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Abstract

The glymphatic system is a glial-dependent waste clearance pathway in the brain, in place of 

lymphatic vessels, dedicated to drain away soluble waste proteins and metabolic products. 

Specifically, the glymphatic network serves as a "front end" for waste clearance, and is connected 

downstream to an authentic lymphatic network, associated with dura covering the brain as well as 

cranial nerves and large vessels at the skull exits. The anatomical and functional interconnections 

between these two networks are not completely understood. Several key physiological processes 

have been identified that control glymphatic transport function and waste clearance from brain. In 

this review, we aim to provide an overview and discussion of the concept behind the glymphatic 

system, current evidence, and controversies, while specifically focusing on the consequences of 

aging and evidence of its existence in human brain. Discovering novel strategies for optimizing 

and maintaining efficient brain waste clearance across the lifespan may in the future prove to be 

important for preventing cognitive decline and sustaining healthy aging.
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Introduction

Waste removal from the central nervous system is essential for maintaining brain 

homeostasis across the lifespan. Two interconnected, dynamic networks were recently 

uncovered, which may provide new information concerning the conundrum of how the brain 

manages waste removal in the absence of authentic lymphatic vessels. The glymphatic 
system serves as the brain’s "front end" waste drainage pathway that includes a peri-vascular 

network for cerebrospinal fluid (CSF) transport [1,2], which is connected to a downstream 

authentic lymphatic network associated with the meninges (dura), cranial nerves and large 

vessels exiting the skull [3–5]. The anatomical and functional components of the two 
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systems are complex and the processes by which they physically interconnect are only partly 

understood.

The first pioneering studies documented that soluble amyloid beta (Aβ) protein and tau 

oligomers – metabolic waste products whose build up is associated with Alzheimer’s disease 

(AD) – was transported from the interstitial fluid (ISF) space and out of the brain via the 

glymphatic system [1,6]. This information was followed by another hallmark study reporting 

that slow wave sleep enhanced glymphatic Aβ clearance from brain when compared to 

wakefulness [7]. Collectively, this information was met with excitement in the neuroscience 

and clinical communities because maintaining efficient brain waste drainage across the 

lifespan – possibly by preserving normal sleep architecture - emerged as a novel therapeutic 

target for preventing cognitive dysfunction and decline. The idea of maximizing brain ‘waste 

drainage’ as a new preventive or therapeutic target for neurodegenerative disease states was 

further strengthened by animal studies providing evidence of declining glymphatic transport 

efficiency in healthy aging [8], Alzheimer’s disease models [9], traumatic brain injury [6], 

cerebral hemorrhage [10] and stroke [11]. Considering the novelty of the glymphatic system 

concept, along with the rapidly emerging literature associating key physiological processes 

(e.g. vascular pulsatility [12,13], and sleep [7]) with glymphatic transport function and waste 

solute outflow from brain, we decided it was timely to review this information cohesively. 

Hence the goal of this mini-review is to provide a broad overview of the current data, 

controversies and gaps in knowledge of the glymphatic system and waste drainage from the 

brain, while addressing potential consequences of aging as well as critically reviewing 

evidence for its existence in the human brain.

The glymphatic system concept

The glymphatic system and waste clearance process in the rodent brain was originally 

described as a 3-step serial process as follows: 1) CSF is continuously transported from the 

basal cisterns and into the subarachnoid space covering the cerebral hemispheres; and from 

the subarachnoid space, CSF enters the peri-arterial spaces in a bulk-flow driven manner; 2) 

CSF is propelled from the peri-arterial compartment into the interstitial fluid (ISF) space 

facilitated by aquaporin 4 (AQP4) water channels on astroglia end-feet, a process enabling 

CSF-ISF mixing and waste solute removal; and 3) the CSF-ISF fluid mixed with interstitial 

waste solutes is subsequently transported towards the peri-venous compartment of the larger 

central veins (Fig. 1) from where it eventually exits into lymphatic vessels and the systemic 

circulation [1]. The new information pertaining to the glymphatic system concept was the 

proposed critical role of AQP4 water channels for rapid, high volume CSF transport from 

the peri-vascular compartment into ISF space and waste drainage [1]. The dependency of 

parenchymal CSF transport on AQP4 water channels was documented by quantifying CSF 

solute transport and clearance capabilities in the brain of mice deficient of AQP4 water 

channels (AQP4−/−) in comparison to controls [1]. These experiments showed that 

glymphatic transport of waste solutes including Aβ was significantly reduced in AQP4−/− 

mice when compared to controls [1]. However, this area is currently controversial. Thus, 

Smith et al., reported that movement of fluorescent albumin from CSF into brain 

parenchyma was similar in AQP4−/− mice as well as APQ4−/− rats when compared to 

controls [14]. Still, data (nonpeer reviewed preprint posted on bioRxiv.org) from three 
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independent laboratories recently refuted the negative findings of Smith et al. ([14]), 

replicating the dependency of glymphatic transport on AQP4 water channels in three 

different APQ4−/− mice models [15]. Further, another recent report documented reduced 

parenchymal clearance of paramagnetic contrast in the thalamus (but not caudate) of 

AQP4−/− rats compared to controls [16]. Even such large apparent discrepancies in results 

are likely to reflect differences in experimental design (e.g. anesthetics used [17,18], surgical 

procedures including open skull procedures and parenchymal injection techniques including 

volume and pressure of the administered tracers). Although the field is at an early stage of 

knowledge about this delicately balanced system, it is already known that all of these factors 

can greatly affect solute transport patterns in the brain (reviewed by Brinker et al. [19]).

Measurement of glymphatic transport

To characterize the physiological and physical processes underlying CSF and waste transport 

via the glymphatic system, objective and quantitative measures of its operation in live brain 

are required. Current strategies to track glymphatic transport in vivo, employ a wide variety 

of tracers (e.g. fluorescent dyes, MR paramagnetic contrast agents or radioactive ligands) 

administered into CSF which then act as surrogate ‘waste’ solutes which can be visualized 

by various imaging modalities as they pass through the brain. In most studies, the transport 

of CSF tracers from the peri-arterial conduits into brain tissue is referred to as glymphatic 

‘influx’ while transport of the tracers out of brain tissue is referred to as glymphatic 

‘clearance’ or ‘efflux’ [1,17,20,21]. In the mouse brain, glymphatic transport of small 

molecular weight (MW) tracers (Texas Red Dextran (TRd), MW 3000 Da) from the cisterna 

magna, subarachnoid space and into the ISF space of the cortex was visualized in vivo by 2-

photon optical imaging [1]. These first 2-photon studies showed that the TRd transport from 

CSF to cortical ISF via the peri-vascular space of the penetrating arteries was fast (5–10 

min); and further that the TRd molecules appeared to move freely in ISF [1]. Larger MW 

molecules such as FITC-dextran (MW 2000 kDa) also moved rapidly from the subarachnoid 

space to peri-arterial channels, but these particles did not pass into ISF due to their large 

size, because the gaps between the astroglial end-feet are narrow (~20–30 nm wide) [1]. 

Thus, when using large MW tracers to study the glymphatic system, only the peri-vascular 

component will be highlighted [22,23], and the critical glymphatic system components such 

as parenchymal influx and clearance are lost to study. For tracers that are capable of passing 

from the peri-vascular conduits into ISF, parenchymal influx as well as clearance of the 

tracers can be quantified dynamically in specific brain regions provided that the imaging 

method has sufficient temporal and spatial resolution [1,20,21].

Glymphatic transport in the whole brain of rodents can be captured in vivo by dynamic 

contrast enhanced magnetic resonance imaging (MRI) by administering a small volume of 

paramagnetic contrast into CSF via the cisterna magna [20]. Fig. 2A shows population 

averaged (N=5) concentration maps of the macrocyclic MR contrast agent gadoterate 

meglumine (DOTAREM (MW 558.64 Da) in rat brain 1 hr after CSF administration via the 

cisterna magna (based on data from Lee et al. [24]). As shown, DOTAREM tissue uptake is 

evident into the cerebellum, hippocampus, hypothalamus and pons, in a concentration range 

of ~0.1–0.2mM (Fig. 2A–C). Fig. 2D shows the corresponding whole brain and CSF 

DOTAREM concentration as a function of time and also shows that the maximal retention 
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(peak) of the contrast molecule in whole brain tissue and CSF is ~0.045mM and 1.2 mM, 

respectively. A similar anatomical pattern of the MR contrast agent uptake from CSF into 

the brain of non-human primates [10] and human brain via perivascular spaces [25] was 

documented recently, supporting the concept of the existence of a glymphatic system in 

evolutionary ‘higher’ species.

Glymphatic efflux pathways

While the peri-arterial influx pathways of the glymphatic system are easily captured by a 

variety of imaging techniques and described in great detail by several investigators 

[14,17,20,21,26,27], the efflux pathways are less well documented and will be reviewed in 

the following.

Glymphatic waste efflux pathways are most often characterized by administering solutes of 

interest (including Aβ and tau) into the CSF (via cisterna magna) or directly into brain 

parenchyma and after a pre-determined time of tracer circulation the animal will be 

euthanized [1,7,8]. Using this approach, the brain’s tracer loss over time (a.k.a. ‘clearance’) 

can be determined cross-sectionally in a series of animals exposed to incremental tracer CSF 

circulation times and compared across groups [1,7,8,21]. For direct visualization of 

glymphatic efflux pathways, the spatial distribution pattern of the tracer in the formalin-

fixed brain tissue can be documented in relation to vascular and other anatomical landmarks 

using optical microscopy [1]. Using such ex-vivo techniques, Iliff et al. reported that tracers 

administered directly in the brain parenchyma accumulated along capillaries and large 

central veins including the caudal rhinal vein but not along arteries highlighting the peri-

venous conduits as main drainage pathways of the glymphatic system [1]. It is important to 

compare these more recent results to previous and now classical reports of waste drainage 

pathways from the brain obtained with similar postmortem techniques. Thus, Cserr et al., 

reported that metabolically inert tracers such as dextran and horseradish peroxidase 

administered into the striatum of the rat brain drained along the peri-vascular spaces of 

arteries, arterioles (not capillaries) and veins [28]. Later, Carare et al., reported that small 

and large MW solutes administered into the striatum of mice were accumulating in the 

basement membranes of capillaries, arterioles and arteries which strongly suggested that 

these specific conduits acted as major waste drainage pathways [29,30]. While there appears 

to be agreement concerning the vascular basement membranes serving as drainage pathways 

[1,22,29], the controversy remains as to whether waste solutes drain against a pulse pressure 

gradient (i.e. upstream along arterioles and arteries) or downstream along veins (for more 

detail see excellent review by [31]). The discrepancies related to waste drainage and efflux 

pathways from the brain are likely due to differences in techniques and perhaps also 

influenced by post-mortem processing of the tissues. Although the fluorescent dyes 

administered into the tissue are aldehyde-fixable and therefore should not be erroneously 

redistributed during intravascular formalin perfusion fixation, any distribution pattern has to 

be interpreted cautiously due to artefacts which might arise during the fixation processing 

(e.g. shrinkage of the interstitial space [32] and collapse of vessels) and affect tracer 

distribution post-mortem. Clearly, in vivo imaging techniques with inherent larger field of 

views permitting capture of the whole brain at high temporal and spatial resolution are 

needed to resolve these important outstanding controversies pertaining to efflux pathways.
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It has been known for decades that CSF communicates directly with the perineural space of 

cranial as well as peripheral nerves. In 1872 Quincke published seminal work on CSF 

transport and documented outflow pathways along intercostal nerves, lumbar and sacral 

nerves and cranial nerves including the olfactory nerves [33,34]. Quincke also documented 

that CSF drained solutes to the cervical lymph nodes [33,34]. These studies were later 

repeated with more elegant and modern techniques using smaller tracers showing that 

shortly after an injection of Indian ink into the cisterna magna of the rat, the carbon particles 

could be observed in the nasal mucosa and cervical lymph nodes [35]. In dynamic contrast-

enhanced MRI studies, transport of the tracer out of the brain along the optical, olfactory, 

vagal, acoustic and hypoglossal nerves is also clearly documented in vivo following CSF 

administration [21,36] supporting the previous postmortem studies. Fig. 3 is a conceptual 

illustration of the perineural drainage pathways in relation to the glymphatic system from the 

point of view of a cranial peripheral nerve. It is currently unknown if interstitial waste 

solutes from the brain travel along the cranial nerves or inside the nerve itself (i.e. via the 

fascicles). It is also unknown if perineural drainage of waste solutes serves as major 

clearance routes after intraparenchymal administration and more systematic studies are 

needed.

Another very recent study characterized CSF outflow pathways using tracers administered 

into CSF of Prox1-GFP mice (Prox1 is a marker of lymphatic endothelial cells and 

transgenic mice in which lymphatic endothelial cells express GFP are used to conveniently 

spot lymphatic vessels), in parallel with direct dynamic tracking of the outflow pathway 

from the brain using near infrared imaging [5]. They reported that the time interval from 

CSF tracer administration, and glymphatic circulation to detection of the tracer in LVs and 

cervical lymph nodes occurred fast (<10min) and was mostly active on the ventral skull 

surface at sites where cranial nerves and vessels exit; whereas the detection of the same 

tracers in the systemic circulation was delayed (>25 min) [5]. This temporal pattern strongly 

suggested that CSF and waste solutes predominantly drain directly into LVs along the 

exiting cranial nerves and not immediately into the venous circulation (e.g. dural sinuses) or 

into LVs along the dural sinuses as previously described [5]. The discrepancy between this 

and other studies in regards to the importance of meningeal LVs for brain drainage of waste 

and macromolecules is currently not understood.

Connections between glymphatic system and lymphatic vessels outside 

the brain

In the first introduction of the glymphatic pathway the physical merging of the peri-venous 

outflow from the brain parenchyma and downstream lymphatic circulation was suggested 

but not described in detail [1]. However, new data on the downstream lymphatic network and 

how it interconnects with the glymphatic pathway has recently emerged. First, authentic 

lymphatic vessels (LV) were confirmed at the level of the dural meninges [37] and more 

recently shown to be functionally capable of absorbing macromolecules from brain tissue 

and drain these to the deep cervical lymph nodes [3,4]. Second, lack of dural lymphatics in 

transgenic mouse models was shown to impede clearance of macromolecules from the brain 

to cervical lymph nodes [3,38]. The topography of the LV network associated with the dura 
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has been mapped in the mouse (Fig. 4), non-human primate and human brain by means of 

immunohistochemistry and specific lymphatic endothelial markers [3,4,39]. In normal adult 

brain the topographic features are relatively consistent across species and includes LVs along 

the venous sinuses (e.g. superior sagittal sinus, transverse sinus, sigmoid sinus) and middle 

meningeal artery (Fig. 4) [3,4,39]. In the mouse brain LVs have also been demonstrated at 

the level of the pterygopalatine artery, rostral rhinal vein, cranial nerves at their exit points 

from the skull [38]. Presumably the LVs positioned at the level of the dura ensheathing these 

structures exit through cranial foramina along with major arteries, veins and cranial nerves 

as illustrated in Fig. 5 and ultimately connect to the cervical lymph nodes. Detailed 

topographic mapping of LV sprouting, maturation and growth during the first postnatal 

month was recently described in the murine CNS [38]. These and other studies show that LV 

growth is driven by vascular endothelial growth factor (VEGF) C; and VEGF receptor 3 

signaling is required for LV maintenance in the adult murine CNS [38].

Drivers of glymphatic transport

From the strong premise that the glymphatic system is involved in brain waste clearance and 

has been documented to be less efficient in the aging rodent brain [5,8], and in transgenic 

mouse models of AD [9] it becomes important to understand the controlling forces. As 

discussed, continuous CSF transport through brain parenchyma is critical for the glymphatic 

system’s ability to transport and drain waste solutes. Thus, any condition that affect CSF 

transport will also interfere with solute transport via the glymphatic system. Although the 

glymphatic system consists of multiple structural and functional components (Fig. 1) it is 

viewed as a ‘single waste processing unit’. Anatomical and physiological factors which are 

implicated in glymphatic pathway transport and brain waste clearance are likely to include: 

i) perivascular AQP4 water channels, ii) hydraulic forces associated with arterial pulsation 

[12,22], respiratory effort and body position [21], iii) normal CSF production and transport 

and iiii) state of arousal [7] (Box 1).

Aquaporin-4 (AQP4) water channels

AQP4 water channels are regulators of transcellular water flow and facilitate rapid 

movement of water across membranes in response to changes in tonicity [40,41]. The 

polarized high expression of AQP4 water channels on astroglial endfeet are viewed to be 

essential for efficient glymphatic influx as well as efflux [1]. Glymphatic influx often 

investigated using tracers administered into CSF (e.g. small molecular weight fluorescently 

tagged dyes or paramagnetic contrast molecules) which, do not pass through the AQP4 

channels but are transported to the interstitial space via the small gaps between the astrocytic 

endfeet. In studies where tracers are administered directly into parenchyma it is assumed 

that their clearance from brain is also reflective of CSF transport via peri-vascular AQP4 

channels. In other words, it is assumed that transport of the tracer of interest parallels 

mobility of ions and other molecules driven by the water flux via AQP4 channels. In the 

original study by Iliff, influx and clearance of Aβ1–40 was measured in normal and AQP4−/− 

mice using two different techniques [1]. At 30 min, influx of Aβ (measured via CSF 

administration) was reduced by 40% in AQP4−/− mice compared to controls whereas 

clearance (measured via striatal injection) was reduced by 20% in AQP4−/− mice compared 
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to controls [1]. Thus, while influx as well as clearance was reduced in AQP4−/− mice 

supporting the concept that AQP4 channels are crucial for transport, the scales of ‘influx’ 

and ‘clearance’ were unbalanced for unknown reasons. Clearly, the techniques involved are 

imperfect and more innovative methods are needed to fully elucidate the role of AQP4 water 

channels on the various glymphatic transport components across the brain.

AQP4 immunohistochemistry studies of the mouse brain have shown that the expression of 

AQP4 is not uniform across the brain which, might reflect the regional heterogeneity 

observed in glymphatic transport function [20]. In mouse brain, the lowest AQP4 expression 

is documented in the cortex, followed by the hippocampus and the inferior colliculi; with the 

highest expression in cerebellum and spinal cord [42]. The effect of aging on the AQP4 

water channel distribution pattern has also been investigated in mice and human brain. Kress 

et al., reported that the AQP4 polarization on the astroglia endfeet processes surrounding the 

cortical penetrating arterioles (but not the capillaries) was significantly reduced in old (18 

month) mice when compared to young (2–3 month old) mice [8]. However, these data were 

not corroborated in recent study, reporting that AQP4 expression in membranes next to the 

capillary endothelial cells and arterioles was independent of age in both mice and humans 

[43]. The importance of AQP4 water channels have also been highlighted in rodent models 

of closed skull traumatic brain injury where glymphatic clearance is impaired in the area of 

injury due to the loss of peri-vascular AQP4 channels [6,44].

Physical forces driving glymphatic transport

There is currently debate in the literature in regards to the mix of physical forces driving 

solute transport in the brain. While some studies support glymphatic waste transport due to 

pressure-driven bulk motion of fluid referred to as ‘advection’ (independent on the solute’s 

MW) [1,20,45] others claim that diffusion forces (dependent on MW) govern [14,46]. 

Advection implies that hydraulic energy is associated with mass transport starting with the 

pressure head of CSF movement from the subarachnoid space into the peri-arterial space. It 

is highly likely that solute transport in the brain is governed by both processes (‘convection’ 

= ‘advection’ + diffusion) and the contribution of each may vary regionally across the brain. 

For example, in tissue areas with decreased AQP4 water channel expression, reduced peri-

vascular polarization and sparse vascularization (e.g. white matter) diffusion forces may be 

more prominent. Considerable evidence in vivo supports convection driven transport in the 

periarterial space of the rodent brain because solute motion in this compartment appears to 

be independent of MW [1,20,47]. Further, Bedussi et al., injected microspheres into the CSF 

of rodents and documented oscillation of the particles and net positive displacement in 

direction parallel to blood flow at an average velocity of 17 µm/s in the peri-vascular space 

of leptomeningeal vessels in sync with the heart rate [22]. In additional support of rapid 

mass transport by convection including arterial pulse wave propagation, ligation of the 

internal carotid artery results in reduced glymphatic solute influx and increasing arteriolar 

pulsatility by dobutamine enhances glymphatic influx [12]. It is currently unclear if 

parenchymal waste clearance is similarly influenced by changes in pulsatility and this will 

need further investigation. Asgari et al., used computer simulation to model arterial pulse 

wave propagation and its effect on water and solute dynamics in the peri-arterial space and 

came to the conclusion that arterial pulsations alone are unlikely to produce pure or notable 
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bulk flow [46]. However, Asgari et al. implemented a series of hemodynamic parameters in 

their modelling algorithms (e.g. arterial wall distention wave parameters) derived from both 

humans and rodents which might also have impacted their conclusions [46]. It has also been 

suggested that arterial pulsations could induce reverse flow of solutes in the peri-vascular 

space, however such a process which would require a valve-like mechanism which is not 

documented [48].

Another feature supporting pressure driven transport in CNS is related to intracranial 

pressure (ICP). For example, if large CSF reservoirs are open to atmospheric pressure (e.g. 

basal cisterns via cisternotomy), glymphatic clearance of solutes administered into brain 

parenchyma is significantly reduced [49]. This effect may be explained by decreased CSF 

transport into the peri-vascular and ISF space secondary to changes ICP. Under normal 

conditions ICP is a balance between CSF production and reabsorption and ICP is dependent 

on body position. For example, in humans ICP drops when posture is changed from supine 

to upright position [50] which, may also affect the pulsatile component of cerebral blood 

flow and therefore CSF transport [51]. In support of this, in rat studies it was shown that 

glymphatic transport and clearance of Aβ was decreased in the prone position (head up) 

when compared to lateral recumbent or supine position [21].

Pulsatility and vascular remodeling in aging brain

Arterial stiffening and reductions in compliance occurs progressively in aging and is marked 

by degeneration of the otherwise highly elastic lamellar architecture of the arterial wall 

[52,53]. Along with deposition of advanced glycation endproducts in the vessel wall, known 

to crosslink arterial wall proteins [54–56], and intimal and medial calcification [57], 

mechanical remodeling of the brain microvasculature contribute to the arterial stiffening 

seen in aging. Under normal conditions, the brain retains pressure pulsation throughout the 

capillary network [53], however, with increasing vessel stiffness due to aging, arterial pulse 

wave velocity and pulse pressure increases in the brain and transmits mechanical strain to 

even distal vessels [58,59]. Recent analysis of clinical data suggests that increased 

intracranial pulsatility may play a significant role in the pathophysiology of cerebral small 

vessel disease (SVD), which is responsible for up to 45% of dementia and 20% of all stroke 

occurrences worldwide [60]. Interestingly, Bedussi recently demonstrated that glymphatic 

bulk-flow driven transport in the hippocampus was enhanced in spontaneously hypertensive 

rats (SHR) which is an animal model of effects of hypertension on brain micro-vessels [45]. 

Specifically, in SHR rats, fluorescent tracers of different MW administered into the 

hippocampus spread much faster in the SHR when compared to the Wistar Kyoto (WKY) 

control rat. The increased ISF transport might be related to higher than normal pulse 

pressure and altered pulsatility in the SHR rats. Alternatively, the effect might be due to 

enhanced expression of AQP4 water channels in SHR rats compared to controls [61].

State of arousal

One of the most exciting studies concerning the glymphatic pathway was the report of the 

enhancing effect of sleep on influx and clearance of waste solutes including Aβ. Thus, in 

rodents, glymphatic influx was increased by 95% and Aβ was cleared 2-fold faster in the 

cortex during slow wave sleep (or anesthesia with ketamine/xylazine) when compared to 
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wakefulness [7]. Because sleep is associated with improved brain waste clearance when 

compared to wakefulness, it is inferred that all drug-induced low arousal/sleep states will 

promote brain waste clearance. However, the basis for sleep-induced enhancement of 

glymphatic transport appears to be closely linked to central norepinephrine tone/activity. In 

agreement with this concept, we recently showed that rats receiving dexmedetomidine 

(which blocks norepinephrine release from the locus coeruleus) in combination with low-

dose isoflurane exhibit a 30% higher glymphatic transport function relative to rats receiving 

isoflurane alone [62]. This finding may be important for clinical practice because 

dexmedetomidine or other drugs that reduce central norepinephrine signaling could have the 

added benefit of improving ‘brain waste removal’ during anesthesia and surgery. The 

beneficial effect of dexmedetomidine in the context of glymphatic transport might also 

explain why the use of dexmedetomidine decrease the incidence of postoperative delirium 

[63].

Does a glymphatic system exist in the human brain?

It is currently unknown if a glymphatic system for waste drainage as described in rodents [1] 

exists in the human brain. Clearly, fundamental anatomical and physiological differences 

exist between the two species which need to be considered. First, the cerebral metabolic rate 

of glucose utilization in young adult rat (non-anesthetized) is twice as high as that of adult 

human and non-human primate brain [64] which would infer that all metabolic fluxes 

including waste production will change in proportion to overall metabolic rate in rodent 

brain when compared to humans, at least in resting subjects where nearly all glucose is 

oxidized. Second, the much larger brain mass, greater ratio of white-to-gray matter, and 

surface area in human brain compared to rodent brain in regards to CSF transport and 

existence of a glymphatic system would also be important differences to consider. Third, 

from the point of view of vascular pulsatility the adult rodent has much higher resting heart 

rates (mice ~500 bpm; rats ~300 bpm) compared to humans (~60–70bpm) which would also 

theoretically drive higher overall glymphatic transport rates in the smaller species compared 

to humans. Nevertheless, rodent as well as human brain parenchyma is devoid of authentic 

lymphatic vessels, both species produce toxic metabolic waste products (e.g. Aβ, alpha-

synuclein or lactate), and both species develop cognitive decline with normal aging 

suggesting that metabolic waste clearance in brain is an inherent vulnerability across 

species.

Similar to the rodent brain, evidence of a glymphatic system for solute waste removal in 

human brain would need to include: 1) CSF influx from subarachnoid space into peri-arterial 

space, 2) AQP4-dependent CSF transport from the peri-arterial space into the parenchymal 

ISF space, 3) peri-venous drainage of brain interstitial waste products and 4) confirmation of 

connections between peri-venous conduits and lymphatic circulation outside brain. In 

addition, one could add to this list evidence of increased brain waste clearance during sleep 

compared to wakefulness, given the rodent studies demonstrating the glymphatic systems’ 

dependency on state of arousal [7]. Peri-arterial CSF transport is dependent on normal CSF 

production and volume (i.e. CSF drainage via cisternotomy has been shown to impede 

glymphatic transport in mice [49]). The major portion of CSF is produced in the choroid 

plexus, and the CSF formation rate in the rat has been reported to be 300-fold higher 
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compared to the human brain [65]. Further, CSF turnover rate in the young normal rat brain 

is 11 volumes/day; whereas the larger human brain turnover CSF 4 times/day [65]. In the rat 

brain CSF formation rate and turnover decreases with age in agreement with data 

demonstrating that glymphatic clearance also decreases with age [8]. In humans CSF 

transport and turnover is also affected by aging and by neurodegenerative disease states 

including iNPH. iNPH belongs to a subset of communicating hydrocephalus seen in the 

elderly and is defined by the clinical triad of gait disturbance, dementia, and incontinence. 

Ringsted et al. recently characterized CSF transport in normal human brain (examined for 

dural leaks) and subjects with iNPH using the MRI contrast agent ‘gadobutrol’ [25,66] 

which has been shown to be transported via the ‘glymphatic’ pathway in rodents [20,21,24]. 

In the human study, gadobutrol (0.5 ml of Gadovist® 1.0mmol/ml) was administered as a 

bolus injection into CSF via the lumbar intrathecal route and dynamic contrast-enhanced 

MRI was performed at various time intervals over a 1–2 day period [25]. Peri-arterial 

contrast was observed along cerebral arteries, and CSF signal enhancement peaked at 1–2 

hrs in control (non-iNPH) patients and at ~5 hrs in iNPH patients following contrast 

administration and the influx magnitude varied regionally [25] similar to the rodent brain 

[20]. Parenchymal contrast uptake was slower in human brain compared to rodent brain 

which may relate to differences in vascular pulsatility, metabolic rate, larger brain mass, and 

expression pattern of AQP4.

Although AQP4 dependent CSF influx from peri-arterial to ISF has not been described in 

human brain, the subcellular distribution pattern of AQP4 expression in human brain is 

largely similar to the mouse brain [43]. In both species APQ4 channels are concentrated on 

the astroglia endfeet facing the endothelial cells – so-called ‘perivascular polarization’ [43]. 

However, perivascular AQP4 densities were reported to be 1/3 lower in human brains 

compared to mice and the density of APQ4 channels over parenchymal astrocytic 

membranes were higher in human than in mice and [43]. The differences in AQP4 

distribution might infer ~30% more efficient parenchymal transport and waste drainage in 

the small mouse brain via a glymphatic system compared to human brain, or perhaps less 

dependence on the AQP4 and more dependence on other systems in larger mammalian 

brains. Alternatively, differences in gray-to-white matter volumes in rat versus human brain 

might also relate to AQP4 ‘efficiency’, because humans have a lot more white matter than 

grey matter compared to mice; and white matter is characterized by decreased expression 

and endfeet polarization of AQP4 compared to grey matter [67]. Another study 

demonstrated that perivascular AQP4 polarized localization was preserved in cognitively 

intact elderly individuals but not in tissue from age-matched individuals with AD [68]. 

Future studies addressing species differences in AQP4 more dynamically will be important 

to further address the existence of a glymphatic system in human brain.

In the recent study by Ringstad et al, [25], MR contrast in CSF was observed to penetrate 

along arteries as well as into brain parenchyma, however the superior sagittal venous sinus 

was not enhancing at any time point suggesting that dural sinuses (and arachnoid villi) are 

not major drainage pathways for interstitial solute waste, or that the rate of drainage in to the 

venous sinuses was too slow to show up as an increase in the blood signal. A recent study 

addressed clearance of the MR contrast agent from human entorhinal cortex [66]. MR 

contrast enhancement peaked at 6–9 hrs and disappeared from the entorhinal cortex of 
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normal subjects at 24 hrs and was slower in iNPH patients [66]. However, this study did not 

quantify clearance rates, and specific anatomical drainage pathways were not identified. 

Thus there appears to be no direct documentation in human brain of waste clearance in 

relation to large central veins as described in rodent brain [1]. On the contrary, based on data 

from patients with sporadic cerebral amyloid angiopathy where Aβ is observed to 

accumulate in the wall of cortical cerebral arteries and arterioles as well as in 

leptomeningeal arteries [69–71] it has been suggested that waste clearance in human brain 

does not follow a glymphatic transport pattern [29,30,71] as originally described [1].

However, other waste drainage pathways have been highlighted in human brain. A recent 

study by de Leon et al. performed in humans used dynamic positron emission tomography 

(PET) to track egress of CSF from brain after IV injection of 18F-THK5117, a tracer for tau 

pathology [72]. By correlating the time activity curves of the 18F-THK5117 tau tracer in 

CSF with voxels exhibiting the same temporal profiles in extracranial areas the nasal 

turbinates were highlighted and provided evidence of tau CSF clearance along olfactory 

nerves [72]. Interestingly, the same study showed that CSF egress was less in AD patients 

compared to normal subjects and that ventricular CSF clearance was inversely correlated 

with amyloid deposition [72]. Although this study addresses CSF transport and tau clearance 

and support waste clearance from human brain they do not directly support the existence of 

a glymphatic system.

It is not fully understood how metabolic waste from brain end up in cervical lymph nodes 

[4,73,74]. It has been suggested that waste solutes from the ISF travel retrograde along 

arteries to subarachnoid space and from there perhaps reach the cervical lymph nodes via the 

cribriform plate and nasal lymphatics [29,75]. This would imply that waste solutes are 

transported against an arterial pulse propagation wave which is not supported by peri-

vascular pulsatility studies in normal rodent brain [26]. Clearly new studies implementing 

more advanced tools and noninvasive approaches to allow tracking endogenous waste 

substances in ISF and subsequent drainage to the neck in live human subjects will be 

required.

Faster glymphatic transport and waste clearance during sleep in rodents was associated 

enhanced clearance of soluble Aβ from brain tissue [7]. Several new studies correlating Aβ 
levels in CSF and/or brain of humans with changes in sleep architecture and hours of arousal 

have recently emerged supporting the presence of a glymphatic system in the human brain. 

These studies include evidence of 1) increases in Aβ in brain after acute sleep deprivation 

[76], 2) increases in CSF Aβ with disruption of slow wave sleep [77], 3) increases in CSF as 

well as brain Aβ after 24 hrs of sleep deprivation [78], 4) correlation between self-reported 

sleep duration and Aβ accumulation in the brain [79] and 5) circadian variation in CSF Aβ 
and tau [80]. The faster glymphatic transport and waste clearance during sleep in rodents 

was also associated with a 40–60% increase in ISF space volume measured in the cortex [7]. 

Under awake conditions the ISF space volume is ~20% of total brain volume which is more 

restrictive to solute transport when compared to slow wave sleep where in cortex it expands 

to 40% inferring that more CSF will enter into the glymphatic pathway to facilitate waste 

drainage [7]. The mechanisms underlying the sleep-induced changes on ISF space volume 

are only partly understood but in animals shown to relate to central norepinephrine activity 

Benveniste et al. Page 11

Gerontology. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[7] and the concentration of extracellular ions [13]. Clinical MRI studies have documented 

diurnal changes in the brain water diffusivity [81] and changes in white matter diffusivity 

following acute sleep deprivation when compared to those measured after rested sleep [82], 

also suggesting a relationship between ISF volume and hours of arousal. However, acute 

changes in brain diffusivity during sleep itself as compared to that of the awake state have 

not yet been demonstrated in humans.

Recently it also became possible to capture the anatomical distribution pattern of meningeal 

LVs in the live human brain by MRI [39]. The visualization of LVs was based on the fact 

that the small molecular weight MR contrast molecule (Gadobutrol), leaks out of the dural 

blood vessels after intravenous administration and travels from the dural ISF space into 

adjacent LVs [39]. The ability to capture LVs in CNS using the specified MRI contrast 

enhancement protocol holds promise for visualizing LVs in normal subjects and subjects 

with neurodegenerative diseases by same technical approach. Given that clearance of MR 

contrast from brain parenchyma is delayed in iNPH compared to controls subjects one could 

hypothesize that an underlying cause of iNPH in the elderly is impaired CSF and waste 

drainage via the glymphatic pathway and possibly also an abnormal downstream meningeal 

lymphatic network. Specifically, given that animal studies have shown that 1) VEGF-C; and 

VEGFR-2 receptor signaling is required for LV maintenance in the adult CNS and 2) VEGF 

is elevated in the CSF of patients with hydrocephalus [83] it could be hypothesized that 

iNPH patients might develop an increased meningeal LV network which could serve as a 

diagnostic marker. More generally, establishing a routine method to visualize meningeal 

lymphatic anatomy by MRI, may have potentially wide applicability across brain disorders 

that may associate with as yet unidentified dysregulations in brain waste clearance.

Summary

This review summarizes recent work that has implicated the glymphatic system and 

meningeal lymphatic network as a tightly connected clearance system that can efficiently 

perform this task within the distinct environment of the brain. The glymphatic system has 

revived the field of CSF fluid transport and highlighted its role as a mechanism for waste 

drainage from the central nervous system. A large body of experimental evidence has 

emerged over the last few years suggesting that an efficiently functioning glymphatic system 

may be important for maintaining brain health across the life span. The implication of slow 

wave sleep for enhancing brain waste drainage including Aβ clearance has escalated 

research efforts focused on uncovering the different mechanisms involved in maintaining 

and controlling the complex system. Imaging studies visualizing CSF transport and 

meningeal lymphatic vessels have contributed new information adding to a beginning 

understanding of the drainage pathways in the live animal and human brain. However, along 

with novel information on glymphatic system function, unexpected and controversial 

findings have also emerged. Examples of unresolved issues include the physical forces 

driving solute transport in brain parenchyma, that is, bulk flow or passive diffusion. Other 

important gaps in knowledge relates to whether or not waste solutes are transported from 

periarteriolar to perivenular conduits before exiting the head. Further, although meningeal 

authentic lymphatic vessels are identified their total capacity for waste and fluid drainage is 

unknown; and they may serve as outlets for larger macromolecules and cells rather than 
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small molecular weight metabolic waste solutes. Future studies with more effective 

functional imaging tools able to track endogenous waste molecules directly in brain 

parenchyma can provide further insight into the functioning of these clearance processes in 

human brain in normal health and disease states.
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Fig 1. Glymphatic transport and waste drainage concept
Original concept of the glymphatic transport [1], highlighting the periarterial and the 

perivenous space, and the astrocytic endfeet with aquaporin 4 (AQP4) water channels and 

forming a sheath around the blood vessels. Cerebrospinal fluid is driven by convection 

through the periarterial space and is propelled across the astroglia end-feet to mix with 

interstitial fluid and waste products. From there the waste and excess fluids are driven 

towards the peri-venous space, to ultimately be directed towards the lymphatic vessels and 

general circulation for breakdown and clearance. The black particles represent ‘waste’ 

particles in the interstitial fluid (e.g. amyloid-beta). SubA = subarachnoid space; Oli = 

oligodendrocyte; AQP4 = aquaporin 4 water channels.
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Fig. 2. Glymphatic transport measured by contrast enhanced MRI
The population averaged (N=5) concentration maps from rat brain presented in three 

orthogonal planes (A–C), 1 hr after administration of the macrocyclic MR contrast agent 

gadoterate meglumine (DOTAREM, MW 558.64 Da) into the cisterna magna (based on 

[24]). The color coded DOTAREM maps are overlaid on the corresponding anatomical brain 

template and tissue uptake is evident into the cerebellum (CB), hippocampus (Hip), 

hypothalamus and pons, in a concentration range of ~0.1–0.2mM. Data based on Lee et al. 

2017 [24]. CB=cerebellum; Hip=hippocampus. Color bar represents the DOTAREM 

concentration. D shows the corresponding whole brain and CSF DOTAREM concentrations 
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as a function of time and it can be observed that the maximal retention of the contrast 

molecule in whole brain and CSF is ~0.045mM and 1.2 mM, respectively.
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Fig. 3. Conceptual medical illustration of brain waste clearance along cranial nerves
The front-end of the glymphatic system is shown including peri-arterial, interstitial space 

and peri-arterial transport of CSF (green arrow). A cranial nerve is illustrated and waste 

solutes (in black) are shown to drain along the cranial nerve. Another possibility is that 

waste solutes with fluid enters the nerve and waste solutes are draining along fascicles 

and/or axons. It is currently not known if interstitial waste solutes travel along the cranial 

nerves or within the nerve itself (i.e. penetrating epineurium and draining along or inside 

fascicles). It is also unknown if perineural drainage of waste solutes serves as major 

clearance routes after intraparenchymal administration and more systematic studies are 

needed.
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Fig. 4. Medical illustration of lymphatic vessels associated with larger vessels of the dura
Medical illustration of the topography of the lymphatic vessel network imbedded in the dura 

(dura not shown) overlying the rodent brain based on work from several investigators 

[38,73,84]. A: Lateral view showing the dural sinuses including the superior sagittal sinus 

(SSS) and transverse sinus (TS). The lymphatic vessels are shown in green are running 

alongside the venous sinuses. Lymphatic vessels are also running alongside the middle 

meningeal artery (MMA), a larger dural artery originating from the external carotid artery. 

The lymphatic vessels (LV) drain into cervical lymph nodes including the deep cervical 

lymph nodes (DCLN). B: Top view of rat brain showing the topology of the lymphatic 
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network associated with the dural sinuses and superficial veins. OFS = Olfactory sinus; 

SS=Sigmoid sinus.

Benveniste et al. Page 23

Gerontology. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Vessels, cranial nerves and lymph vessels at the site of the jugular foramen
Fig. 5 is an illustration of how lymphatic vessels in the dura might drain to the deep cervical 

lymph nodes (DCLN). A: The ventral aspect of the rat skull is shown; the right side shows 

the brain in situ (modified from: [85]). The jugular foramen is highlighted and shows the 

exit of the vagal nerve (X), internal jugular vein (IJV) and internal carotid artery (ICA). B: 

High magnification of the area of the jugular foramen with the proposed exiting vessels and 

vagal nerve. Lymphatic vessels (LV) associated with dura lining the ventral surface of the 

skull might exit at this site into the DCLNs. This drawing is a proposed illustration of the 

connection between dural LVs and DCLNs.
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