ﬂuid (CSF) ﬂow is essential for normal healthy maintenance of brain homeostasis, because unlike most tissue organs the
brain lacks a lymphatic system. The classical view of the CNS clearance
system is that the interstitial ﬂuid (ISF) contains the extracellular and
intracellular waste metabolites that are drained into choroid plexus [1],
from here CSF ﬂows into subarachnoid space (SA) through the median
and lateral apertures. CSF is then exchanged into dural sagittal sinuses
via a restricted granulation known as subarachnoid microvilli, then the
sagittal sinuses, merged at the conﬂuence of sinuses, are drained into
nasal or cervical lymphatic vessels [2–4]. Johnston et al. (2010) showed
this path by ﬁlling the subarachnoid compartment of seven diﬀerent
species, from small rodents to humans, with yellow microﬁl CSF tracer
dyes to trace the drainage path of CSF into nasal lymphatics [5]. They
found that microﬁl was observed primarily in the subarachnoid space
around the olfactory bulbs and cribriform plate. The contrast agent
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followed the olfactory nerves and entered extensive lymphatic networks
in the submucosa associated with the olfactory and respiratory epithelium.
Recently, Louveau et al. (2015) and Aspelund et al. (2015) have
shown the existence of dura associated lymphatic vascular system in the
brain's meninges whole-mount ﬁxing the meninges still attached to the
skull [6,7]. They observed distinctive expression of lymphatic endothelial cells including lymphatic vessel endothelial hyaluronan receptor 1 (Lyve-1) and vascular endothelial growth factor receptor 3
(VEGFR3) along the blood vessels of superior sagittal and transverse
sinuses. The involvement of dural lymphatic vessels for the drainage of
metabolites in dural venous sinus was shown by injecting tracers into
the CSF of animals and by detecting the tracers in the lumen of Lyve-1expressing vessels and in the deep cervical lymph nodes [6]. It was
further conﬁrmed that there was a signiﬁcant reduction of tracers in
Lyve-1-expressing vessels and a complete absence of tracers in the
cervical lymph nodes of transgenic mice deprived of lymphatic vessels
[7]. Since anatomical sites of lymphatic vessels were strictly localized
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neurological diseases [20–22]. Such observations suggest that large size
waste metabolites are not cleared by CSF, glymphatic, or meningeal
lymphatic systems. Here, we address the fundamental questions of what
dynamic force speciﬁcally drives the movement of these waste metabolites towards perivascular space, and can we strategize to enhance
the clearance of these waste metabolites from perivascular space into
the circulation? It has been shown that the blood-brain barrier (BBB)
trans-vascular clearance from brain to blood provides functionally a
major pathway for elimination of diﬀerent waste metabolic products
from brain into the circulation including amyloid-beta, which is believed to account for > 80% of amyloid-beta clearance under physiological conditions [23–25]. Thus, uncovering the mechanisms of
moving the waste metabolites towards perivascular space and the
clearance of waste metabolites from perivascular space into the circulation should have signiﬁcant clinical impact for possible prevention of
many neurological diseases. We hypothesize that increasing the reactivity of brain arterial endothelial and smooth muscle cell function by
low dose ethanol can enhance the dynamic diﬀusion of water-insoluble
large size CSF/interstitial metabolites into perivascular space and subsequent clearance into the circulation. Here we test the idea that activation of brain endothelial speciﬁc nitric oxide synthase (eNOS) by low
dose ethanol produces potent vasodilator nitric oxide that can diﬀuse
readily into the underlying SMCs to cause arterial vessel dilation
through intracellular calcium signaling. The rationale is that activation
of eNOS by low concentration of ethanol elevates physiological NO
levels and augments endothelial-SMCs interactive reactivity [26–28].
This eNOS derived NO acts as a potent protective brain vascular tone
and vasodilation [29].

in brain dura meninges [6–8], as such transport of soluble waste metabolites into lymphatic vessels would be dependent on CSF subarachnoid circulation. Notably, the exchange of waste metabolites from
subarachnoid to superior sagittal venous sinus is valid only for watersoluble small size metabolites because of granulated subarachnoid microvilli barriers. Thus, dural lymphatic vessels, also known as meningeal lymphatic clearance system may not clear large size waste
metabolites.
The recently discovered glymphatic system showed a molecular size
dependent clearance proﬁle of ﬂuorescent dye tracers in the CNS, when
tracers were injected through intracisterna magna [9]. The small size
tracer (Texas Red, 3 kDa) directly entered the interstitial space and
inﬂux into the perivascular space along penetrating arterioles. The
clearance of this small size tracer from perivascular space into central
deep veins and lateral-ventral caudal rhinal veins is facilitated by
aquaporin-4 (AQP4) water channel of a highly-polarized astrocytic end
feet. Such an AQP4 facilitated exchange between CSF and ISF is restricted to small size waste metabolites because the medium size tracer
(Ovalbumin, 647 kDa) gets accumulated at perivascular space within
3 h of injection. The tracer then slowly penetrated into the basement
membranes of parenchymal capillaries and perivascular space of large
caliber draining veins, suggesting a capillary-venous drainage route. In
contrast, a large size tracer (FITC, 2000 kDa) was found to be aggregated at the perivascular space, lacking a distinct clearance path [9].
Injection of radiolabeled amyloid β1–40 (Aβ, a small peptide) into
mouse striatum was rapidly cleared through the glymphatic pathway
since the clearance was signiﬁcantly diminished in AQP4 deﬁciency
transgenic mice [9]. This further implicates the importance of glymphatic system clearance in neurological disease, like Alzheimer’s disease [9–12], even though glymphatic system did not account for the
clearance of such large size waste metabolites in the CNS.
However, the reproducibility of the accredited bulk ﬂow transport
mechanism of glymphatic hypothesis has been questioned by a number
of most recent veriﬁcation studies. These investigations concluded that
clearance of waste metabolites from the brain is more of a diﬀusion
rather than bulk ﬂow convective transport, based on the metabolites
molecular size [13,14]. In support of this argument, a model of diﬀusive
and convective transport in brain extracellular space stated that diﬀusion alone size [15] or combined eﬀects of diﬀusion and macroscopic
ﬂuid motion [16] is adequate to account for transport of waste metabolites in brain parenchyma rather than bulk ﬂow alone. The later
appears to be a more reconcile argument for such conﬂicting experimental observations, notably the transport of solutes in opposite directions in the perivascular space. This is in parallel with the ﬁndings
that cyclic changes in arterial pressure produces mixing or ﬂow in opposite directions in diﬀerent spaces of the arterial wall [17]. In this
case, convection can assist the movement into and out of the cortex
without necessarily producing the net ﬂow of ﬂuid into the cortex as
required by glymphatic system. Furthermore, the diﬀusive molecular
ﬂow along the peri-arterial sheaths into subarachnoid CSF [18], and the
diﬀusive drainage of waste metabolites from brain parenchyma into the
basement membrane of capillaries [19] argued against the glymphatic
hypothesis.
The fact is that large size waste metabolites like tauopathy, prionlike proteinopathies, cerebral amyloid angiopathy, and Aβ proteins are
seen accumulated around the perivascular space in brain tissue from

2. Materials and methods
Reagents: Primary antibodies rabbit anti-GFAP; mouse anti-SMA,
anti-eNOS, anti-beta actin were purchased from Abcam (Cambridge,
MA); anti-endomucin was purchased from Invitrogen (Carlsbad, CA).
All secondary Alexa Fluor conjugated antibodies were purchased from
Invitrogen (Carlsbad, CA). Table 1 summarizes the details of the antibodies source, catalog numbers, and dilutions factors that were used for
immunoﬂuorescence staining and western blotting analyses. A highly
stable ﬁxable dextran-conjugated Fluorescein, 2,000,000 MW (FITCd2000) was purchased from Thermo Fisher Scientiﬁc (Waltham, MA),
Nω-Nitro-L-arginine methyl ester (L-NAME, a NOS inhibitor) was purchased from Sigma-Aldrich (St. Louis, MO).
Animals and drug concentrations: Eight-week old male SpragueDawley rats were purchased from Charles River Laboratory
(Wilmington, MA). Animals were maintained in sterile cages under
pathogen-free conditions in accordance with institutional ethical
guidelines for care of laboratory animals, National Institutes of Health
guidelines, and the Institutional Animal Care Use Committee, Rutgers
University. Animals were randomly divided into 4 experimental groups
(6 rats/group), 1) Control, 2) 5.0 mM ethanol, 3) 5.0 mM ethanol + LNAME, and 4) L-NAME. A working concentration of 5.0 mM ethanol
(EtOH, 0.230 g/kg body weight) was determined from a dose-dependent study of 0.046–0.460 g/kg body weight reconstituted in saline.
Ethanol or the NOS inhibitor L-NAME (10 mg/kg body weight) constituted in saline was injected through tail vein using a 27 G needle.
Detailed experimental conditions for control tracer dye bio-distribution

Table 1
Antibodies source, catalogue numbers, and dilutions factors for immunoﬂurescence staining and western blotting analyses.
Antibody

Marker for

Company

Catalogue #

Dilution for IHC

Dilution for WB

Anti-α-SMA
Anti-GFAP
Anti-eNOS antibody
Anti-β-actin antibody
Anti-Endomucin

Alpha smooth muscle actin
Astrocyte
Endothelial nitric oxide synthase
Beta-actin
Endomucin

Abcam
Abcam
Abcam
Abcam
Invitrogen

ab7817
ab7260
ab76198
ab8226
14-5851-82

1:250
1:250
1:250
–
1:200

1:1000
–
1:1000
1:2000
–
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In vivo imaging: Two-photon microscopy setting and operation
were as described [31]. In brief, two-photon ﬂuorescence microscopy
(2PFM) was performed using a Bruker Ultima ﬂuorescence microscope
equipped with a Coherent Mira 900 laser source (200 fs, 76 MHz). The
excitation wavelength was 860 nm for dextran-conjugated FITC and
Texas Red, and the emission was collected using two external nondescanned PMT detectors (NDD) at 525–600 nm. A 20 × , 1.0 N A.
water immersion objective was employed for the 2PFM. A laser linescan or ROI-based local excitation was used to better evaluate vessel
diameter change and tracer movement over time.
Line scan: To measure vessel diameters, 9000 ms X–Y line scan was
conducted orthogonal to the vessel axis in penetrating arterioles
50–100 μm below the cortical surface. A customized Matlab code was
developed to extract and calculate vessel diameter over time.
Immunoﬂuorescent staining: Immunostaining was described in
previously publications [29,32]. In brief, frozen brain tissue sections
(10 μm thickness) on glass slides were washed with PBS, ﬁxed in
acetone-methanol (1∶1 v/v) ﬁxative, blocked the cellular antigen with
3% bovine serum albumin at room temperature for 1 h in the presence
of 0.4% Triton X-100 and incubated with respective primary antibodies
such as rabbit anti-alpha smooth muscle actin(SMA) (1∶250 dilution),
rabbit anti-GFAP (1∶250 dilution) and mouse anti-eNOS (1:250 dilution) for overnight at 4 °C. After washing with PBS, tissue sections were
incubated for 1 h with secondary antibody: anti-rabbit-IgG Alexa ﬂuor
594 (1:400 dilution) for GFAP and mouse-IgG Alexa ﬂuor 594 (1:400
dilution) for SMA and eNOS. Cover slips were then mounted onto glass
slides with mounting solutions containing DAPI (Invitrogen), and
ﬂuorescence microphotographs were captured by Leica Aperio Versa
200 digital pathology grade slide scanner.
Western blot: A cerebral blood vessel isolation was performed
using mesh ﬁltration to concentrate protein content that originated
solely from vasculatures [33]. In brief, fresh brain tissue was homogenized on ice using pestle in HBSS solution with 1% HEPES. Whole
brain homogenization was centrifuged at 2,000×g for 10 min and
4,400×g for 15 min (in 20% dextran) at 4 °C. Then, pellet containing
vessels was re-suspended into ice-cold 1% bovine serum albumin (BSA)
solution and proceed to mesh ﬁlter (20 um) for isolation. Western blot
was performed as described by previous publication [34]. In brief,
isolated brain vessels were lysed with CellLytic-M (Sigma) for 30 min at
4 °C, and centrifuged at 14000×g. The concentrations of protein from
tissue homogenates were estimated by bicinchoninic acid (BCA)
method (Thermo Fisher Scientiﬁc, Rockford, IL). Protein load was 20
μg/lane in 4–15% SDS-PAGE gradient gels (Thermo Fisher Scientiﬁc).
Molecular size separated proteins were then transferred onto nitrocellulose membranes, blocked with superblock (Thermo Fisher Scientiﬁc), and incubated overnight with respective primary antibody to
alpha-SMA, eNOS and beta-actin (all diluted at 1:1000) at 4 °C, followed by washes and incubation with horse-radish peroxidase conjugated secondary antibodies (corresponding to primary, diluted at
1:12000) for 1 h at room temperature. Immunoreactive bands were
detected by West Pico chemiluminescence substrate (Thermo Fisher
Scientiﬁc). Data was quantiﬁed as arbitrary densitometry intensity
units using the ImageJ software package.
Real-time NO detection: Brieﬂy, freshly isolated brain tissues was
prepared in ice-cold oxygenated (95% O2 and 5% CO2) artiﬁcial cerebrospinal ﬂuid (aCSF). Coronal slice (1 mm) was prepared using brain
matrices and transferred to a recovery chamber for 30 min with oxygenated aCSF at 37 °C temperature before experiment. NO was measured using free radical analyzer with a speciﬁc NO probe (TBR4100,
World Precision Instruments, Sarasota, FL). The NO probe is able to
polarographically measure the concentration of NO gas in solutions.
The system was calibrated using diﬀerent concentrations of NO donor
S-Nitroso-N-acetyl-DL-penicillamine (SNAP, Cayman Chemical) to generate a standard curve. To block endogenous NO, oxygenated aCSF
containing 1 mM L-NAME was added to tissue 30 min prior experiments.
Probe was positioned ~1 mm above tissue surface using a

through cisterna magna or intracortical route of injection is described
below. For group 2, ethanol was administered 15 min prior to tracer dye
injection following anesthesia, while L-NAME was administered 5 min
prior to ethanol and 20 min prior to tracer dye injection for group 3. For
group 4, L-NAME was given 20 min prior to tracer dye injection.
Injection of Fluorescence Marker: All rats were anesthetized by
intraperitoneal injection of 0.1 ml of ketamine (80–100 mg/kg) + xylazine (5–10 mg/kg) mixture using a 26-gauge needle as approved by
the Panel on Euthanasia of the American Veterinary Medical
Association (AVMA). Anesthetized rats were ﬁxed in a stereotaxic
frame. Then a total volume of 10 μl ﬂuorescence tracers diluted in artiﬁcial CSF at a concentration of 5 mg/ml (0.5%) was injected via the
cisterna magna at a rate of 2 μl/min over 5 min using 30-gauge needle
syringe pump (Harvard Apparatus). The body temperature of animals
was maintained at 37 °C with a temperature-controlled warming pad.
Heart rate and respiratory rate were monitored through MouseSTAT®
Pulse Oximeter & Heart Rate Monitor Module. To visualize the timedependent movement of tracer from subarachnoid space into the brain
parenchyma following cisterna magna injection, animals were perfusion ﬁxed at 30 min, 1 h and 2 h before surgically removing the intact
brain tissues. A thickness of 40 μm tissue slices were cut and mounted
on a glass covered slides and tracer bio-distribution was imaged ex-vivo
by epiﬂuorescence microscopy.
Intracortical tracer injection: All rats were anesthetized as describes above. A total volume of 1.0 μl ﬂuorescent labeled tracers were
injected stereotactically into the brain parenchyma at a rate of 10 nl/s
that controlled by a micro syringe pump (UMP3) from world precision
instruments (Sarasota, FL). A 33-gauge needle was inserted via a small
burr hole into the brain at the following coordinates: right parietal
skull, 2.0 mm lateral from the sagittal suture and 3.0 mm caudal from
the coronal suture. After needle insertion, 30 min was given to allow the
needle track to swell closed. To evaluate tracer bio-distribution, animals
were perfusion-ﬁxed between 1 – 4 h after injection and tissue slices
(40 μm) were subsequently imaged as describe above.
Ex-vivo ﬂuorescence imaging: Multi-channel whole-slice montages were acquired with Leica Aperio Versa 200 digital pathology
grade slide scanner. This included separate DAPI, Green and Red
emission channels. Exposure levels were determined based upon uninjected control slices, then maintained constant throughout the study.
Fluorescent intensities were quantiﬁed using AreaQuant software speciﬁcally designed for this imaging application (Leica Biosystems) and
expressed as average ﬂuorescence intensity/unit area. This imaging
technique allows for visualization of micro-structural details and digital
scanning aﬀords the ability to image large brain regions with no loss of
resolution. In order to quantify ﬂuorescence intensities, regions of interest were manually outlined in diﬀerent brain section. For each
channel (green 488 nm and red 594 nm), a minimum intensity
threshold value was selected to exclude any background ﬂuorescence
from our calculation. The AreaQuant algorithm then determines if the
intensity value of each pixel enclosed in the outlined region exceeds the
minimum intensity threshold and outputs the total area of positive stain
for each brain regions, the average intensity in each channel, and the
expression proﬁle of the tracers.
Surgery for two-photon in-vivo imaging: Rat surgery for twophoton imaging was as described by Eyo et al. [30]. Brieﬂy, rats were
anesthetized and craniotomy (4.0 × 4.0 mm) was performed over the
right parietal skull, 2.0 mm lateral from the sagittal suture and 3.0 mm
caudal from the coronal suture, with the dura intact. A head plate was
glued to the skull around the cranial window, and the plate was
screwed into a customized stage and placed under the two-photon
microscope. To visualize vasculatures, 1 ml BBB impermeable Texas
Red-dextran 70 (MW 70 kDa; 1% in saline, Invitrogen) was injected
through tail vein 30 min before imaging. Rats were maintained under
anesthesia and body temperature was kept at 37 °C with a warming pad
for the duration of imaging. Heart rate and respiratory rate were
monitored as previous described.
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The capillary perivascular space will contain all cellular components
like in arteriole but there is absence of smooth muscle cells. Co-localization of this tracer with immunostaining of perivascular cellular
markers indicated that the waste metabolite tracer was found to be
entrapped in between astrocytes (Fig. 2A, GFAP) particularly at the
astrocytic end-feet (Fig. 2 B & C) and vascular smooth muscle cells
(Fig. 2D – G) as indicated by colocalization of alpha-SMA and tracer.
We also observed that the waste metabolite tracer did not readily cross
the blood vessel but aggregated around perivasculature at early time
point as shown in Fig. 2E – G. These observations seen in immunostaining colocalization studies were further conﬁrmed by multiphoton imaging techniques (Fig. 2H, H1, H2 & H3; Green: FITC-d2000,
CSF tracers; Red: Texas red-d70, label vasculatures).
Intracranial cortical injection of FITC-d2000 reaches the perivascular space prior to subarachnoid clearance path. In contrast to
deposition of waste metabolites directly into the CSF ﬂow through
cisterna magna injection, we also injected a FITC-d2000 tracer directly
into brain interstitial space at the depth of 0.5 mm in the right cortical
surface, 2.0 mm lateral to sagittal suture and 3.0 mm away from caudal
coronal suture at diﬀerent time points. The rationale was to determine
if waste metabolites can diﬀuse directly into the perivascular space
from site of production (parenchyma) or the route of translocation
would follow the path of CSF ﬂow via subarachnoid-paravascular
clearance. We found that tracers started to diﬀuse directly into para-and
peri-vascular space from interstitial space after 60 min of cortical injection, as indicated by Texas red-d70 labeled for vasculatures and
FITC-d2000 Green representing large size waste metabolites (Fig. 3B –
D). At this time point, no tracers were detected at subarachnoid space
through this route of injection (Fig. 3A), indicating that waste metabolites can move directly into PVS via the interstitial diﬀusion. There
was more accumulation of tracer in the perivascular space at longer
time points of 240 min (Fig. 3E – F). This cumulative aggregation of
tracer in the PVS was from interstitial movement and dynamic translocation of CSF ﬂow because subarachnoid space was also ﬁlled with
tracer at this later time point. Co-localization of tracer and vascular
smooth muscle marker (alpha-SMA) immunostaining revealed that
most of the tracer was arterial and capillary structures (Fig. 3G – H).
Evaluation of the putative mechanisms of tracer movement
towards perivascular space. We then evaluated the putative mechanism of dynamic waste metabolites movement towards PVS that
could be associated with clearance path. Based on previous ﬁndings
[35-37,19] [19,35–37], we rationalized that increase in arterial vessel
dilative reactivity by low-dose alcohol may regulate the movement of
waste metabolites towards PVS. The justiﬁcation was that low dose
alcohol was known to enhance vessel dilation through nitric oxide (NO)
production in endothelial cells [38]. As such, we ﬁrst established the
dose-response of ethanol concentrations from 2 – 10 mM on the tracer
movement from CSF to perivascular space. We determined 5 mM
ethanol gave the maximal biodistribution of tracer and this optimal
working concentration is approximately equivalent of 0.02% blood alcohol level, which is about 4–5 times lower than the legal limit of
0.08–1.0% blood alcohol level. We observed that low dose of 5 mM
ethanol injection into rat via the tail signiﬁcantly (p < 0.05) enhanced
the movement of the 2000 kDa FITC tracer from CSF to PVS compared
with control (Fig. 4A). Three diﬀerent regions of brain slices were selected according to rat brain atlas map (Fig. 4A), and we observed a
similar trend of increased distribution of tracer by ethanol in all the
three diﬀerent brain regions. However, this stimulating eﬀect of
ethanol was reversed by nitric oxide synthase inhibitor L-NAME, indicating that low dose ethanol increased the movement of tracer
through NOS mediated NO production.
Thus, among all isoforms of NOS, we evaluated the eﬀects of
5.0 mM ethanol on qualitative and quantitative levels of endothelial
speciﬁc eNOS, and subsequent production of NO levels in brain tissues.
This biological marker was examined to validate the idea that low dose
ethanol enhanced the movement of waste metabolites along the

micromanipulator (World Precision Instruments, Sarasota, FL) and
baseline of NO release was recorded prior EtOH treatment. Tissue was
then treated with 5 mM EtOH (in aCSF) and subsequently with 1 mM LNAME (in aCSF). NO concentration was recorded using NO probe as
described at the same time. Experiment was simultaneously performed
with control from the same tissue source to exclude experimental drift
in NO release unrelated to the study.
Plasma ﬂuorescence intensity: Whole blood was collected from
the tail vein before sacriﬁcing and stored in citrate-treated blood tubes
(Fisher) to avoid coagulate. To extract plasma, whole blood was centrifuged at 1000×g for 10 min (4 °C). Clear supernatant was carefully
collected and aliquoted into small tubes. Arbitrary ﬂuorescence intensity was determined in 96-well plate using plate reader (Molecular
Devices) at 490 excitation and 525 emission wavelengths.
Data analysis: All results values are expressed as the mean ± SE,
N = 6. Statistical analysis of the data was performed using SPSS 24
(IBM). In the present studies, wherever the numeric values of N are
indicated, it represents the actual number of animals/samples used for
that speciﬁc experiments or the actual number of experiments performed in cell culture setting, and not the number of replicates per
experimental condition. Comparisons between samples were performed
by ANOVA with Tukey’s post-hoc tests. Diﬀerences were considered
signiﬁcant at p < 0.05.
3. Results
The present studies examined the idea that reactivity of endothelial
and smooth muscle cells plays a critical role in the interstitial-perivascular-perivenous clearance of large size waste metabolites in the
brain. Here we ﬁrst focused on the dynamic bio-distribution of a
2000 kDa ﬂuorescent dye representing large size waste metabolites
following two diﬀerent routes of injection, through cisterna magna and
direct intracranial cortical injection. Cisterna magna route directly
deposits the tracer into the C3 region of CSF-subarachnoid ﬂow, while
deposition of tracer dye into the intracranial cortical region move
through the interstitial space. Stimulation of brain arterial endothelial
and smooth muscle cells reactivity by low dose ethanol was correlated
to increase clearance of waste metabolite through interstitial-perivascular-perivenous space. We observed that reactive vascular endothelialsmooth muscle cell dilation and contraction regulates the diﬀusion and
clearance of waste metabolites via the interstitial-perivascular-perivenous path. The clearance path is supported by our present ﬁndings.
Injection of FITC-d2000 into C3 region of CSF ﬂow accumulates
in perivascular space via the subarachnoid-paravascular movement. To evaluate the movement pattern of large size waste metabolites in the brain, we ﬁrst injected FITC-d2000 (MW: 2000 kDa) directly
into the CSF ﬂow via cisterna magna which bypass the interstitial
movement. This large size ﬂuorescence tracer represents large size
waste metabolite. We then evaluated the bio-distribution of tracer in
the brain at diﬀerent time points. We observed that a direct deposition
of tracer into the C3 region of CSF-subarachnoid ﬂow and penetrated
into the perivascular space via the paravascular route time-dependently. For example, in less than 30 min after intracistertna magna injection, the subarachnoid (SAS) was ﬁlled with ﬂuorescence tracer, but
very little tracer penetrated in less than 0.5 mm depth of paravascular
area from SAS (Fig. 1A). But after 60 min, more tracer was observed
penetrating deep into brain perivascular space (Fig. 1B – C). The
magniﬁed imaging data from Fig. 1D – F showed the biodistribution of
aggregated tracer along the diﬀerent segmental branches of arterial
vessel. These data suggest that waste metabolites from CSF ﬂow can
move into perivascular space through subarachnoid-paravascular
drainage path.
We then evaluated the exact location of the tracer in perivascular
space. The arteriole perivascular space consists of endothelial cells,
pericytes, and smooth muscle cells including basement membrane
proteins that are ensheathed by astrocytic end-feet from the brain side.
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Fig. 1. Tracer bio-distribution after cisterna
magna injection at 30, 60, and 120 min [A-C]
data indicated that tracer was ﬁrstly ﬁlled in
SAS (t < 30min), and subsequently penetrated
into brain along vasculatures. [D-F] details the
magniﬁed view of vasculatures in the boxed in
C. Data are representative of N = 6 animals.
Scale bar: [A, B and C] 3 mm; [D, E and F]:
50 μm.

Fig. 2. Co-localization of FITC-d2000 after cisterna
magna injection with astrocyte marker (GFAP) and
vascular smooth muscle marker (alpha-SMA) revealed location of tracers relative to vasculatures.
[A]: Co-localization of tracer (FITC-d2000, 120 min
after cisterna magna injection) and astrocytes
(GFAP). [B and C]: Detail views revealed that tracers
were wrapped by astrocytic end-feet (white arrows).
[D] Co-localization of tracer (FITC-d2000, 120 min
after cisterna magna injection) and smooth muscle
cells (alpha-SMA). [E − G]: Detail views on right
revealed that tracers were outside smooth muscle
layer, not in vessel lumen. [H]: Two-photon scanning
of tracer bio-distribution (Green: FITC-d2000; Red:
Texas-Red d70). Animals were injected with two
types of tracers: FITC (green) was delivered through
cisterna magna; Texas-Red (red) was injected
through tail vein to label vasculatures. 2 h were allowed before sacriﬁcing. [H] indicated location of
vessel segments that presented in H1, H2 and H3.
Data suggested that after cisterna magna injection,
tracers aggregated along vasculatures. Data was representation of N = 6 animals. Scale bar: [A and D]:
3 mm; [B and C]: 100 μm; [E, F and G]; [H]: 3 mm;
[H1 and H2]: 50 μm; [H3]: 25 μm. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the Web version of this article.)
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Fig. 3. Intracortical deposition of FITC-d2000 (green) directly into cortex (0.5 mm below cortical surface) allow us to track the time-dependent diﬀusion of tracer
along the perivascular space marked by vessel marker Texas-Red d70 injected through the tail vein. 45 μm brain slices on glass slides were subjected to ﬂuorescence
microscope. [A, B, and E] indicate the time-dependent location of tracer. Small traces of tracers were already translocated from site of injection to the perivascular
space before reaching to CSF, indicated by the absence of ﬂuorescence in SAS. More tracers were found to move at longer time (E). Detail view in [C, D, F] suggested
that the accumulation of tracers at PVS. [G and H]: co-localization of tracer (green) with smooth muscle actin (red) indicated that these vessels were arterials due to
the presence of smooth muscle cell. Data are representative of N = 6 animals. Scale bar: A: 1 mm; B and E: 300 μm; C, D, F and G: 50 μm; H, I and J: 30 μm. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 4. [A] Bio-distribution of tracer at 2 h
after cisterna magna injection in control,
5 mM EtOH, and L-NAME + 5 mM EtOH.
Coordination of brain coronal tissue slices
(45 μm) are shown according to rat brain
map in three diﬀerent locations, where biodistribution of tracer was imaged in the
whole brain section. [B] The quantity of
tracer distribution in brain was calculated
as mean ﬂuorescence intensity on each slide
(from N = 6 animals, 10–15 slices were
taken from each animal, ± SEM). Data indicated that alcohol signiﬁcantly increased
the biodistribution of tracer and vascular
reactivity, while NOS inhibitor L-NAME reversed the eﬀect compared with control
(*p < 0.05). Scale bar: 2 mm.
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Fig. 5. Induction of eNOS by low dose ethanol produces endothelial derived nitric oxide. [A] Left: Colocalization of eNOS (red) and tracer (green) in whole brain
tissue slice. Right: detailed view in boxed area. Data indicated that eNOS was elevated by EtOH. (N = 6 animals, 10–15 slices per animal). Scale bar: Left: 3 mm;
Right: 50 μm. Fluorescence intensity quantiﬁcation of eNOS was calculated as mean ﬂuorescence intensity on each slide (from N = 6 animals, 10–15 slices were
taken from each animal, +SEM) and presented as bar graphs, [B] whole brain scanning and [C]arterial vessel cross-section. [D] Western blot analysis of eNOS levels
in diﬀerent experiment conditions. Data was analyzed using image J to obtain arbitrary densitometry intensity units. Three replicates were done for each animal
sample from N = 6 animals. Bar graphs data were quantiﬁed from the ratio of eNOS to that of β-actin bands, and expressed as mean ± SEM. [E] Real-time NO
production in live rat brain tissue (1 mm) by Free Radical Analyzer, where NO production was simultaneously monitored. Bar graphs show the average NO
concentration under each condition, and expressed as mean ± SEM. The asterisk indicates the statistical signiﬁcance (*p < 0.05 in EtOH compare with control. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
Fig. 6. Low dose alcohol enhances dynamic
vessel dilation: [A] Time-lapse in vivo twophoton imaging of ﬂorescent tracer (green,
injected via intracisterna) and vessel marker
Texas-Red (injected via tail vein) showed
the time-dependent aggregation of tracer in
perivascular space in 50–100 μm below
cortical surface. [B] Dynamic imaging of
changes in vessel diameter over time
(N = 3) before and after exposure to 5 mM
ethanol at diﬀerent time lapse. [C] Left:
Cerebral was visualization of cerebral vasculature by two-photon imaging after intravenous tail vein injection of Texas Redd70 showing penetrating arteriole in box
(25 μm in diameter). Right: Selected area
for X-T line scan to examine the changes in
vessel dimeter, which was analyzed by
customized Matlab at diﬀerent time lapse.
[D] Calculated changes in vessel dimeter,
wherein baseline was collected before alcohol exposure. A 9000 ms epoch line scan
was applied every 15 min to determine the
changes in vessel diameter, which is shown
in bar graphs. Two-way ANOVA with tukey’s post-hoc test show the statistical signiﬁcance *p < 0.05 compared with baseline, expressed as mean ± SEM, N = 3.
(For interpretation of the references to
colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)
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movement of waste metabolites. The diﬀusion of these metabolites towards the perivascular space appeared to be regulated by alcohol
mediated increase in arterial vessel contraction and dilation. We then
examined whether these accumulated waste metabolites at the perivascular space will diﬀuse into the perivenous space across the bed of
capillaries, and get exchange/eﬄux into the blood circulation as
clearance mechanisms. Our results clearly showed an increase colocalization of the 2000 kDa FITC tracer and venule marker (endomucin) in
alcohol group (Fig. 8A – B) compared with controls (Fig. 8C – D), even
though the tracer aggregation in perivenous space was not as high as in
perivascular space. This data suggests a limited exchange of metabolites
from perivascular space to perivenous space, which indicates eﬄux of
metabolites from perivascular/perivenous space into the blood circulation.
This led us to examine validation of tracer in blood plasma samples
from diﬀerent experimental conditions as a proof-of-concept. Blood
samples were collected at the time of sacriﬁce from diﬀerent experimental groups with/without L-NAME injection, and separated the
plasma. The 2000 kDa FITC tracer in blood plasma samples was detected by SpectraMax Multi-Mode ﬂuorescence microplate reader at the
speciﬁc excitation (490 nm) and emission (525 nm) wavelengths. We
observed a signiﬁcant increase of tracer ﬂuorescence intensity in the
plasma samples in low dose alcohol group compared with controls or
the alcohol plus L-NAME group (Fig. 8E), indicating that low dose alcohol promotes the waste metabolites clearance path from perivascular/perivenous space into the blood circulation. These ﬁndings suggest the existence of large size waste metabolites clearance path from
perivascular or perivenous space into the blood circulation, which is
regulated by alcohol-induced NO mediated cerebral vessel dilation.

perivasculature through NO induced vessel dilative pathway.
Interestingly, immunostaining revealed a huge increase of eNOS induction by low dose alcohol group (Fig. 5A). This qualitative data was
further validated by quantiﬁcation of eNOS immunoreactive ﬂuorescence intensity. Fig. 5B showed the bar graphs of whole brain scanning,
and Fig. 5C presented the the bar graphs of eNOS immunoreactive localized in arterial vessel cross-section. Our data indicated a statistically
signiﬁcant upregulation of eNOS by low dose EtOH in the whole brain
area scanning as well as in the arterial vessel cross-section compared
with control (p < 0.05). The fold increase in arterial vessel is much
higher than that of whole brain tissue section or in the whole brain
tissue homogenates as detected by Western blot analysis (Fig. 5D). This
is because eNOS localization and expression is speciﬁc to arterial endothelium, however, the increase levels of eNOS in whole brain tissue
section imaging and in the whole brain tissue homogenate proteins are
comparable as expected. To correlate the low dose ethanol-induced
eNOS activation with NO generation, we analyzed the real-time NO
production in live rat brain tissue by Free Radical Analyzer (World
Precision Instruments, Sarasota, FL) using a micro-sensor detector. In
line with eNOS activation, low dose alcohol exposure signiﬁcantly
elevated the production of NO in rat brain compared with baseline
(Fig. 5E). As expected, co-treatment of L-NAME not only inhibited the
induction of eNOS but also the production NO level. These data collectively suggest that low dose alcohol can promote perivascular
clearance of waste metabolites through eNOS-mediated NO production
by increasing the cerebral arterial vessel dilations.
Low dose alcohol enhances dynamic vessel dilation: To validate
the proof-of-concept that ethanol-induced arterial vessel reactivity
promotes the pool of waste metabolites along the PVS, we determined
dynamic dilative vessel reactivity by multiphoton imaging in live animals. We found that low dose alcohol signiﬁcantly increased tracer
movement towards PVS within 15 min, where the ﬂux of tracer could be
detected easily in the depth of 50–100 μm below cortical surface
(Fig. 6A). This increase in tracer accumulation in the PVS in the presence of alcohol was further supported by a signiﬁcant vessel dilation
(Fig. 6B – C) and a signiﬁcant increase in arterial vessel diameter
(Fig. 6D) as revealed by two photon line scan. This alcohol-induced
signiﬁcant increase in arterial vessel dilation and contraction suggest
the active interaction between brain endothelial cell and smooth muscle
cell within the arterial cellular components via the signaling molecule
eNOS-elicited NO production. Such a cross-talk between endothelial
cell and smooth muscle cell is unlikely to occur in the capillary since
smooth muscle cells are absent in the capillary.
We then examined the idea that generation of the alcohol-induced
vasodilator NO from brain endothelial cells can readily diﬀuse into the
underlining smooth muscle cells (SMCs) reactivity. The rationale is that
elevation of physiological NO levels in endothelial cell augments the
endothelial-SMCs interaction to increase arterial vessel dilation. The
qualitative data from immunostaining staining of α-SMCs showed an
increase reactivity in low dose alcohol group compared with controls
(Fig. 7A), which was in agreement with alcohol-induced NO production
by endothelial cells. In parallel with an increase α-SMCs expression, the
quantitative assay by Western blot analysis validated the signiﬁcant
elevation of α-SMCs levels in alcohol condition compared with controls
(Fig. 7B). This data suggests an active interaction between vascular
endothelial cells (ECs) and smooth muscle cells through a paracrine
signaling pathway in which ECs derived nitric oxide acts as the key
signaling molecular messenger for vessel dilation. As a work in progress, we are currently investigating the underlying molecular mechanisms that regulate smooth muscle functional activity by alcohol for
promoting ECs-α-SMCs cross-talk dilative reactivity.
Vessel dilation increases waste metabolite clearance: So far, we
have shown that large size waste metabolites that are not able to diﬀuse
across the subarachnoid (SA)-superior interface (due to the presence of
SA microvilli) in CSF ﬂow get accumulated in perivascular space in the
presence of low dose alcohol. This includes the interstitial-perivascular

4. Discussion
We discuss the ﬁndings that large size waste metabolites in the brain
that are unable to clear out by the conventional CSF clearance path get
diﬀused towards perivascular-perivenous space from the interstitial
ﬂuid and from the CSF-subarachnoid ﬂow. Thus, there is a dynamic
movement of large size waste metabolites from interstitial space and
subarachnoid towards perivascular space under normal physiological
condition. To mimic the large size waste metabolites, we injected a
large molecular weight ﬂuorescent tracer (2000 KD) as proof-of-concept. The rationale is that due to limitation of large molecular size [9],
injection of this tracer into brain seemed to accumulate at the perivascular space instead of being eliminated through CSF clearance
routes including BBB trans-vascular clearance, degradation and CSF/
ISF diﬀusion as noted by others [36]. This physiological behavior is
comparable with what have been observed in certain neurological
diseases including perivascular phosphorylated tau protein disposition
in cerebral amyloid angiopathy (CAA) and aggregated amyloid beta
protein in Alzheimer’s disease [61,62]. Thus, to trace the movement of
this large size waste metabolite mimic in the CNS may be considered
signiﬁcantly informative as proof-of-concept, however it may not accurately substitute the clearance of amyloid beta protein in Alzheimer’s
disease.
We ﬁrstly showed the perivascular disposition phenomenon by the
bio-distribution of large size molecular weight ﬂuorescent tracer injection from two diﬀerent routes, a direct deposition of tracer into the
CSF ﬂow by intracisterna magna injection and a direct deposit of tracer
into interstitial space through intracranial cortical route. Even though
the subarachnoid (SAS) was ﬁlled with ﬂuorescence tracer within
30 min, the actual penetration of tracer into the perivascular space
occurred after 60 min in intracistertna magna injection (Fig. 1A–F). In
the interstitial cortical injection, the tracer diﬀused directly into perivascular space within 60 min (Fig. 3A–D), while the CSF ﬂow was ﬁlled
with tracer at the much later time points (Fig. 3E-F), indicating the slow
clearance of large size waste metabolite from interstitial ﬂuid to C3
choroid ﬂexus. These data suggest that waste metabolites can diﬀuse
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Fig. 7. [A] Shows the representative expression of brain vascular α-smooth muscle actin (αSMA, red) in whole brain tissue sections (10 μm thick) in diﬀerent
experiment conditions with a signiﬁcant increase by ethanol exposure (N = 6 animals, 10–15 slices per animal). Scale bar: 30 μm. [B] Western blot analysis of αSMA
levels in diﬀerent experiment conditions. Data was analyzed by image J to obtain arbitrary densitometry intensity units. Three replicates were done for each animal
per condition. Bar graphs show the quantiﬁed data that were expressed as ratio of αSMA immunoreactive bands to that of β-actin bands, with mean ± SEM. *
indicates the statistical signiﬁcance p < 0.05 compared with control or L-NAME + EtOH/L-NAME alone. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)

directly into PVS time-dependently from interstitial ﬂuid and from CSFsubarachnoid ﬂow, which is regulated by endothelial-smooth muscle
cell dilation. Similar alternative clearance mechanisms of direct translocation of interstitial solutes to perivascular space have been proposed
in mouse model [19].
Intriguingly, our data showed that a very low level of 5.0 mM
ethanol, equivalent of 0.02% blood alcohol level can enhance the dynamic movement pattern of these waste metabolites towards perivascular-perivenous space. This concentration is far below the legal limit of
0.08% blood alcohol level. In spite of alcohol being an addictive substance, the low-dose of this legalized substance is likely to improve the
clearance of waste metabolites in the brain. Thereby, one drink of alcohol a day may ameliorate the progression of many neurological diseases that are originated from toxicity of non-clearance waste metabolites. Interestingly, a number of recent population-based cohort
studies concluded that heavy alcohol use in chronic condition is associated with development dementia and progression of Alzheimer’s
disease and cerebral amyloid angiopathy [39–46], the hallmark of these
neurological diseases happen to be the deposition of waste metabolites
like Aβ protein, or protein prion-like proteinopathies around the perivascular space [47–49]. These cohort studies also unequivocally noted
the protective eﬀects of low dose alcohol use against the progression of
dementia and AD/CAA, with unknown mechanisms. It is apparent that
beneﬁcial or destructive eﬀects of alcohol is dependent on the duration
and concentration use. In the present studies, we use low level of alcohol to understand the protective mechanisms for promoting perivascular clearance because low-moderate alcohol use is protective of

vascular and cardiovascular function [50–55]. In fact, Lundgaard et al.
(2018), have shown the beneﬁcial eﬀects of low dose alcohol and adverse eﬀects of high dose alcohol on glymphatic function [53]. Currently we are examining the contrast eﬀects of low dose alcohol intake
and chronic use of high dose alcohol (equivalent of alcohol dependent
subjects) in the context of blood-brain barrier permeability and perivascular clearance path. Our unpublished preliminary data indicated
that low dose alcohol promotes perivascular waste metabolites clearance without compromising BBB integrity, unlike the long-term high
dose alcohol intake.
We then addressed the underlying clearance mechanisms of the
accumulated waste metabolites from perivascular or perivenous space
into the blood circulation by two approaches. The exchange of waste
metabolites from perivascular space to perivenous space across the bed
of capillaries, and detection of waste metabolite in blood samples collected from jugular vein. Colocalization of tracer with venule marker
clearly showed a signiﬁcant accumulation of tracer in perivenous space
of alcohol group compared with controls (Fig. 8A–D), however the
tracer intensity was less than that of perivascular space (Fig. 6A). These
results indicated the movement of metabolites from perivascular to
perivenous space across the bed of capillary. The exchange of waste
metabolites from perivascular/perivenous space into the blood circulation as the clearance path was examined by the presence of ﬂuorescent tracer in blood plasma samples from various experimental conditions. A signiﬁcant detection of tracer in the plasma samples in low
dose alcohol group was markedly higher than controls or alcohol plus
NOS inhibitor L-NAME groups (Fig. 8E). These data suggest that the
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Fig. 8. Validating the diﬀusive exchange of waste metabolite from perivascular to perivenous space (at the bed of capillaries). [A - D] Colocalization of FITC tracer
(Green) and venule marker endomucin (red) in alcohol group (A&B) compared with control (C&D), indicating an exchange of large size metabolites from perivascular
space to perivenous space. [E] Detection of FITC-d2000 in blood plasma collected after 120 min cisterna magna injection from diﬀerent experiment conditions,
(n = 6/per group, ± SEM). One-way ANOVA and post-hoc turkey test (*p < 0.05, compared with control) was performed to compare diﬀerence between each group.

mediated endothelial-smooth muscle cells interaction was key to arterial vessel reactive dilation [58,59], and perhaps the movement of
tracer along PVS [37]. The rationale is that endothelial-derived NO
generation can diﬀuse readily into the underlying SMCs and cause
vessel dilation through a cascade of paracrine-mediated biochemical
signaling events [58,60], wherein NO serves as the key signaling molecule for vessel dilation.
Apart from local level regulation of vessel dilation including response to mechanical forces (eg. shear stress) and chemical stimuli (eg.
NO) as discussed above, it has been shown that vessel contraction/dilation is also dependent on neural activity coupled with sensory stimulus. For example, using whisker stimulation and cortical spreading
depolarization, researchers observed microvascular diameter changes
in smooth muscle covered microvessels in brain [63]. However, due to
the limitation of this study scope, the current research focus was primarily on the local level regulation of regional blood vessel dilation
exerted by eNOS-derived NO production in low dose alcohol. Brain

tracer was leaked into the circulation from perivascular/perivenous
exchange because this large size waste metabolite was not permeable
from subarachnoid to sagittal sinuses due to blockade by subarachnoid
microvilli. The signiﬁcantly low level of tracer present in NOS inhibitor
plus alcohol group also suggested the direct role of alcohol-induced NO
elicited perivascular/perivenous-blood circulation clearance path.
We then validated the underlying mechanisms that alcohol-elicited
eNOS speciﬁc NO production promoted the cerebral arterial vessel dilation and clearance. The rationale was that NO production augmented
the endothelial-smooth muscle cell reactive interactions and arterial
vessel dilation. This is because low dose alcohol consumption led to an
increase eNOS activity and NO production [26–28], whereas high dose
chronic alcohol consumption led to detrimental consequences on vascular function [32,56,57]. In support of our hypothesis, we observed an
increase reactivity of α-SMCs in low dose alcohol qualitatively and
quantitative compared with controls or in the presence of NOS inhibitor
(Fig. 7A-B). Our observations were in line with the ﬁndings that NO124
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activity dependent regulation will be explored as our future scope of
investigation.
In conclusion, the diﬀusive movement of large size waste metabolites from interstitial ﬂuid and from CSF-subarachnoid ﬂow into perivascular-perivenous drainage path is regulated by reactive dilation of
endothelial-smooth muscle cells. We found that low dose alcohol can
signiﬁcantly promote these waste metabolites movement towards the
perivascular-perivenous space and its clearance into the circulation. We
conﬁrmed that alcohol-elicited eNOS speciﬁc NO production regulated
the cerebral arterial vessel dilation through endothelial-smooth muscle
cell reactive interactions. Our present ﬁndings are expected to have farreaching translational signiﬁcance, particularly the timely clearance of
entangled proteins in neurological diseases.
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