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SUMMARY

Recent advances are transforming our understanding of brain fluid dynamics, highlighting cerebrospinal 

fluid (CSF) flow as a key process in brain waste clearance. While debates persist regarding its anatomical 
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pathways and regulatory mechanisms, certain core principles have become widely accepted. CSF influx 

occurs primarily along periarterial spaces, solute clearance follows multiple routes, and glymphatic and 

meningeal lymphatic systems are functionally connected. Brain clearance is influenced by vascular pulsa

tion, neural activity, and sleep. Immune cells at brain-border niches both monitor solute efflux and modulate 

flow, linking brain clearance to neuroimmune interactions. A deeper understanding of brain clearance could 

unlock new therapeutic avenues for autoimmune, neurodegenerative, neoplastic, and psychiatric disorders.

INTRODUCTION

Traditionally, neuroscience has been defined as the study of 

neurons and neural networks. Over the past two decades, the 

field has expanded to encompass previously understudied as

pects of central nervous system (CNS) physiology, including 

the role of glial cells as well as the biological mechanisms under

lying sleep, fluid transport systems that facilitate waste clear

ance, and immune surveillance.1–5 The resultant discoveries 

have begun to reshape our understanding of fundamental brain 

physiology and function.

Two major scientific advances in the regulation of brain ho

meostasis are the discovery of a brain waste clearance system 

and a revised view of the CNS immune environment. Unlike 

peripheral organs, the CNS parenchyma lacks lymphatic vessels 

and instead utilizes perivascular spaces for dynamic fluid trans

port,6 a process most active during sleep.7,8 The identification of 

this ‘‘glymphatic system,’’ a pathway that bypasses the blood- 

brain barrier (BBB) to export waste from the brain, was initially 

surprising given the traditional view that CNS barriers limit pe

ripheral solute exchange. Likewise, the long-held assumption 

of immune privilege,9 where the brain was thought to be largely 

isolated from peripheral immunity, has been overturned by 

studies identifying key sites of neuroimmune interaction within 

the meningeal membranes.1,2,10 Bridging these discoveries, 

the glymphatic system facilitates not only waste clearance but 

also immune surveillance by delivering brain-derived antigens 

to antigen-presenting cells located in the meninges bordering 

the CNS.10,11 In addition, recent anatomical analyses have re

vealed previously unrecognized structural features in these re

gions, including specialized compartments around bridging 

veins that connect the brain to its meningeal borders.12 These 

structures have often been overlooked in standard histological 

preparations, in which brain removal disrupted critical anatom

ical relationships.

Given the foundational implications of these discoveries— 

spanning neuroanatomy, immunity, and sleep biology—it is not 

surprising that they have provoked scientific debate. This review 

provides a framework for integrating the diverse data streams 

now converging on the rapidly evolving field of brain fluid dy

namics and immunity. We highlight key unresolved questions 

and propose experimental strategies by which they may be 

best addressed. What are the most pressing open challenges, 

and which methodologies are best suited to resolve them? 

What definitions and standards are needed to evaluate emerging 

techniques and reconcile conflicting data? How can insights 

from rodent models be effectively translated to humans, given 

current technological limitations? Equally important, we aim to 

identify those areas of broad consensus so as to accelerate 

progress and reduce redundancy.

THE MECHANISMS OF BRAIN CLEARANCE

Brain clearance refers to the elimination of waste solutes from 

the brain parenchyma. Metabolic waste can also be degraded 

locally through processes such as autophagy and ubiquitina

tion,13,14 and select solutes, including β-amyloid, can be 

removed via transport across the BBB.15 For a comprehensive 

overview of these mechanisms, we refer readers to.16 This re

view rather focuses specifically on brain drainage via glym

phatic-lymphatic pathways, which drain the interstitial solutes 

outside the brain.

In this review, the term ‘‘brain clearance’’ is used to describe 

three successive steps: (1) the influx of cerebrospinal fluid 

(CSF) along periarterial spaces into the brain parenchyma, (2) 

its transport through the brain, and then (3) the exit of fluid con

taining interstitial waste from the brain.17,18 A large body of work 

has now contributed to our understanding of the mechanisms 

and pathways involved in glymphatic transport since the original 

hypothesis was proposed in 2012.6 It is generally accepted that 

periarterial bulk-flow-driven CSF influx is the primary source of 

fluid driving the glymphatic system.6,19 Nonetheless, a potential 

contribution from vascular fluid traversing the BBB cannot be 

excluded.20 This possibility remains unresolved, as robust meth

odologies for quantifying net vascular water flux across the BBB 

have yet to be developed. CSF enters the brain parenchyma, 

facilitated by the dense expression of the water channel 

aquaporin-4 (AQP4) in astrocytic vascular endfeet, from which 

it then disperses throughout the interstitial space, collecting 

metabolic waste as it travels. The waste-containing fluid is sub

sequently cleared from the brain along several pathways, 

including perivenous compartments leading to the subarachnoid 

space and dura mater12,21 (Figure 1). Glymphatic flow is studied 

by administration of CSF tracers, normally injected into cisterna 

magna. Tracer transport depends on molecular weight and other 

physicochemical properties. We refer to several methodological 

papers that discuss these factors in detail.22–25 Within the dura, 

meningeal lymphatic vessels facilitate the drainage of CSF and 

solutes toward the cervical lymph nodes.26–30 Additional efflux 

routes—such as those along cranial and spinal nerves—also 

contribute,31,32 although the relative significance of each 

pathway remains to be determined.

The glymphatic system is interconnected with CSF flow in 

multiple ways and at multiple sites, including the choroid plexus 

(CSF production), ventricular and subarachnoid CSF flow, and 

CSF egress pathways. Prolonged disruption of meningeal 

lymphatic drainage results in decreased CSF influx and glym

phatic function,17 whereas enhancing meningeal lymphatic 

drainage in aged mice leads to improved glymphatic function.17

Thus, the glymphatic and meningeal lymphatic systems are 

functionally connected, so that a comprehensive understanding 
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of brain clearance requires integrating cerebral CSF fluid dy

namics, glymphatic, and lymphatic functions.

Drivers of CSF influx

Several mechanisms have been proposed to support brain 

clearance, many of which are driven by pulsatile changes in 

vascular diameter.19 In addition, changes in plasma osmolarity 

have been suggested to influence brain fluid movement.33 Pulsa

tile changes in vascular diameter are generated by cardiac con

tractions, respiration, and vasomotion—rhythmic oscillations in 

vessel tone. Vasomotion typically occurs at low frequencies 

(0.02–0.1 Hz) and has been characterized in both rodent and hu

man studies.8,34–36 In mice, spontaneous vasomotion can be en

trained by neuronal activity through neurovascular coupling and 

may be driven, at least in part, by infraslow oscillatory activity of 

the locus coeruleus, which leads to rhythmic norepinephrine (NE) 

release during non-rapid eye movement (REM) (NREM) sleep. 

NE acts as a potent vasoconstrictor, producing the large-ampli

tude fluctuations in vascular diameter that characterize sleep- 

associated vasomotion.8 The frequency and amplitude of these 

pulsations vary by species and physiological state. In mice, vas

omotion produces large fluctuations, on the order of ∼10%, 

whereas cardiac pulsations induce arterial diameter changes 

of only a few percent.34 Rodent studies have shown that vaso

motion predominantly occurs in arteries, not veins,8,37 but 

venous vasomotion has been reported in humans. The impact 

of respiration on arterial diameter changes is less well defined. 

However, older literature has shown that the negative pressure 

generated during respiration facilitates venous blood outflow 

from the cranial cavity, and newer studies indicate that CSF 

efflux is similarly influenced by respiratory-driven pressure gradi

ents38 (Figure 2). Individual glial subtypes—including astrocytes, 

oligodendrocytes, and microglia—are known to regulate 

cerebral blood flow and may likewise contribute to glymphatic 

function, although direct evidence remains limited. Neurons 

are also clearly involved: synchronous neuronal activity induced 

by optogenetic stimulation has been shown to enhance CSF 

influx.39

CSF turnover, determined by CSF formation and CSF volume, 

may also affect waste clearance. CSF formation provides the 

volume input to the glymphatic system and maintains a concen

tration gradient favoring the exchange of solutes from brain 

tissue to the CSF.40 Interestingly, though, the rate of CSF pro

duction from the choroid plexus in the lateral ventricles did not 

predict glymphatic activity in mice.41

Neural activity triggers functional hyperemia, which occurs via 

dynamic changes in arterial diameter and ensuing increases in 

the total cerebral blood volume. These increases in total blood 

volume would result, according to the Monroe-Kellie doctrine, 

in CSF efflux from the cranium.42 Synchronized neuronal activity 

can also, via ionic fluxes, drive interstitial fluid motion.39,43 Simi

larly, 40 Hz sensory stimulation was found to promote vasomo

tion and engaged several other parameters related to glymphatic 

function, including low-frequency vasomotion (0.1 Hz) and AQP4 

polarization.43

FORCES GOVERNING DIRECTIONAL CSF INFLUX 

ALONG ARTERIES

The changes in blood flow, as well as the variable hemodynamic 

vectors across brain regions, are thought to mediate CSF and 

interstitial fluid flow through local oscillatory volume displace

ment of the perivascular space. This principle is consistent 

with the Monro-Kellie doctrine stating that the total volume of 

brain, blood, and CSF must be constant.44 Because brain tissue 

is essentially incompressible, any increase or decrease in blood 

volume must be compensated by a corresponding displacement 

of CSF to maintain constant intracranial pressure. As a result, 

perivascular pumping results in a movement of perivascular 

and interstitial fluid that enhances waste clearance through 

mixing.45 Yet this mixing is not an efficient mechanism of 

solute clearance46 and cannot explain the observation that net 

flow through perivascular spaces exceeds that which may be 

ascribed to pulsations.47 Modeling studies have thus focused 

on the generation of a net flow component from oscillatory 

changes in vessel diameter, although these studies have re

mained inconclusive.48–50 As in other low-pressure systems 

such as lymphatic vessels and veins, valve-like structures may 

be necessary to maintain the unidirectional flow observed within 

perivascular spaces. Astrocytic endfeet are likely candidates to 

serve as such ‘‘valves’’—they may become noncontiguous and 

hence permit fluid entry into the brain parenchyma during 

vascular dilation, when perivascular pressure exceeds interstitial 

pressure, yet prevent backflow when tissue pressure becomes 

higher than perivascular pressure by again tiling their juxtaposed 

endfeet.51 Nonetheless, the existence of such an astrocytic valve 

mechanism remains hypothetical and has yet to be experimen

tally demonstrated. Definitive validation will require new live 

imaging approaches, as astrocytic endfeet are smaller than the 

optical resolution limit of conventional two-photon microscopy.
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Figure 1. Influx and efflux pathways of the glymphatic system and 

their connection to meningeal lymphatic vessels 

The left hemisphere illustrates cerebrospinal fluid (CSF) influx along periarterial 

spaces. The right hemisphere shows efflux pathways, including perivenous 

spaces, bridging veins, cranial nerves, and drainage through meningeal 

lymphatic vessels.
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INTERSTITIAL TRANSPORT: PASSIVE DIFFUSION OR 

CONVECTIVE FLOW?

Another debate in the field concerns whether fluid movement 

within the brain parenchyma is governed solely by diffusion or 

whether bulk flow also contributes. Evidence supporting both 

viewpoints has been demonstrated.52–60 Diffusion will always 

occur when concentration gradients are present across com

partments, and its efficacy increases as the molecular weight 

of the solute decreases. One modeling study, acknowledging 

experimental evidence of bulk CSF flow in periarterial spaces,46

argued that solute clearance should be understood as a dynamic 

interplay between diffusion and bulk flow. These mechanisms 

may operate at different spatial scales: solutes might diffuse 

short distances within interstitial fluid before entering perivascu

lar spaces, whereas bulk flow facilitates their clearance from the 

brain. Subsequent modeling studies provided additional support 

for the necessity of bulk interstitial fluid flow, demonstrating that it 

is required to reconcile experimental observations of tracer distri

bution, interstitial pressure dynamics, and waste clearance. Also, 

modeling suggests that surface membranes may be the central 

bottleneck for clearance.61,62 The ‘‘mixing hypothesis’’ proposes 

that bulk flow is restricted to the subarachnoid space, including 

the perivascular space along large pial arteries, and generating 

concentration gradients that drive diffusive transport from the tis

sue toward the pial surface.45 This model is contradicted by 

numerous publications that, using time-lapse imaging, have visu

alized bulk flow in the perivascular spaces.47,63 Additionally, 

advective and diffusive transport can interact to produce disper

sion, in which spatially heterogeneous velocity fields enhance so

lute mixing, accelerating homogenization beyond that achievable 

by diffusion alone.64,65 The relative roles of diffusion, advection, 

and dispersion across the parenchymal, perivascular, and sub

arachnoid compartments—and how these may be influenced 

by brain state—are thus critically important to understand, as 

they dictate modeling and thus waste clearance measurements.

Slow vasomotionRespirationCardiac pulsation

PVS

Vacuum
Astrocyte
endfeet

Artery Artery

AQP4

Vein

Figure 2. Proposed driving mechanisms of 

glymphatic flow 

Cardiac pulsatility generates high-frequency, low- 

amplitude arterial wall pulsations that propel ce

rebrospinal fluid (CSF) through perivascular 

spaces. Respiratory movements contribute to 

CSF and venous blood outflow from the cranial 

cavity by creating negative pressure during inspi

ration. Slow vasomotion, triggered by infraslow 

NE oscillations or synchronized neuronal activity, 

produces large-amplitude changes in arterial 

diameter that enhance CSF influx, particularly 

during non-rapid eye movement (NREM) sleep.

INTERSTITIAL FLUID EFFLUX

Solute transport from the brain to the pe

riphery via lymphatic pathways can follow 

multiple routes, varying across species, 

brain regions, time of day, body position, 

circadian timing, and other physiological 

factors. Bridging (or cortical) veins that 

drain venous blood and thus connect 

the brain surface to dural sinuses represent a key route for CSF 

tracer efflux, termed ACE (arachnoid cuff exit/entrance) points.12

Additional clearance routes are along spinal nerves66–68 and 

along cranial nerves.26,69,70 ACE points have also been demon

strated in humans,12 whereas potential additional efflux path

ways in humans require further investigation. Lymphatic efflux 

is also subject to circadian regulation, with higher efflux during 

the active state and reduced efflux during the inactive state.71

However, sleep-wake regulation of lymphatic efflux has not 

been systematically studied, largely due to the invasive nature 

of current lymphatic imaging methods. In sum, it is important to 

remember that the exact routes of interstitial fluid efflux have 

not yet been determined and are likely influenced by multiple fac

tors, including brain state, body position, and other physiological 

variables. It is also worth noting that CSF tracers or waste prod

ucts will efflux according to slower kinetics than interstitial fluid it

self. The field is rapidly evolving, with ongoing development and 

refinement of experimental methodologies. We encourage inves

tigators to critically evaluate the technical aspects of these ap

proaches, particularly the availability of noninvasive or minimally 

invasive methods, and to recognize the importance of carefully 

choosing (or avoiding) anesthesia, which can profoundly disrupt 

physiological brain fluid dynamics.72–74

Confounders to consider when studying brain clearance

The process of brain clearance involves multiple anatomical 

structures, barriers, and physiological drivers, many of which 

remain to be explored. Our limited understanding is partly due 

to the fact that brain anatomy has traditionally been studied 

using histological sections. Fluid-filled compartments are partic

ularly vulnerable to artifacts caused by post-mortem pressure 

changes, fixation, and brain removal from the skull. In vivo tracer 

studies, while informative, can also introduce artifacts: tracer 

injection can disrupt homeostasis and trigger inflammatory re

sponses. For instance, one study reported that glymphatic 

flow was suppressed by more than 50% following cannula 
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implantation but recovered within 1–3 days.75 Furthermore, 

tracer injections typically require the use of pressure, which 

can distort physiological fluid dynamics.21

COMPLEX INTERACTIONS MAY UNDERLIE SEEMINGLY 

CONTRADICTORY OBSERVATIONS

Animal models with disrupted meningeal lymphatics have pro

vided valuable insights into the role of lymphatic transport in main

taining brain homeostasis,17,18,76,77 though findings remain some

what conflicting. For example, photoablation of dorsal meningeal 

lymphatic vessels using verteporfin has been reported by 

numerous groups to exacerbate β-amyloid pathology in 5xFAD 

transgenic mice,17,76,78,79 a model of rapidly progressing Alz

heimer’s disease. Supporting this, K14-vascular endothelial 

growth factor receptor 3 (VEGFR3)-Ig transgenic mice—which 

lack functional meningeal lymphatic vessels due to constitutive 

expression of a soluble VEGFR-3 decoy receptor—exhibit 

reduced clearance of tau from the brain parenchyma,80 another 

hallmark of Alzheimer’s pathology. In humans, phospho-tau-181 

and β-amyloid (Aβ40 and Aβ42) have been found enriched in cervi

cal lymph nodes relative to blood plasma,81 suggesting that these 

lymph nodes serve as a downstream site of brain waste clearance 

via lymphatic drainage. Similarly, different animal models of menin

geal lymphatic dysfunction have shown their role in aging17,30,82,83

and numerous neurological disorders, such as Parkinson’s dis

ease,84,85 neuroinflammatory conditions,18 brain trauma,86

stroke,87 migraine,88 cognitive impairment associated with cranio

synostosis,89,90 brain tumors,91,92 and others. Moreover, dysfunc

tion of afferent lymphatic vessels (induced by surgical ligation or 

using genetic models) has been shown to cause cognitive impair

ment and synaptic input imbalance in the medial prefrontal 

cortex.93

These findings provide a robust demonstration for a critical role 

for meningeal lymphatic vessels in clearing pathological proteins 

from the brain. Work from one lab, however, has demonstrated 

that genetic manipulation of VEGF-C and D levels in a double- 

transgenic Alzheimer’s disease mouse model expressing mutant 

human amyloid precursor protein (APP)/presenilin-1 (PS1) and 

5xFAD mice—models of slowly and rapidly progressing cerebral 

amyloidosis, respectively—did not significantly alter overall 

β-amyloid plaque burden.94 This lack of effect may reflect incom

plete regression of lymphatic vessels or confounding effects of 

VEGF-C and -D depletion on VEGFR2- or VEGFR3-expressing 

blood endothelial and oligo-lineage cells.77

One alternative explanation is that VEGF-C sequestration may 

paradoxically enhance CSF-to-blood drainage, providing a 

compensatory route for β-amyloid clearance. Further investiga

tion into different drainage pathways, including perivenous and 

alternative lymphatic routes, as well as communication between 

these different drainage routes, is required to fully understand 

solute clearance mechanisms in the brain.

BRAIN CLEARANCE AND IMMUNE SURVEILLANCE 

MUTUALLY INFLUENCE EACH OTHER

The glymphatic system serves as a transport pathway for brain- 

derived antigens with immunogenic potential to enter border tis

sues such as the meninges10,11 from which they flow first into 

lymphatic vessels draining into cervical lymph nodes and thence 

into the peripheral lymphatic system.28,29 This drainage pathway 

creates a continuous system of immune surveillance, where 

each anatomical compartment—brain parenchyma, perivascu

lar spaces, meninges, and lymph nodes—represents a distinct 

immunological niche with varying antigen pools and immune 

cell populations.11,95 Together, these shape immune interactions 

and surveillance, which have implications for brain health and 

disease pathogenesis.17,76,77,93,96,97,98

Within the brain, microglia act as resident phagocytes constitu

tively sampling the microenvironment and clearing cellular debris 

and soluble antigens, such as β-amyloid.99,100 While these cells 

serve as the primary immune sentinels of the parenchyma, micro

glia express low levels of major histocompatibility complex class II 

(MHC class II) under homeostatic conditions.101 However, they 

can present antigens and initiate robust immune responses in a 

context-dependent manner, which may help sustain T cell infiltra

tion and reactivity within the parenchyma.102–104 By contrast, peri

vascular spaces form interfaces where interstitial fluids meet and 

converge into CSF, which flows under active surveillance by a 

rich repertoire of brain-associated border macrophages (BAMs), 

which include all perivascular, leptomeningeal, choroid plexus, 

and dural macrophages.105,106 Unlike microglia, BAMs exhibit 

higher baseline MHC class II expression and rapidly phagocytose 

and present CNS-derived antigens—such as α-synuclein and 

β-amyloid—to T cells.105,107–109 This antigen presentation capa

bility is supported by chemokine-producing stromal cells—such 

as those expressing C-X-C motif chemokine ligand 12 

(CXCL12)—which serve to anchor T cells and facilitate immune 

surveillance in these niches proximate to the brain parenchyma.110

Additionally, endothelial cells lining the cerebral vasculature can 

directly present antigens to circulating T cells via MHC class I, of

fering a distinct pathway of antigen exposure.111,112 This direct 

endothelial cell antigen presentation may provide an additional 

layer of immune surveillance that complements antigen presenta

tion within the perivascular and CSF outflow spaces and menin

geal lymphatics, highlighting the regional multilayered defense 

system of CNS immune surveillance.

Putative immunogenic molecules present in the subarachnoid 

CSF can reach the dura via ACE points.10,12,18,113 The dura is 

vastly populated by different types of immune cells that can 

interact with brain-derived antigens.10,17,18,76,83,96,113–116 In 

particular, dural macrophages are constantly phagocytosing 

molecules in the CSF and have the capacity to efficiently present 

antigens to nearby T cells10,113 (Figure 3). Alongside dura-resi

dent B cells and other professional antigen-presenting cells, 

such as dendritic cells, macrophages have the capacity to shape 

adaptive immune responses to brain-derived molecules across 

the entire lifespan and in disease.10,11,17,83,96,105,117,118

THE INFLUENCE OF SLEEP AND WAKEFULNESS ON 

GLYMPHATIC FLOW

Glymphatic transport operates at different rates depending on 

behavioral state, with most studies finding fluid flow markedly 

enhanced during sleep compared with wakefulness, and espe

cially so during transitions between the two.4,5 In mice, tracers 
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injected into the cisterna magna entered the cortex more rapidly 

during sleep than during wakefulness, and cortical clearance of 

radiolabeled β-amyloid occurred twice as fast in sleeping 

mice.7 Similarly, tracer injected into the striatum reached the 

vascular compartment and cervical lymph nodes more rapidly 

in sleeping animals, similarly consistent with enhanced clear

ance during sleep.71

Two-photon imaging of awake and sleeping mice revealed 

that pial arteries exhibit slow, large-amplitude oscillations 

during NREM sleep, vasodilation during REM sleep, and vaso

constriction upon awakening.37 These vascular changes 

were tightly coupled to shifts in perivascular volume: arterial 

constriction coincided with perivascular expansion, while arterial 

dilatation heralded the attenuation of perivascular space.37

Computational models based on these observations predicted 

that NREM-associated vascular dynamics increase perivascular 

flow and solute movement.37

Sleep-wake-dependent changes in the brain’s extracellular 

space volume may also contribute to the diurnal regulation of 

glymphatic activity. In mice, the extracellular space expands 

from approximately 14% during wakefulness to 24% during natu

ral sleep7 or ketamine-xylazine anesthesia.119 This expansion re

duces resistance to fluid flow, thereby facilitating enhanced glym

phatic clearance during sleep. A recent study demonstrated that 

consolidated sleep is accompanied by a continuous decrease in 

electrical resistance across the human brain, suggesting a 

progressive expansion of the interstitial space over the course 

of 7–8 h of sleep.120

Nonetheless, not all findings are in accordance with this pic

ture. One study used fiber photometry in unrestrained, behaving 

mice to show increased tracer transport from the caudate-puta

Figure 3. Immune surveillance at the brain’s 

borders 

The figure illustrates the anatomical connection 

between the glymphatic brain clearance and brain 

drainage via meningeal lymphatic vessels in the 

dura mater. ACE points (one ACE point is repre

sented on the dorsal part of the brain, but they are 

spread throughout the entire cranial dura) allow 

the brain’s fluid content to access the dura (upper 

inset), where prior to drainage through meningeal 

lymphatics, it is uptaken by dural phagocytes and 

presented to patrolling immune cells (lower inset), 

allowing brain immune surveillance.

men to the frontal cortex during wakeful

ness, relative to sleep or anesthesia 

induced by either dexmedetomidine, 

pentobarbital, or ketamine-xylazine.64

Yet, the use of such within-parenchyma 

tracer movement as a measure of clear

ance is problematic. Elevated tracer 

levels distal to injection sites could reflect 

increased transport rather than impaired 

clearance. More broadly, it is crucial to 

distinguish between solute clearance— 

defined here as the solute exiting the 

brain—rather than a simple redistribution 

within the parenchyma. To advance the 

field, definitional uniformity and semantic clarity, as well as the 

standardization of experimental approaches with orthogonal 

cross-validation using multiple techniques, are all critically 

needed.

Microarousals during sleep have emerged as particularly 

potent modulators of fluid flow. Positron emission tomography 

(PET) imaging in humans showed that tracer clearance corre

lates with the frequency of NREM microarousals.121,122

Arousals during light sleep produce large, coordinated surges 

in CSF flow across multiple brain regions,123,124 although the 

precise relationship between these surges and solute clearance 

remains to be clarified. Intrathecal administration of gadobutrol 

in humans showed that a single night of sleep deprivation 

significantly slowed CSF tracer clearance compared with 

normal sleep,125,126 reinforcing the importance of sleep for 

glymphatic function.

One mechanistic hypothesis is that NE levels, low during sleep 

and elevated during wakefulness, modulate vascular tone and 

thereby CSF flow. In mice, optogenetic stimulation of the locus 

coeruleus causes transient NE release and vasoconstriction, 

demonstrating a link between neural activity and vascular dy

namics.8 In fact, NE oscillations during NREM sleep correlate 

directly with glymphatic clearance.8 However, excessive eleva

tions in NE, such as those observed after traumatic brain injury 

(TBI), suppress glymphatic flow, at least in part by disrupting 

the regular contractions of cervical lymphatic vessels.127

In humans, arousal drops after sleep deprivation are temporally 

coupled to both pupillary constriction and large CSF flow waves, 

suggesting that infraslow noradrenergic cycling—and its atten

dant sympathetic activation—contributes to fluid regulation in 

states of low arousal and high sleep pressure.128 Notably, many 
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sleep aids—such as the nonbenzodiazepine γ-aminobutyric acid 

(GABA)-A agonist zolpidem—do not mimic the natural oscillatory 

noradrenergic dynamics of sleep and thus fail to promote glym

phatic flow.8

Together, substantial evidence underscores the critical role of 

the sleep-wake state in regulating glymphatic transport, though 

the precise mechanisms and translational implications require 

further investigation.

ANESTHESIA AND CIRCADIAN REGULATION OF BRAIN 

CLEARANCE

Anesthetic choice profoundly shapes glymphatic flow. In rodents, 

ketamine/xylazine, dexmedetomidine, and pentobarbital accel

erate CSF influx and solute efflux,7,72,73,129 whereas volatile 

agents such as isoflurane and sevoflurane suppress tracer move

ment in rodents130 or CSF flow in humans131 (Box 1). The diver

gence likely reflects (1) vasodilatory actions of volatile anesthetics 

that dampen vessel-wall pulsations,132 (2) distinct electroenceph

alogram (EEG) signatures—delta power under injectable agents 

tracks with enhanced tracer entry,73 and (3) α2-adrenergic ago

nism of dexmedetomidine and xylazine, which modulates 

locus-coeruleus NE rhythms thought to drive infra-slow CSF oscil

lations.8

Circadian timing further tunes clearance. In mice, periarterial 

influx peaks in the light (sleep) phase, coinciding with rhythmic 

AQP4 redistribution and higher ventricular CSF production.71

Human MRI confirms greater CSF formation and lower white- 

matter perivascular diffusivity at night, mirroring sleep-enhanced 

glymphatic transport.147,148

Collectively, brain state (wake, sleep, or anesthesia) and circa

dian phase converge on vascular pulsatility, neuromodulatory 

tone, and AQP4 dynamics to set glymphatic throughput. Deter

mining how these variables interact in humans remains an 

essential next step.

BRAIN CLEARANCE IN HUMANS: TRANSLATING FROM 

RODENTS

Rodents and humans differ in several key anatomical and phys

iological features that may influence glymphatic transport. These 

include differences in brain size, cortical folding, gray-to-white 

matter ratio, ratio of penetrating cortical arteries for each centrif

ugally ascending vein, astrocyte morphology and complexity, 

AQP4 localization and polarization, and systemic parameters 

such as heart rate, respiratory frequency, and sleep architec

ture.149–153 Each of these factors may affect the dynamics of 

brain fluid flow and must be considered when extrapolating find

ings from animal models.

From an anatomical standpoint, multiple components of the 

glymphatic and meningeal lymphatic systems have now been 

identified in humans.27,154–157 Perivascular spaces are readily 

visualized on MRI when enlarged, as in aging and neurological 

disease,155 and high-resolution neuroimaging studies have 

detected perivascular spaces in healthy young adults and ado

lescents.154,156 Meningeal lymphatic vessels, first described 

in rodents, have since been visualized in humans with 

similar anatomical organization and alignment along dural 

sinuses.27,157

In addition to anatomical parallels, several studies have 

demonstrated similar physiological properties of brain fluid 

dynamics in humans as in rodents. Although research in hu

mans is largely limited to noninvasive approaches, the rela

tively large size and accessibility of the human brain to MRI 

have enabled novel fluid transport phenomena to be identified 

in humans and then mechanistically tested in animal models. 

The most direct clinical extension of rodent work has been 

the use of intrathecal gadolinium-based contrast agents 

(GBCAs) in MRI to track glymphatic flow in humans.146,158

These studies have confirmed key features of glymphatic 

transport in the human brain, including perivascular tracer 

Box 1. Intrathecal contrast-enhanced MRI

Intrathecal administration of GBCAs, which have a molecular size of approximately 600 Da, offers a powerful tool for visualizing 

solute transport pathways into and out of the human brain.133 Following lumbar intrathecal injection, the GBCA tracer reaches 

the cisterna magna within approximately 20 min.134 after which it propagates along subarachnoid perivascular spaces of large ar

teries, moving centripetally into the brain parenchyma.135 Over several hours, the tracer distributes throughout the brain, with 

regional patterns of enhancement that align with the anatomical distribution of protein aggregates observed in neurodegenerative 

proteinopathies, including Alzheimer’s and Parkinson’s disease.136

Human glymphatic clearance has been shown to be sleep dependent. Tracer studies reveal slowed interstitial solute clearance 

following acute sleep deprivation126 and in individuals with chronic subjective sleep impairment.137 CSF tracer transport occurs 

via a combination of diffusion and advective flow mechanisms.138 Efflux pathways include drainage through the dura mater 

along the superior sagittal sinus139 and through skull bone marrow140 into extracranial lymph nodes.141 Impaired glymphatic 

function has been observed in clinical populations, including patients with idiopathic normal pressure hydrocephalus (iNPH),136

idiopathic intracranial hypertension (IIH),142 and after subarachnoid hemorrhage (SAH).143

Despite its utility, intrathecal contrast-enhanced MRI has several limitations. These include the need for lumbar puncture, the off- 

label or research use of intrathecal contrast agents, and the relatively low spatial and temporal resolution of conventional MRI. 

These factors limit the ability to distinguish specific solute transport routes—such as perivascular versus interstitial—and 

hinder the resolution of dynamic physiological processes (e.g., distinct sleep stages or cerebrovascular oscillations). 

Nonetheless, multiple safety studies have reported no evidence of neurotoxicity or long-term brain retention of intrathecal 

gadobutrol at doses ranging from 0.10 to 0.50 mmol.134,144,145 Importantly, the concentration of gadobutrol in the brain after 

intrathecal administration is comparable to that achieved with standard intravenous doses.146
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influx from the subarachnoid space into the parenchyma, bulk 

flow-dependent solute transport, and CSF efflux along menin

geal lymphatics.84,136,139,159

Additional imaging modalities—including intravenous GBCA- 

enhanced MRI, PET/single-photon emission computed 

tomography (SPECT), and contrast-free MRI techniques—are 

emerging as valuable tools for studying cranial fluid dy

namics.27,160 For example, GBCA accumulation around bridging 

veins and in the parasagittal dura suggests perivascular inflamma

tion and impaired clearance in neurological diseases, particularly 

when coupled with advanced 3D post-processing.161 However, it 

remains unclear which of these techniques offer the most direct, 

reproducible, and clinically relevant assessments of glymphatic 

function in human populations.

The role of sleep and anesthesia in modulating glymphatic 

activity has also been investigated in humans, with studies 

targeting different spatial and temporal scales than those in 

rodents. Unlike mice, humans sleep in consolidated, ∼8-h 

nocturnal cycles with ∼90-min REM/NREM phases. Despite 

these differences, MRI studies have demonstrated large, 

rhythmic waves of CSF flow during NREM sleep that are 

coupled to neural and vascular oscillations.123,162 Similar 

sleep-associated modulation of CSF dynamics has been 

observed in pigeons,163 suggesting remarkable cross-species 

conservation.

While few studies have directly measured solute clearance in 

humans, Eide et al. used intrathecal GBCA injections to show 

that tracer clearance is sleep dependent.126 Sleep deprivation 

modestly reduced clearance, suggesting a conserved—but 

potentially more complex—relationship between sleep quality 

and glymphatic function in humans. The implications of hu

man-specific sleep architecture, including sleep fragmentation 

and altered NREM/REM balance in aging and disease, remain 

unexplored and warrant further study.

Open questions remain regarding the degree to which other 

aspects of glymphatic transport are conserved across species. 

Human brains are larger and gyrencephalic, as opposed to those 

of rodents, introducing increased complexity in subarachnoid 

space geometry and potentially longer and more tortuous peri

vascular pathways. A recent study in ferrets found that cortical 

folds enhance glymphatic transport efficiency, suggesting that 

gyrification may facilitate clearance in large brains.164 In addi

tion, the arteriole-to-venule ratio is significantly higher in humans 

(∼5:1 versus ∼1:2 in rodents), which could profoundly influence 

periarterial flow dynamics and CSF distribution.149 It has been 

hypothesized that the increased number of arterioles in humans 

serves to meet the dual demands of metabolic support and 

convective CSF transport.

Finally, the precise anatomical pathways of CSF and solute 

efflux in the human brain remain incompletely defined. While 

efflux routes have been observed along cranial nerves, dural 

lymphatics, and bridging veins,12,84,139,165,166 the relative contri

bution of these pathways under physiological and pathological 

conditions is unknown. Future anatomical and physiological 

studies are needed to map these routes and determine how hu

man-specific features—including cortical folding, vascular den

sity, and sleep physiology—shape the efficiency and adaptability 

of brain clearance mechanisms.

EMERGING IMAGING STRATEGIES FOR HUMAN FLUID 

SYSTEMS

There is growing interest in developing contrast-free imaging 

methods to assess glymphatic transport and meningeal 

lymphatic drainage by measuring water mobility or brain tissue 

motion. Such approaches hold promise for evaluating brain 

clearance in large populations without the need for invasive 

procedures or advanced contrast agents. The first strategy 

employed is called magnetic resonance encephalography 

(MREG)—an ultrafast functional MRI (fMRI) technique that cap

tures whole-brain activity with a temporal resolution of up to 

100 ms (10 Hz), significantly faster than conventional fMRI.167

MREG allows detection of rapid physiological brain pulsa

tions—such as those driven by cardiac cycles, respiration, and 

vasomotion—in real time. This makes it uniquely suited for 

studying dynamic movements in the brain, including those 

involved in the glymphatic system, even though it is not specific 

to fluid motion.167 MREG studies have shown marked changes in 

brain pulsation as a function of the sleep-wake cycle in poor 

sleepers, in patients with Alzheimer’s disease, epilepsy, and 

more.168–171 Another strategy involves motion-sensitizing 

gradients, such as those used in diffusion MRI, which can assess 

water mobility at multiple spatial scales.172 Another method le

verages phase-contrast or inflow-based MRI to detect CSF 

movement at sites like the fourth ventricle.162,173 While these 

techniques can track fluid dynamics, their ability to reflect glym

phatic function, i.e., efflux of neuronal waste materials, remains 

largely unvalidated. Systematic benchmarking against 

contrast-enhanced imaging is still in its early stages and rarely 

extends across diverse physiological or pathological states. In 

the future, it may be necessary to combine multimodal imaging, 

including MRI, EEG, and fluid biomarkers, to define glymphatic 

and meningeal lymphatic function and their impact on disease 

risk. However, a robust framework for integrating these tools 

has yet to be established.

A widely used contrast-free method is diffusion tensor image 

analysis along the perivascular spaces (DTI-ALPSs).174 This 

approach calculates the ratio of diffusion components oriented 

perpendicular and parallel to presumed perivascular spaces in 

the periventricular white matter. Its popularity is partly due to 

the accessibility of standard DTI datasets, enabling retrospec

tive analysis. However, DTI-ALPS is not specific to CSF flow 

and primarily captures water diffusivity in a small white matter re

gion. As such, it is an indirect and potentially imprecise proxy for 

glymphatic function; its results should be interpreted with 

caution.175

Ultra-high-field MRI enables increased resolution of CSF-spe

cific sequences, allowing more precise measurement of 

fluid mobility in perivascular spaces surrounding penetrating ar

teries in white matter.172,176 Alternatively, tissue displacement 

associated with CSF dynamics can be measured using 

techniques such as displacement encoding with stimulated 

echoes (DENSE-MRI), which captures sub-millimeter tissue 

deformation.177

Water transport across the blood-brain and blood-CSF bar

riers, which may be mechanistically linked to perivascular glym

phatic transport, can also be studied noninvasively using arterial 

ll
OPEN ACCESS

8 Neuron 113, December 3, 2025 

Review 

Please cite this article in press as: Kipnis et al., Resolving the mysteries of brain clearance and immune surveillance, Neuron (2025), https://doi.org/ 

10.1016/j.neuron.2025.10.036



spin labeling or other magnetic labeling techniques.178,179 These 

studies suggest that water exchange between blood and CSF 

occurs at multiple brain sites beyond the choroid plexus, chal

lenging the classical model of the ‘‘third circulation.’’

Collectively, these noninvasive MRI-based techniques offer 

diverse tools to probe components of brain fluid transport in hu

mans. However, none of them captures the entire clearance sys

tem, and it is important to emphasize that they typically measure 

solvent (water) movement or tissue motion, not the clearance ef

ficiency of larger solutes or waste products. As the field ad

vances, rigorous validation, integration of multimodal data, and 

careful interpretation will be essential to define their relevance 

to brain health and disease.

CONCLUDING REMARKS

Despite major recent advances in mapping the anatomy and 

physiology of brain clearance pathways, numerous questions 

remain about how these systems operate in both health and dis

ease (Box 2). Fundamentally, brain clearance refers to the 

removal of solutes from the brain parenchyma to peripheral com

partments. However, whether this process varies by brain region 

or follows distinct anatomical routes remains unclear. There is a 

need to investigate the molecular and cellular crosstalk between 

vascular barriers (e.g., BBB) and lymphatic/glymphatic inter

faces, particularly how dysfunction in one domain may affect 

the other. Detailed mapping of waste exit routes from different 

brain regions remains largely uncharted and is one of the more 

urgent questions to be addressed.

Sleep represents a unique physiological state in humans, 

involving a transition from an upright, bipedal posture to a 

recumbent position, accompanied by dramatic changes in neu

ral and astrocytic activity. These changes drive oscillations in ce

rebral blood flow, which in turn influence the movement of CSF 

and interstitial fluid. It is likely that sleep-wake differences in 

brain waste clearance arise from the combined effects of altered 

cellular and physiological activities, vascular dynamics, and 

body posture. However, the relative contribution of each factor 

remains unclear: is the enhancement of clearance during sleep 

primarily driven by neuronal and glial state changes, vascular 

pulsatility, positional effects, or an interaction of all three?

Despite the growing recognition of the intimate link between 

waste clearance and CNS immune surveillance, our understand

ing of how these processes intersect is still in its early stages. A 

key issue is to understand the heterogeneity of CNS antigens 

surveilled by brain-border phagocytes and which antigens are 

preferentially presented to the adaptive immune system. Under

standing this heterogeneity is crucial because the extent to 

which parenchymal and CSF antigens intermix may vary accord

ing to the biophysical properties of the macromolecule, with 

some remaining sequestered and others being preferentially 

drained. Additionally, given the distinct immunological niches 

throughout the brain, how do immune-cell compositions, activa

tion states, and functions vary across distinct brain regions and 

borders, and to what extent are their activities coordinated?

Despite exciting progress in uncovering the anatomy, physi

ology, pathways, and regulators of brain fluid dynamics, much 

remains to be learned. Assessing its relevance to humans and 

Box 2. What does the field of brain clearance agree upon?

The review explored opportunities in the emerging field of brain fluid dynamics and immunity. As highlighted, several of the most 

recent observations require independent validation, yet other core characteristics of brain fluid flow are by now widely accepted 

within the field. The key consensus points are as follows: (1) CSF inflow occurs primarily along periarterial spaces surrounding large 

pial arteries, with tracers continuing their influx along penetrating arterioles in both rodent and human brain.6,7,19,136,158 By 

contrast, clearance can take multiple paths, including periarteriolar and perivenous compartments, white matter tracts, and 

cranial and spinal nerves. However, brain fluid will eventually be collected by meningeal and cervical lymphatic vessels and 

ultimately returned to the venous circulation.28–30,68–70 (2) The polarized expression of the water channel AQP4 in the astrocytic 

endfeet supports glymphatic flow.47 Genetic manipulations and pharmacological approaches have documented that the water 

channel AQP4 facilitates brain fluid flow.47,180 In humans, genomic analyses have identified specific single-nucleotide 

polymorphisms (SNPs) associated with reduced AQP4 membrane localization, sleep disturbances, and an increased risk of 

Alzheimer’s disease.181–183 The exact mechanism by which AQP4 facilitates CSF influx and interstitial fluid efflux remains 

unresolved, but several mechanisms have been proposed, including fluid stagnation as a consequence of reduced efflux of 

interstitial fluid.184,185

(3) The glymphatic and lymphatic systems are interconnected, as evidenced by the rapid detection of tracers in cervical lymph 

nodes within tens of minutes after injection into the brain or CSF.26,30,69–71 However, the precise efflux routes may vary across 

species, developmental stages, and experimental conditions. (4) The definition of brain solute clearance was originally 

introduced by Cserr’s group,186 who proposed that clearance refers specifically to solutes exiting the brain compartment, 

whichhas since been considered the gold standard in preclinical studies.7,187 More recent studies have employed real-time 

imaging strategies using tracers that bind albumin in blood to detect efflux from the brain75 or, alternatively, have used whole- 

body SPECT imaging to confirm that radiolabeled tracers exiting the brain accumulate in peripheral tissues.188 Observing tracer 

movement within brain tissue as a measure of ‘‘clearance’’ does not directly track the tracer’s exit from the brain, and future studies 

would benefit by including measurements of tracer loss from the brain or accumulation in peripheral tissues. (5) A Prox1-express

ing-EGFP-positive membrane exists between the arachnoid barrier layer and the pia mater.189,190 There is ongoing debate about 

whether this membrane is always fused with the arachnoid barrier layer or just in certain regions, and if it separates subarachnoid 

space compartments into two distinct CSF-filled compartments.
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its impact on disease pathogenesis is crucial, as is exploring 

whether these unique brain processes offer novel therapeutic 

opportunities for conditions such as cancer, autoimmunity, neu

rodegeneration, and psychiatric disorders.
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53. Asgari, M., de Zélicourt, D., and Kurtcuoglu, V. (2016). Glymphatic solute 

transport does not require bulk flow. Sci. Rep. 6, 38635. https://doi.org/ 

10.1038/srep38635.

54. Cserr, H.F., Depasquale, M., Patlak, C.S., and Pullen, R.G. (1986). Con

vection of cerebral interstitial fluid and its role in brain volume regulation. 

Ann. N. Y. Acad. Sci. 481, 123–134. https://doi.org/10.1111/j.1749-6632. 

1986.tb27144.x.

55. Smith, A.J., Yao, X., Dix, J.A., Jin, B.J., and Verkman, A.S. (2017). Test of 

the ‘glymphatic’ hypothesis demonstrates diffusive and aquaporin-4-in

dependent solute transport in rodent brain parenchyma. eLife 6, e27679. 

https://doi.org/10.7554/eLife.27679.

ll
OPEN ACCESS

Neuron 113, December 3, 2025 11 

Review 

Please cite this article in press as: Kipnis et al., Resolving the mysteries of brain clearance and immune surveillance, Neuron (2025), https://doi.org/ 

10.1016/j.neuron.2025.10.036

https://doi.org/10.1177/0271678X231156982
https://doi.org/10.2463/mrms.rev.2020-0122
https://doi.org/10.2463/mrms.rev.2020-0122
https://doi.org/10.1084/jem.20241752
https://doi.org/10.1084/jem.20241752
https://doi.org/10.1084/jem.20220035
https://doi.org/10.1084/jem.20220035
https://doi.org/10.1084/jem.20142290
https://doi.org/10.1038/nature14432
https://doi.org/10.1038/s41586-019-1419-5
https://doi.org/10.1523/JNEUROSCI.1625-15.2015
https://doi.org/10.1523/JNEUROSCI.1625-15.2015
https://doi.org/10.1007/s00018-020-03706-5
https://doi.org/10.1007/s00018-020-03706-5
https://doi.org/10.1016/j.neuroscience.2013.06.022
https://doi.org/10.1016/j.neuroscience.2013.06.022
https://doi.org/10.1016/j.neuron.2019.10.033
https://doi.org/10.1016/j.neuron.2019.10.033
https://doi.org/10.1016/j.neuron.2017.10.012
https://doi.org/10.1016/j.neuron.2017.10.012
https://doi.org/10.1016/j.neuroimage.2013.10.044
https://doi.org/10.1016/j.neuroimage.2013.10.044
https://doi.org/10.1038/s41467-023-36643-5
https://doi.org/10.1038/s41598-022-06361-x
https://doi.org/10.1038/s41586-024-07108-6
https://doi.org/10.1038/s41586-024-07108-6
https://doi.org/10.1002/nbm.5029
https://doi.org/10.1016/j.celrep.2020.108524
https://doi.org/10.1016/j.celrep.2020.108524
https://doi.org/10.1371/journal.pbio.3003138
https://doi.org/10.1371/journal.pbio.3003138
https://doi.org/10.1038/s41586-024-07132-6
https://doi.org/10.1212/wnl.56.12.1746
https://doi.org/10.1212/wnl.56.12.1746
https://doi.org/10.1152/physiol.00015.2022
https://doi.org/10.1152/physiol.00015.2022
https://doi.org/10.1098/rsif.2019.0572
https://doi.org/10.1098/rsif.2019.0572
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1186/s12987-023-00445-0
https://doi.org/10.1186/s12987-023-00445-0
https://doi.org/10.1186/s12987-022-00326-y
https://doi.org/10.1007/s10237-019-01253-y
https://doi.org/10.1098/rsif.2023.0288
https://doi.org/10.1038/s41598-020-59045-9
https://doi.org/10.1038/srep38635
https://doi.org/10.1038/srep38635
https://doi.org/10.1111/j.1749-6632.1986.tb27144.x
https://doi.org/10.1111/j.1749-6632.1986.tb27144.x
https://doi.org/10.7554/eLife.27679


56. Valnes, L.M., Mitusch, S.K., Ringstad, G., Eide, P.K., Funke, S.W., and 

Mardal, K.A. (2020). Apparent diffusion coefficient estimates based on 

24 hours tracer movement support glymphatic transport in human 

cerebral cortex. Sci. Rep. 10, 9176. https://doi.org/10.1038/s41598- 

020-66042-5.

57. Keith Sharp, M., Carare, R.O., and Martin, B.A. (2019). Dispersion 

in porous media in oscillatory flow between flat plates: applications to 

intrathecal, periarterial and paraarterial solute transport in the central 

nervous system. Fluids Barriers CNS 16, 13. https://doi.org/10.1186/ 

s12987-019-0132-y.

58. Holter, K.E., Kehlet, B., Devor, A., Sejnowski, T.J., Dale, A.M., Omholt, 

S.W., Ottersen, O.P., Nagelhus, E.A., Mardal, K.A., and Pettersen, K.H. 

(2017). Interstitial solute transport in 3D reconstructed neuropil occurs 

by diffusion rather than bulk flow. Proc. Natl. Acad. Sci. USA 114, 

9894–9899. https://doi.org/10.1073/pnas.1706942114.

59. Ray, L.A., Pike, M., Simon, M., Iliff, J.J., and Heys, J.J. (2021). Quantita

tive analysis of macroscopic solute transport in the murine brain. Fluids 

Barriers CNS 18, 55. https://doi.org/10.1186/s12987-021-00290-z.

60. Abbott, N.J., Pizzo, M.E., Preston, J.E., Janigro, D., and Thorne, R.G. 

(2018). The role of brain barriers in fluid movement in the CNS: is there 

a ‘glymphatic’ system? Acta Neuropathol. 135, 387–407. https://doi. 

org/10.1007/s00401-018-1812-4.

61. Guo, Y., Quirk, K., Kelley, D.H., and Thomas, J.H. (2025). Advection and 

diffusion in perivascular and extracellular spaces in the brain. J. R. Soc. 

Interface 22, 20250010. https://doi.org/10.1098/rsif.2025.0010.

62. Bork, P.A.R., Hauglund, N.L., Mori, Y., Møllgård, K., Hjorth, P.G., and Ne
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148. Nilsson, C., Ståhlberg, F., Thomsen, C., Henriksen, O., Herning, M., and 

Owman, C. (1992). Circadian variation in human cerebrospinal fluid pro

duction measured by magnetic resonance imaging. Am. J. Physiol. 262, 

R20–R24. https://doi.org/10.1152/ajpregu.1992.262.1.R20.

149. Hartmann, D.A., Hyacinth, H.I., Liao, F.F., and Shih, A.Y. (2018). Does pa

thology of small venules contribute to cerebral microinfarcts and demen

tia? J. Neurochem. 144, 517–526. https://doi.org/10.1111/jnc.14228.

150. Eidsvaag, V.A., Enger, R., Hansson, H.A., Eide, P.K., and Nagelhus, E.A. 

(2017). Human and mouse cortical astrocytes differ in aquaporin-4 polar

ization toward microvessels. Glia 65, 964–973. https://doi.org/10.1002/ 

glia.23138.

151. Oberheim, N.A., Takano, T., Han, X., He, W., Lin, J.H.C., Wang, F., Xu, Q., 

Wyatt, J.D., Pilcher, W., Ojemann, J.G., et al. (2009). Uniquely hominid 

features of adult human astrocytes. J. Neurosci. 29, 3276–3287. 

https://doi.org/10.1523/JNEUROSCI.4707-08.2009.

152. Perlman, R.L. (2016). Mouse models of human disease: An evolutionary 

perspective. Evol. Med. Public Health 2016, 170–176. https://doi.org/10. 

1093/emph/eow014.

153. Mota, B., Dos Santos, S.E., Ventura-Antunes, L., Jardim-Messeder, D., 

Neves, K., Kazu, R.S., Noctor, S., Lambert, K., Bertelsen, M.F., Manger, 

P.R., et al. (2019). White matter volume and white/gray matter ratio in 

mammalian species as a consequence of the universal scaling of cortical 

folding. Proc. Natl. Acad. Sci. USA 116, 15253–15261. https://doi.org/10. 

1073/pnas.1716956116.

154. Piantino, J., Boespflug, E.L., Schwartz, D.L., Luther, M., Morales, A.M., 

Lin, A., Fossen, R.V., Silbert, L., and Nagel, B.J. (2020). Characterization 

of MR Imaging-Visible Perivascular Spaces in the White Matter of Healthy 

Adolescents at 3T. AJNR, Am. J. Neuroradiol. 41, 2139–2145. https://doi. 

org/10.3174/ajnr.A6789.

155. Wardlaw, J.M., Benveniste, H., Nedergaard, M., Zlokovic, B.V., Mestre, 

H., Lee, H., Doubal, F.N., Brown, R., Ramirez, J., MacIntosh, B.J., et al. 

(2020). Perivascular spaces in the brain: anatomy, physiology and pathol

ogy. Nat. Rev. Neurol. 16, 137–153. https://doi.org/10.1038/s41582- 

020-0312-z.

156. Lynch, K.M., Sepehrband, F., Toga, A.W., and Choupan, J. (2023). Brain 

perivascular space imaging across the human lifespan. Neuroimage 271, 

120009. https://doi.org/10.1016/j.neuroimage.2023.120009.

157. Absinta, M., Ha, S.K., Nair, G., Sati, P., Luciano, N.J., Palisoc, M., Lou

veau, A., Zaghloul, K.A., Pittaluga, S., Kipnis, J., et al. (2017). Human 

and nonhuman primate meninges harbor lymphatic vessels that can be 

visualized noninvasively by MRI. eLife 6, e29738. https://doi.org/10. 

7554/eLife.29738.

158. Iliff, J.J., Lee, H., Yu, M., Feng, T., Logan, J., Nedergaard, M., and Ben

veniste, H. (2013). Brain-wide pathway for waste clearance captured by 

contrast-enhanced MRI. J. Clin. Investig. 123, 1299–1309. https://doi. 

org/10.1172/JCI67677.

159. Yamamoto, E.A., Bagley, J.H., Geltzeiler, M., Sanusi, O.R., Dogan, A., 

Liu, J.J., and Piantino, J. (2024). The perivascular space is a conduit for 

cerebrospinal fluid flow in humans: A proof-of-principle report. Proc. 

Natl. Acad. Sci. USA 121, e2407246121. https://doi.org/10.1073/pnas. 

2407246121.

160. Absinta, M., Cortese, I.C.M., Vuolo, L., Nair, G., de Alwis, M.P., Ohayon, 

J., Meani, A., Martinelli, V., Scotti, R., Falini, A., et al. (2017). Leptomenin

geal gadolinium enhancement across the spectrum of chronic neuroin

flammatory diseases. Neurology 88, 1439–1444. https://doi.org/10. 

1212/wnl.0000000000003820.

161. El Kamouh, M.-R., Spajer, M., Singhabahu, R., Sailor, K.A., Bourrienne, 

M.-C., Mouton, L., Koundal, S., Doukhi, D., Grine, A., Ninneman, J., 

et al. (2024). Cerebral Venous Blood Flow Regulates Brain Fluid Clear

ance via Dural Lymphatics. Preprint at bioRxiv. https://doi.org/10.1101/ 

2024.12.12.628127. 

162. Fultz, N.E., Bonmassar, G., Setsompop, K., Stickgold, R.A., Rosen, B.R., 

Polimeni, J.R., and Lewis, L.D. (2019). Coupled electrophysiological, he

modynamic, and cerebrospinal fluid oscillations in human sleep. Science 

366, 628–631. https://doi.org/10.1126/science.aax5440.
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maa, L., Raatikainen, V., Rajna, Z., Tuovinen, T., Nedergaard, M., et al. 

(2020). Respiratory-related brain pulsations are increased in epilepsy-a 

two-centre functional MRI study. Brain Commun. 2, fcaa076. https:// 

doi.org/10.1093/braincomms/fcaa076.

171. Tuovinen, T., Kananen, J., Rajna, Z., Lieslehto, J., Korhonen, V., Rytty, R., 

Mattila, H., Huotari, N., Raitamaa, L., Helakari, H., et al. (2020). The vari

ability of functional MRI brain signal increases in Alzheimer’s disease at 

cardiorespiratory frequencies. Sci. Rep. 10, 21559. https://doi.org/10. 

1038/s41598-020-77984-1.

172. Rowsthorn, E., Cribb, L., Sinclair, B., Pham, W., Chong, T.T.J., Yial

lourou, S., Cavuoto, M., Vivash, L., O’Brien, T.J., Shao, X., et al. (2025). 

Relationships between measures of neurovascular integrity and fluid 

transport in aging: a multi-modal neuroimaging study. Fluids Barriers 

CNS 22, 59. https://doi.org/10.1186/s12987-025-00664-7.

173. Roefs, E.C.A., Eiling, I., de Bresser, J., van Osch, M.J.P., and Hirschler, L. 

(2024). BOLD-CSF dynamics assessed using real-time phase contrast 

CSF flow interleaved with cortical BOLD MRI. Fluids Barriers CNS 21, 

107. https://doi.org/10.1186/s12987-024-00607-8.

174. Taoka, T., Masutani, Y., Kawai, H., Nakane, T., Matsuoka, K., Yasuno, F., 

Kishimoto, T., and Naganawa, S. (2017). Evaluation of glymphatic 

system activity with the diffusion MR technique: diffusion tensor image 

ll
OPEN ACCESS

Neuron 113, December 3, 2025 15 

Review 

Please cite this article in press as: Kipnis et al., Resolving the mysteries of brain clearance and immune surveillance, Neuron (2025), https://doi.org/ 

10.1016/j.neuron.2025.10.036

https://doi.org/10.1007/s00234-020-02519-4
https://doi.org/10.3174/ajnr.A7841
https://doi.org/10.1007/s00234-023-03198-7
https://doi.org/10.1007/s00234-023-03198-7
https://doi.org/10.1111/jsr.14226
https://doi.org/10.1152/ajpregu.1992.262.1.R20
https://doi.org/10.1111/jnc.14228
https://doi.org/10.1002/glia.23138
https://doi.org/10.1002/glia.23138
https://doi.org/10.1523/JNEUROSCI.4707-08.2009
https://doi.org/10.1093/emph/eow014
https://doi.org/10.1093/emph/eow014
https://doi.org/10.1073/pnas.1716956116
https://doi.org/10.1073/pnas.1716956116
https://doi.org/10.3174/ajnr.A6789
https://doi.org/10.3174/ajnr.A6789
https://doi.org/10.1038/s41582-020-0312-z
https://doi.org/10.1038/s41582-020-0312-z
https://doi.org/10.1016/j.neuroimage.2023.120009
https://doi.org/10.7554/eLife.29738
https://doi.org/10.7554/eLife.29738
https://doi.org/10.1172/JCI67677
https://doi.org/10.1172/JCI67677
https://doi.org/10.1073/pnas.2407246121
https://doi.org/10.1073/pnas.2407246121
https://doi.org/10.1212/wnl.0000000000003820
https://doi.org/10.1212/wnl.0000000000003820
https://doi.org/10.1101/2024.12.12.628127
https://doi.org/10.1101/2024.12.12.628127
https://doi.org/10.1126/science.aax5440
https://doi.org/10.1038/s41467-023-38669-1
https://doi.org/10.1038/s41467-024-54372-1
https://doi.org/10.1186/1743-8454-1-2
https://doi.org/10.1186/1743-8454-1-2
https://doi.org/10.1016/j.ebiom.2022.104381
https://doi.org/10.1177/0271678X15622047
https://doi.org/10.1038/s41598-023-32271-7
https://doi.org/10.1038/s43856-022-00187-4
https://doi.org/10.1038/s43856-022-00187-4
https://doi.org/10.1093/braincomms/fcaa076
https://doi.org/10.1093/braincomms/fcaa076
https://doi.org/10.1038/s41598-020-77984-1
https://doi.org/10.1038/s41598-020-77984-1
https://doi.org/10.1186/s12987-025-00664-7
https://doi.org/10.1186/s12987-024-00607-8


analysis along the perivascular space (DTI-ALPS) in Alzheimer’s disease 

cases. Jpn. J. Radiol. 35, 172–178. https://doi.org/10.1007/s11604-017- 

0617-z.

175. Taoka, T., Ito, R., Nakamichi, R., Nakane, T., Kawai, H., and Naganawa, 

S. (2024). Diffusion Tensor Image Analysis ALong the Perivascular Space 

(DTI-ALPS): Revisiting the Meaning and Significance of the Method. 

Magn. Reson. Med. Sci. 23, 268–290. https://doi.org/10.2463/mrms. 

rev.2023-0175.

176. Saib, G., Demir, Z.H., Taylor, P.A., Lalith Talagala, S., and Koretsky, A.P. 

(2024). Detection of Nanoliter-Scale Cortical Perivascular Spaces Using 

Heavily T2-weighted MRI at 7T. Preprint at medRxiv. https://doi.org/10. 

1101/2024.10.11.24315113. 

177. Sloots, J.J., Biessels, G.J., and Zwanenburg, J.J.M. (2020). Cardiac 

and respiration-induced brain deformations in humans quantified with 

high-field MRI. Neuroimage 210, 116581. https://doi.org/10.1016/j.neu

roimage.2020.116581.

178. Petitclerc, L., Hirschler, L., Wells, J.A., Thomas, D.L., van Walderveen, 

M.A.A., van Buchem, M.A., and van Osch, M.J.P. (2021). Ultra-long-TE 

arterial spin labeling reveals rapid and brain-wide blood-to-CSF water 

transport in humans. Neuroimage 245, 118755. https://doi.org/10. 

1016/j.neuroimage.2021.118755.

179. Taso, M., and Alsop, D.C. (2025). Tissue-to-fluid water-exchange imag

ing using T2-selective saturation labeling. Magn. Reson. Med. 94, 

150–165. https://doi.org/10.1002/mrm.30452.

180. Giannetto, M.J., Gomolka, R.S., Gahn-Martinez, D., Newbold, E.J., Bork, 

P.A.R., Chang, E., Gresser, M., Thompson, T., Mori, Y., and Nedergaard, 

M. (2024). Glymphatic fluid transport is suppressed by the aquaporin-4 

inhibitor AER-271. Glia 72, 982–998. https://doi.org/10.1002/glia.24515.

181. Burfeind, K.G., Murchison, C.F., Westaway, S.K., Simon, M.J., Erten- 

Lyons, D., Kaye, J.A., Quinn, J.F., and Iliff, J.J. (2017). The effects of non

coding aquaporin-4 single-nucleotide polymorphisms on cognition and 

functional progression of Alzheimer’s disease. Alzheimers. Dement. (N 

Y) 3, 348–359. https://doi.org/10.1016/j.trci.2017.05.001.

182. Liu, L., Zeng, Q., Luo, X., Hong, H., Fang, Y., Xie, L., Zhang, Y., Lin, M., 

Wang, S., Li, K., et al. (2025). Association Between Single Nucleotide 

Polymorphisms in the Aquaporin-4 Gene and Longitudinal Changes in 

White Matter Free Water and Cognitive Function in Non-Demented 

Older Adults. Hum. Brain Mapp. 46, e70171. https://doi.org/10.1002/ 

hbm.70171.

183. Sun, X., Tian, Q., Yang, Z., Liu, Y., Li, C., Hou, B., and Xie, A. (2023). As

sociation of AQP4 single nucleotide polymorphisms (rs335929 and 

rs2075575) with Parkinson’s disease: A case-control study. Neurosci. 

Lett. 797, 137062. https://doi.org/10.1016/j.neulet.2023.137062.

184. Gomolka, R.S., Hablitz, L.M., Mestre, H., Giannetto, M., Du, T., Hau

glund, N.L., Xie, L., Peng, W., Martinez, P.M., Nedergaard, M., et al. 

(2023). Loss of aquaporin-4 results in glymphatic system dysfunction 

via brain-wide interstitial fluid stagnation. eLife 12, e82232. https://doi. 

org/10.7554/eLife.82232.
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Hauglund, N.L., Esmail, T., Rasmussen, M.K., and Gomolka, R.S. (2023). 

A mesothelium divides the subarachnoid space into functional compart

ments. Science 379, 84–88. https://doi.org/10.1126/science.adc8810.

ll
OPEN ACCESS

16 Neuron 113, December 3, 2025 

Review 

Please cite this article in press as: Kipnis et al., Resolving the mysteries of brain clearance and immune surveillance, Neuron (2025), https://doi.org/ 

10.1016/j.neuron.2025.10.036

https://doi.org/10.1007/s11604-017-0617-z
https://doi.org/10.1007/s11604-017-0617-z
https://doi.org/10.2463/mrms.rev.2023-0175
https://doi.org/10.2463/mrms.rev.2023-0175
https://doi.org/10.1101/2024.10.11.24315113
https://doi.org/10.1101/2024.10.11.24315113
https://doi.org/10.1016/j.neuroimage.2020.116581
https://doi.org/10.1016/j.neuroimage.2020.116581
https://doi.org/10.1016/j.neuroimage.2021.118755
https://doi.org/10.1016/j.neuroimage.2021.118755
https://doi.org/10.1002/mrm.30452
https://doi.org/10.1002/glia.24515
https://doi.org/10.1016/j.trci.2017.05.001
https://doi.org/10.1002/hbm.70171
https://doi.org/10.1002/hbm.70171
https://doi.org/10.1016/j.neulet.2023.137062
https://doi.org/10.7554/eLife.82232
https://doi.org/10.7554/eLife.82232
https://doi.org/10.7554/eLife.95873
https://doi.org/10.1152/ajprenal.1981.240.4.F319
https://doi.org/10.1038/sj.jcbfm.9600315
https://doi.org/10.1016/j.isci.2022.105250
https://doi.org/10.1126/science.adc8810

	Resolving the mysteries of brain clearance and immune surveillance
	Introduction
	The mechanisms of brain clearance
	Drivers of CSF influx

	Forces governing directional CSF influx along arteries
	Interstitial transport: Passive diffusion or convective flow?
	Interstitial fluid efflux
	Confounders to consider when studying brain clearance

	Complex interactions may underlie seemingly contradictory observations
	Brain clearance and immune surveillance mutually influence each other
	The influence of sleep and wakefulness on glymphatic flow
	Anesthesia and circadian regulation of brain clearance
	Brain clearance in humans: Translating from rodents
	Emerging imaging strategies for human fluid systems
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References


