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Abstract 42 
Brain harbors a unique ability to, figuratively speaking, shift its gears. During wakefulness, the brain is geared 43 
fully towards processing information and behaving, while homeostatic functions predominate during sleep. The 44 
blood-brain barrier establishes a stable environment  that is optimal for neuronal function, yet the barrier 45 
imposes a physiological problem; transcapillary filtration that forms extracellular fluid in other organs is 46 
reduced to a minimum in brain. Consequently, the brain depends on a special fluid (the cerebrospinal fluid; 47 
CSF) that is flushed into brain along the unique perivascular spaces created by astrocytic vascular endfeet. We 48 
describe this pathway, coined the term glymphatic system, based on its dependency on astrocytic vascular 49 
endfeet and their adluminal expression of AQP4 water channels facing towards CSF-filled perivascular spaces. 50 
Glymphatic clearance of potentially harmful metabolic or protein waste products, such as amyloid-β is 51 
primarily active during sleep, when its physiological drivers, the cardiac cycle, respiration, and slow 52 
vasomotion, together efficiently propel CSF inflow along periarterial spaces. The brain’s extracellular  space 53 
contains an abundance  of proteoglycans and hyaluronan, which provide a low-resistance hydraulic conduit that 54 
rapidly can expand and shrink during the sleep-wake cycle. We describe this unique fluid system of the brain, 55 
which meets the brain’s requisites to maintain homeostasis similar to peripheral organs, considering the blood-56 
brain-barrier and the paths for formation and egress of the CSF 57 
  58 
 59 

 60 

Clinical Highlights  61 
The recent discovery of the glymphatic pathway and the rediscovery of dural lymphatic vessels have reshaped 62 
our understanding of brain fluid dynamics and how the brain parenchyma rids itself from harmful proteins such 63 
as amyloid-β, a-synuclein, and tau especially during sleep. Along with this understanding has come a novel 64 
insight into the pathology behind common neurodegenerative disorders such as Alzheimer’s disease and 65 
traumatic brain injury, as well as the edema formation after ischemic stroke. Clinical imaging tools for studying 66 
glymphatic function already in use and undergoing rapid development and show great promise to become 67 
established as prognostic and diagnostic tools in the near future. 68 
  69 
  70 
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 254 

I. Introduction  255 
The brain is an exceptional organ that processes sensory input, computes decisions, and coordinates 256 

behavioral output. The demands on the brain are more complex and multifaceted than for any other organ. 257 
Typically, the brain shifts between functional states to fine tune itself for performing optimally its various tasks, 258 
such as cognition and problem solving, responding to dangers or stress, relaxing, thinking, wondering, 259 
exercising, meditating, reminiscing, resting, sleeping, dreaming, or healing. In its most demanding states, when 260 
a threatening situation requires absolute alertness, the brain focuses on processing and execution of the tasks at 261 
hand, putting aside the dull aspects of brain housekeeping. Conversely, in situations that are less demanding, 262 
and especially when we fall asleep, restorative homeostatic processes become a dominant activity of the brain 263 
(740). The process of reprioritizing between housekeeping and attentional or creative processes is unique to 264 
brain and is intimately linked to the sleep-wake cycle. The sleeping brain is focused on the restorative task of 265 
cleaning up the mess of metabolic waste products generated during active wakefulness (482). During sleep, the 266 
glymphatic system pumps large amounts of cerebrospinal fluid (CSF) into the neuropil in a process facilitated 267 
by expansion of the extracellular space volume that occurs during non-rapid eye movement (NREM) sleep 268 
(266). The fresh CSF supply mixes with extracellular fluid and flushes out metabolic waste products, notably 269 
amyloid-β (315). The resetting of homeostasis and the rejuvenation derived from healthy sleep prepares the 270 
organism to embark on the new day of challenges. Indeed, obtaining sufficient sleep is a necessary requirement 271 
for maintaining normal cognitive function (18), and prolonged sleep deprivation inevitably brings serious 272 
psychiatric and neurological consequences in previously healthy individuals (712). 273 

How, then, do organs other than the brain manage to remove their metabolic waste? In peripheral 274 
tissues, proteins in the extracellular space are removed more or less continuously by the lymphatic system, 275 
propelled by a constant influx to the tissue of an ultrafiltrate from porous blood capillaries (36, 725). According 276 
to the Starling equation, inflow of fluid and proteins from plasma is driven by the hydrostatic pressure at the 277 
arterial end of the capillary bed, while reuptake of fluid is powered by the osmotic gradient in the venous end of 278 
the capillaries. However, accumulating evidence questions the fitness of the Starling principle by demonstrating 279 
that excess fluid and extracellular proteins are primarily transported out of peripheral tissue via the intricate 280 
network of blind-ended lymphatic capillaries dispersed within the tissue (19).  281 

The brain also differs from other organs with respect to fluid dynamics. In particular, the brain is 282 
isolated from peripheral fluid exchange by the presence of tight endothelial junctions that forms several distinct 283 
barriers sealing the brain and CSF from direct communication with the blood stream and peripheral 284 
extracellular fluid. The endothelial cell tight junctions are the key structural component of the blood-brain 285 
barrier (BBB), which is an evolutionarily conserved hallmark of the vertebrate central nervous system (CNS) 286 
(42, 593). A tightly regulated internal milieu likely improves the processing power of neural networks and 287 
otherwise stabilizes the CNS in the face of a changing external milieu, thus imparting an evolutionary benefit 288 
(2, 685). However, the BBB also presents a physiological problem, since the tight junctions dramatically reduce 289 
influx of an ultrafiltrate of plasma into the neuropil compared with peripheral tissues. The lack of fluid influx 290 
brings a risk of stasis and accumulation of protein waste. In fact, brain tissue is uniquely vulnerable to 291 
aggregation of toxic proteins, which would be rapidly removed from peripheral tissues by lymphatic drainage. 292 
Age-related accumulation of toxic proteins such as amyloid-β, tau, and α-synuclein represent the core problem 293 
in many neurodegenerative disorders (627), thus underscoring the importance of efficient brain clearance in 294 
healthy aging (358). The vertebrate brain has developed an alternate source of fluid and a unique drainage 295 
mechanism to ensure constant extracellular fluid flow, much as seen in peripheral organs via lymphatic flow. 296 
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The primary source of brain extracellular fluid is the CSF, which is produced by the choroid plexus at rate of at 297 
least 430-1000 ml per day in humans (86, 309, 328, 381). CSF transport into the neuropil is a functional 298 
substitute for the lack of transcapillary fluid influx. The unique construction of the cerebral vasculature with its 299 
thousands of penetrating arteries piercing the brain parenchyma, each surrounded by vascular endfeet of 300 
astrocytes, creates a low resistance peri-arterial fluid flow pathway that enable fast transport of “clean” CSF 301 
deep into the brain. The vascular endfeet of astrocytes plaster along all segments of the cerebral vasculature to 302 
create the perivascular space that enables fast low-resistance transport of CSF into brain (614). The astrocytic 303 
endfeet are loosely interconnected by gap junctions and are covered by glycocalyx similar to that in peripheral 304 
capillaries, thus allowing easy fluid exchange with the neuropil. Hydrostatic pressure generated by arterial 305 
pulsatility propels CSF into the tissue, much as arterial pulsatility drives an ultrafiltrate of plasma into 306 
peripheral tissues (455). The directional flow through the brain parenchyma is facilitated by aquaporin-4 307 
(AQP4) water channels that are strategically positioned on the astrocytic endfeet lining the perivascular spaces 308 
(452). Thus, the overall organization of tissue fluid flow in CNS resembles that of peripheral tissue (Figure 1). 309 
To accommodate for the lack of lymphatic vessels in brain, the perivenous channels functionally act as the 310 
efferent lymphatic vessels of the brain, and thus transport excess fluid and proteins out of the neuropil (482).  311 
While the brain is devoid of lymphatics per se, there is a network of classical lymphatic vessels in the dura 312 
mater (the fibrous membrane surrounding the brain), and these dural vessels are, along with cranial and spinal 313 
nerves, the main channel for returning CSF to the general circulation (28, 406).  314 

How does the brain turn fluid flow on and off depending on the state of brain activity?  Data on this 315 
subject are scarce, but it is notable that the extracellular space is almost devoid of collagen and other 316 
incompressible fibrous materials. The extracellular matrix in brain is composed mostly of proteoglycans and 317 
hyaluronan (583), which can absorb and release water molecules quickly, thus dynamically fine-tuning the 318 
volume of the extracellular space and thereby adjusting its hydraulic conductivity (725). In fact, direct 319 
measurements of brain extracellular volume have shown that state-dependent changes in brain fluid transport 320 
are controlled by arousal-controlled shrinkage and sleep-induced expansion of the extracellular space volume 321 
(740), possibly supported by similar control mechanisms that up- and down-regulate CSF influx in the 322 
periarterial space (284). 323 

 324 

 325 
Figure 1. Comparison of fluid and solute flow in peripheral tissues and brain. 326 

The source of fluid in peripheral tissue is the porous capillaries, which are permeable to plasma and globular 327 
proteins like albumin (gray circles). In addition, endothelial cells express aquaporin-1 (AQP1) water channels. 328 
A hydrostatic pressure gradient drives an ultrafiltrate of plasma and globular proteins into the tissue at the 329 
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arterial end of the capillary bed, while most of the fluid and extracellular proteins, including waste products 330 
(black circles) are transported out of peripheral tissues by lymphatic vessels. In the brain, the blood brain barrier 331 
(BBB) formed by capillary endothelial cell tight junctions largely prevents influx of vascular fluid and proteins. 332 
Instead, the brain produces its own fluid, cerebrospinal fluid (CSF). CSF is transported into deep parts of the 333 
brain along the periarterial spaces.  The unique perivascular spaces of the CNS are annular CSF-filled tunnels 334 
with low resistance to fluid flow, which are created by a convoluted surface of loosely interconnected astrocytic 335 
endfeet plastering the entire cerebral vasculature, including arteries, capillaries and veins.  The arterial wall 336 
pulsatility drives CSF influx into the neuropil, facilitated by the aquaporin-4 (AQP4) water channels on the 337 
astrocytic endfeet.  AQP4 channels form square arrays that occupy up to 60% of the surface of astrocytic 338 
endfeet facing the perivascular space (John Rash, personal communication). In contrast, brain endothelial cells 339 
express few or no water channels. The extracellular fluid and protein waste produced during neural activity are 340 
transported to and leave the brain along perivenous spaces, for ultimate export by meningeal lymphatic vessels 341 
and along cranial and spinal nerve sheaths.   342 
 343 

The aim of this review is to provide a detailed description of the current understanding of brain fluid 344 
dynamics, which in the past years has undergone a major overhaul. Diffusion was long believed to be the 345 
predominate transport mechanism within the brain, even though early work had already shown simple diffusion 346 
to be insufficient as a clearance mechanism for brain, one of the most metabolically active tissues in the body. 347 
The discovery of the glymphatic pathway provided not only an explanation to the decades old mystery, but also 348 
opened up a new biological field of study, which is helping us to understand how brain clearance is maintained 349 
in the healthy brain, why we need to sleep, and the root cause of neurodegenerative diseases (557).  The 350 
biological constraints of state-dependent higher brain functions have  rarely been considered, but emerging 351 
evidence points to a deterioration of homeostatic glial function in the genesis of most, if not all, neurological 352 
and psychiatric diseases (181, 688).  353 

We shall describe the organization and physiological drivers of the glymphatic system, as well as the 354 
molecular components of brain extracellular matrix and their role in parenchymal flow. We shall also describe 355 
the drivers of convective CSF flow in perivascular spaces, and how glymphatic flow is modulated depending on 356 
brain state. The core thesis underlying this review is that a proper understanding of fluid transport in peripheral 357 
tissues provides insight into the less understood fluid flows in the CNS. Therefore, we shall review the current 358 
knowledge of fluid transport and the lymphatic system in peripheral tissues, and then draw parallels to brain. 359 
Also, the glymphatic system is at multiple sites linked to extra-axial CSF flow, which include CSF production 360 
sites, CSF flow in the ventricles and subarachnoid space, and CSF egress sites. Therefore, we must describe the 361 
dynamics of fluid transport in these compartments outside the brain tissue proper to explain their interplay with 362 
the glymphatic system. Next, we shall describe the pathophysiological changes of fluid flow in various brain 363 
disorders and how novel imaging tools and biomarkers are rapidly revolutionizing our understanding of brain 364 
physiology. We contend that new insights into brain fluid dynamics will lead to the discovery of novel 365 
pathophysiological mechanisms, diagnostics tools, and therapeutics avenues.   366 

II. The delineation of brain fluid transport through time 367 

A. Introduction 368 
The study of brain fluid transport is as old as the study of the brain itself, and the earliest notions of 369 

structures involved in brain fluid transport are found in the first known biological academic works stemming 370 
from ancient Greece. Whereas some of the earliest works were descriptive and often contained fanciful 371 
postulates, the revival of science during the renaissance led to a revolution of the understanding of brain fluid 372 
systems. The discoveries of key components of the nervous system cellular components and long-distance 373 
signaling mechanisms occurred simultaneously with the recognition of brain fluid transport, reflecting that both 374 
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processes are integral to CNS function. Production of CSF by the choroid plexus, CSF flow pathways, and the 375 
description of perivascular spaces as being  conduits of CNS to the lymphatic drainage, were all discovered in 376 
the same century as nerve fibers, action potentials, and synapses (244). 377 

The field of brain fluid transport encompasses CSF formation and flow pathways, ventricular 378 
morphology, brain extracellular space constitution, brain clearance, CSF drainage sites and many other factors. 379 
We present  run-through of the findings that over the centuries have helped researchers piece together an in-380 
depth understanding of the brain’s fluid environment. This historical account is also a tour de force recalling 381 
major scientific personalities whose names will surely ring a bell for biologists and clinicians alike, due to the 382 
scattering of their eponymous discovers across  neuroanatomy and physiology. In this section, we go through 383 
the earliest discoveries such as the identification of the brain ventricles and the CSF that laid the groundwork 384 
for understanding brain fluid transport, and link these early discoveries with modern day findings such as 385 
ultrastructural studies of fluid flow pathways in brain, physiological systems like the glymphatic system, and 386 
CSF and brain clearance pathways such as dural lymphatics. For a more detailed description of the history of 387 
the discovery of CSF we refer the reader to excellent reviews (171, 287), and for a more in depth understanding 388 
of the early literature of CSF, perivascular spaces, choroid plexus and the BBB we refer to other reviews (142, 389 
164, 733).   390 

 391 
Figure 2. Timeline of important discoveries in brain fluid transport. 
Timeline of significant events and discoveries pertaining to brain fluid transport. The black arrow superimposed 392 
over the cerebral artery illustrates the passage of time. The timeline spans over millenniums and includes the 393 
first clinical description of CSF in ancient Egypt found in the Edwin Smith papyrus scroll from 1500 BC, the 394 
first morphologically correct drawing of the ventricular system by Leonardo da Vinci in 15th century, and the 395 
description of CSF flow as the third circulation by Harvey Cushing in the 20th century. Many other substantial 396 
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discoveries extending beyond those illustrated in the figure established  the foundation to our modern 397 
understanding of brain fluid transport, but due to space limitations cannot be included in the figure. 398 
 399 

A. Early identification of the ventricles and their contents. 400 
The historical medical literature contains reports of colorless fluid leaking from skull fractures and other 401 

neurotrauma. The oldest description of this fluid - which we now know as CSF –is recorded in the Edwin Smith 402 
papyrus scroll written in Egyptian hieroglyphs around 1500 BC, which is perhaps derived  from an even older 403 
lost text dating from 3000 BC. The papyrus  describes fluid leakage from a comminuted skull fracture (171, 404 
678). However, for many centuries the content of the brain ventricles and subarachnoid space remained 405 
unknown, and the discovery of CSF is thus relatively new. The first written description of the brain ventricles in 406 
an academic text is found in Aristotle’s Historia Animalium from the 4th century B.C. (30, 171). A later Greek 407 
philosopher, Galen of Pergamon (129-c. 200 A.D.), believed that the ventricles harbored the spiritus animalis – 408 
a life giving vapor providing vigor to the body and mind (456). This hypothesis prevailed for more than a 409 
millennium, and it was not until the 16th century that the development of a more empirical science led to the 410 
recognition that the ventricles are not air-filled cavities. One of the first anatomically correct drawings of the 411 
ventricular system was created by Leonardo Da Vinci in the 15th century, who cleverly created a cast by 412 
injecting hot wax into the ventricular system of an ox brain, and thereby produced the first three dimensional 413 
morphological depiction of the cerebral ventricles (Figure 2) (287). In the Renaissance, other anatomists started 414 
to question the theories of Galen. The renowned anatomist Andreas Vesalius came up with the argument that, 415 
since the ventricular system is conserved amongst species, it could hardly be the abode of spiritus animalis, 416 
which was supposedly a quality unique to man (114, 456). Eventually, Galen’s theories about the ventricles 417 
were rejected, and several academics came to mention the presence of fluid in the CNS, among them the 418 
eponymously famous English doctor Thomas Willis. In 1664 he described the fluid in the cerebral ventricles 419 
and had the insight that the choroid plexus might possess a glandular activity as the source of said fluid (287). 420 
The Bolognese doctor Antonio Maria Valsalva, of the eponymous maneuver, reported in 1692 on the presence 421 
of fluid surrounding the spinal cord of a dog undergoing dissection (171, 178, 287). The formal discovery of 422 
CSF as a fluid extending from the ventricles to the subarachnoid space, and the first estimation of its total 423 
volume is attributed to another Italian doctor, Domenico Cotugno, of the University of Naples. His 1764 work 424 
on sciatic nerve pain includes a detailed description of CSF based on his dissections of 20 human cadavers 425 
(178). Cotugno explained why something so seemingly obvious as the presence of CSF in CNS had been 426 
largely overlooked by other anatomists, noting important methodological factors such as the customary 427 
dissection of previously decapitated heads. In Cotugno’s approach, the heads were severed from the fresh 428 
cadavers in his lab, which inevitably resulted in spillage of a clear fluid (three Neapolitan ounces in his 429 
estimation, where one neapolitan ounce = 26.72 mL) from the foramen magnum (178, 287).  In the subsequent 430 
century, research into CSF and its spaces accelerated, and the focus shifted from merely anatomical and 431 
descriptive to include investigations of the physiology of the CSF system and speculations about its function. 432 

 433 
B. Outlining of CSF pathways, production, and egress sites and investigations into its function 434 

Perhaps because Cotugno mentioned CSF as an incidental finding in his work on sciatic pain, it was not 435 
known to the wider medical audience until discussed by the 19th century French physiologist Francois Magendie 436 
(287, 715). Magendie discovered the median aperture that connects the 4th ventricle to the cisterna magna, thus 437 
revealing the ventricular system to be in open contact with the subarachnoid space, which provides a pathway 438 
for flow of CSF (715).  He also coined the term liquide céphalo-spinal (in English cerebrospinal fluid), as it is 439 
now universally known (171, 287).  Despite the intuition of Thomas Willis, the site of CSF production remained 440 
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a matter of discussion in the scientific community late into the 20th century. Magendie proposed that CSF was 441 
produced in the leptomeninges, but his contemporary colleagues Ernest Faivre and Hubert von Lushcka (who 442 
also discovered the lateral apertures, a second communication between the 4th ventricle and the subarachnoid 443 
space) had proposed that the choroid plexus was its source, due to their histological findings of cellular 444 
inclusions in the choroid plexus epithelium suggestive of secretory activity (142, 715). This view was supported 445 
by subsequent histological and pharmacological studies showing increased cytoplasmic volume of choroid 446 
plexus cells from animals treated with the muscarinic agonist, pilocarpine, which evoke an increase in CSF 447 
pressure (473, 715).  Definitive proof of CSF secretion by the choroid plexus did not come until 1960, when 448 
Rougemont in elegant experiments managed to collect the choroid plexus fluid secreted in vivo, and showed by 449 
analysis that its electrolyte composition was similar to ventricular CSF and distinct from that of a plasma 450 
transudate (142, 169). Later, George B. Hassin of the University of Illinois discovered that a complete surgical 451 
removal of choroid plexus did not completely ablate CSF production (282), whereupon it was generally 452 
conceded that there must also be extrachoroidal CSF production (142).  453 

A detailed understanding of the flow pathways of CSF arose early in the 20th century. Whereas 454 
Magendie had originally proposed an ebb and flow movement of CSF, it became apparent that it was largely 455 
unidirectional flow, and was thus designated the third circulation by American neurosurgeon Harvey Cushing 456 
in 1926 (152). The third circulation was proposed as a circulation parallel to the bloodstream, whereby CSF 457 
moved by bulk flow driven by the active production of CSF in choroid plexus, thus draining from the 458 
ventricular system and into the subarachnoid space, and then flowing along the cerebral hemispheres eventually 459 
to find egress to the bloodstream through arachnoid granulations in the dural sinuses (Figure 2). Cushing’s view 460 
was largely supported by work of his former student Lewis H. Weed, who in a series of papers claimed that 461 
CSF drains directly into the bloodstream rather than via the lymphatics (110, 714).  Weed’s experimental 462 
studies were supported by human cadaver studies of the preceding century, in which Ernst Axel Henrik Key and 463 
Magnus Gustav Retzius of Karolinska University injected blue-colored gelatin into the CSF compartment and 464 
showed its subsequent accumulation in the arachnoid granulations (Figure 2) (342). Although contemporary 465 
scientists had reported CSF drainage along perineural sheaths and via the nasal mucosa to the lymphatics, which 466 
were also labelled in the dye experiments of Key and Retzius, these sites were considered by Weed and Cushing 467 
as minor accessory drainage paths (342, 473, 714). Another matter of considerable debate concerned the role of 468 
brain perivascular spaces in the circulation of CSF. From their earliest identification in the mid-18th century up 469 
until today, the histological composition and functional significance of the brain perivascular space have been 470 
discussed at length (709, 733).  Today the spaces are known as Virchow-Robin spaces, due to Rudolf Virchow’s 471 
account of them in 1851, and that of Charles-Philippe Robin in 1859 (733).  In the late 19th century, the first 472 
hypotheses arose proposing perivascular spaces to be a specialized brain lymphatic system (504). That view was 473 
furthered when Sir Frederick Walker Mott published in the beginning of the 20th century what was considered 474 
compelling histological evidence of a canalicular system, where the subarachnoid space was held to be in direct 475 
communication with the perivascular space, which in turn communicated with perineuronal spaces, thus 476 
constituting a direct fluid pathway from the neuron to the subarachnoid space (473, 733). Cushing and Weed 477 
were convinced of the existence of this canalicular system, though they disagreed with Mott about the 478 
directionality of the fluid flow in the perivascular spaces (473, 714, 733). Mott believed that fluid from the 479 
subarachnoid space was driven backwards into the perivascular spaces towards neurons, finding ultimate 480 
drainage via cerebral capillaries, while Weed and Cushing argued that under physiological conditions the flow 481 
should proceed from the neuron towards the subarachnoid space. That view fit with their third circulation 482 
model, and Weed showed experimentally that perivascular inflow of his CSF tracer, potassium ferrocyanide 483 
(Prussian blue), only occurred under pathological conditions such as after injecting hypertonic saline into the 484 
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bloodstream (473, 714).  Eventually, some of the findings of Mott were identified as artifacts caused by 485 
histological procedures, and the perineuronal spaces were attributed to neuronal shrinkage post mortem, thus not 486 
representing an actual open communication with the perivascular spaces (733). 487 

Another unique property of the brain vasculature and extracellular fluid became evident in the 19th 488 
century with the first reports indicating the existence of the BBB (164). In 1885, Paul Ehrlich injected various 489 
dyes subcutaneously in living animals and studied their spread in different organs, observing very limited 490 
penetration of most dyes into the brain parenchyma (43). Ehrlich firmly believed that this phenomenon was not 491 
due to confinement of the dye within the blood vessels, but instead due to a special property of the nervous 492 
system in excluding the dye uptake (43). In 1900, German neurologist Max Lewandowsky showed that the 493 
respiratory toxin sodium ferrocyanide caused toxic effects when injected into the subarachnoid space; whereas 494 
the same dose injected intravenously had only minimal effects (388). Lewandowsky concluded from this simple 495 
experiment that there must be a barrier between the blood and the brain, that is circumvented upon injection into 496 
the subarachnoid space (164, 473, 592). This discovery led to speculations regarding the physiological function 497 
of such a barrier. Publishing in 1909, Edwin Ellen Goldmann reported similarities between the way 498 
intravenously administered dye accumulated in the placenta and in the choroid plexus, which led him to believe 499 
that the choroid plexus extracted nutrients from the bloodstream and delivered them to brain via the CSF, thus 500 
proposing a nutritive role of CSF flow (164). Although this concept  was initially accepted by many, it seemed 501 
at odds with the enormously rich capillary vascularization of the brain tissue (164). The Latvian/Soviet 502 
physiologist and biochemist, Lina Solomonovna Stern, was likely the first to suggest a two-fold path for entry 503 
of compounds in the blood into the brain, consisting of transport through the choroid plexus and across the 504 
endothelial cells of the brain vasculature (592).  Stern also proposed that the function of the BBB was to help 505 
maintain a constant chemical composition of the CSF, and thus a stable environment for the milieu intérieur of 506 
brain parenchyma relative to other organs (592). With the technological advances of modern medicine and 507 
science from the last half of the 20th century, many concepts theorized in the previous century were not only 508 
proven to be true, but also elaborated upon in great detail. 509 
 510 

C. Modern CSF history: Outlining the microanatomy, detailing flow pathways with in vivo imaging, 511 
and specifying functions in physiology and pathophysiology. 512 

Factors that drive fluid flow and regional variations in flow properties within different intracranial 513 
compartments have been outlined in great detail in the last 50 years. The bulk flow of CSF from the ventricles 514 
to the subarachnoid space as first proposed by Weed has since been quantified by a variety of approaches. The 515 
rate of CSF production was measured in humans by following the washout of a radio-labeled tracer using a 516 
ventriculo-cisternal perfusion system, giving a rate of 0.3 ml/min (154), which suggests a total CSF volume 517 
turnover 3-5 times per day, given the estimated total CSF volume of 130–150 ml (see chapter V regarding CSF 518 
production rates) (142, 164). The observed high rate of CSF production led Hugh Davson to formulate the sink 519 
hypothesis, where the rapid export of CSF towards the bloodstream functioned as a sink for the brain 520 
parenchyma, with transfer of extracellular compounds to the CSF by simple diffusion. The rapid turnover of 521 
CSF thus prevents build-up of metabolic waste products in the brain, driven by a concentration gradient 522 
between the extracellular fluid and the CSF (142, 164). The diffusional component of Davson’s sink hypothesis 523 
was considered inadequate by Helen FitzGerald Cserr, who in a range of studies reported that 10–20 % of total 524 
CSF production arose  in the brain parenchyma and was thus of extrachoroidal origin. Furthermore, she noted 525 
that when tracer compounds of different molecular weights were injected into the brain parenchyma, they had 526 
similar rates of travel away from the injection site, thus indicative of extracellular fluid convective flow rather 527 
than simple diffusion, which would have been dependent on molecular weight (see Chapter XI.D, Mechanisms 528 
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of fluid transport within the CNS) (142, 145, 146, 444). For some time, researchers paid scant attention to the 529 
role of perivascular spaces in brain extracellular fluid clearance, due to an abiding belief that: 1) these spaces 530 
were not in open contact with the brain capillaries and thus could not possibly function as sources or egress sites 531 
of CSF, and 2) due to the pial-glial barrier membrane, the spaces were not in open contact with brain 532 
extracellular space (142, 146, 733). Electron microscopy studies conducted in the 1960s showed that certain 533 
aspects of these assumptions were incorrect, and that leptomeningeal cells and astrocytic endfeet forming 534 
sheaths around the outer layer of the perivascular space were permeable, such that compounds injected into the 535 
CSF freely pass from the perivascular spaces into the brain extracellular space (83). Cserr eventually reported 536 
that tracers injected into the parenchyma indeed accumulated in perivascular spaces and near the ventricles, 537 
which led her to conclude that extracellular fluid must flow from  brain through perivascular spaces and into the 538 
subarachnoid space, as well as flowing along white matter fiber tracts. This scenario recalls the concept of 539 
perivascular flow as originally proposed by Weed in 1910 (145, 715). In 1985, Patricia A. Grady published a 540 
novel finding indicating that flow of CSF in perivascular spaces actually constituted a kind of circulation, where 541 
CSF from the subarachnoid space flows into the neuropil via perivascular spaces around penetrating arterioles 542 
and then through the basal lamina of capillaries to egress  the neuropil along perivascular spaces surrounding 543 
veins (567). Grady drew these conclusions based on tracer studies using the infusion of horseradish peroxidase 544 
into the lateral ventricle or cisterna magna of cats and dogs, followed by observations of the time-dependent 545 
spread of the tracer in histologically stained brain sections. She saw that after as little as ten minutes after 546 
infusion, the perivascular system was outlined by tracer around arteries and also veins, thus suggesting a flow 547 
velocity much faster than could possibly be obtained by simple diffusion (567).  548 

In 2012 the Maiken Nedergaard group made key observations regarding the unique properties of 549 
extracellular fluid flow in the brain parenchyma, which they designated as the glymphatic system, a unique 550 
extracellular space clearance system in the brain (315). Their model showed how extracellular fluid movement 551 
is dependent on fluid inflow from CSF along periarterial spaces (the Virchow-Robin spaces). The astrocytic 552 
endfeet that plaster and fully enwrap the vasculature creates the unique perivascular space. The perivascular 553 
spaces are open and provide little resistance for CSF influx driven by arterial pulsatility (316, 455). 554 
Furthermore, the polarized expression of AQP4 water channels on the vascular side of astrocytic endfeet 555 
facilitate CSF movement into and out of the neuropil (315). Their work showed that deletion of AQP4 (AQP4 556 
knockout mice) caused a 55% reduction in the clearance of exogenous amyloid-β (315). Remarkably, they 557 
found that the glymphatic system was primarily active during sleep, thus presenting a novel restorative function 558 
of sleep as a means of clearing the brain of metabolic waste products that accumulated during wakefulness 559 
(740).  560 

The term glymphatic system was coined due its dependence on AQP4 expression in glial endfeet and due 561 
to its role in clearing the extracellular space of metabolites, thus in analogy to the lymphatic system that serves 562 
this role in all organs other than the brain. The glymphatic system concept provides a completely new 563 
understanding of CSF flow in perivascular spaces, and the important role of AQP4 expression in vascular 564 
astrocytic endfeet for brain extracellular fluid exchange. The brain cleansing function of the glymphatic system 565 
effectively removes proteins involved in several neurodegenerative diseases, i.e., amyloid-β, tau, and α-566 
synuclein in Alzheimer’s disease and Parkinson’s disease, from the brain by bulk flow (540, 557). The 567 
understanding of CSF egress has also gone through a complete revision from the earlier thinking that arachnoid 568 
granulations in superior sagittal sinus were the only exit sites. Jonathan Kipnis and Kari Alitalo reported in 2015 569 
on the existence of lymphatic vessels in dorsal dura mater, which were later shown to drain solutes in the CSF 570 
(35, 406). Even though the dural lymphatic vessels had been described in the 18th century by the Italian 571 
anatomist Paolo Mascagni, their presence was forgotten or ignored for more than 200 hundred years, and were 572 
until recently never considered important for brain fluid clearance (589). However, the work by Kipnis, Alitalo 573 
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and others shows dural lymphatics to be important egress routes for metabolic wastes from brain, and important 574 
mediators of inflammatory processes in the CNS, making this brain extracellular fluid egress path highly 575 
relevant for the understanding of many neurological disorders (156, 404).  576 

In summary, studies of CSF and its physiological role are as old as the discipline of biology itself. As 577 
presented in this chapter, many scientists over the ages have labored to understand CSF and brain fluid 578 
clearance; many of the names mentioned in this chapter are known even to casual students of medical history or 579 
neuroanatomy. Many aspects of this field of study have sparked controversy, and even to this day some 580 
discussions initiated a century  ago continue to be debated enthusiastically, such as the types of fluid flow 581 
existing in brain parenchyma or the directionality of flow in the perivascular space. More often than not, this 582 
ignites fruitful scientific discussion, leading to new important experiments, thus facilitates progress in the field. 583 
However, too often have lingering misconceptions and incorrect description of past literature hampered 584 
progress, both in the past and in present time (87, 220). Our understanding of brain clearance pathways and 585 
their involvement in various neurological disorders is currently in a state of rapid flux. It is thus imperative that 586 
in the future, rigorous and creative work recalls the history. Avoiding misconceptions and improving the 587 
technical approaches will both aid in deciphering CSF clearance and brain fluid dynamics. 588 
 589 
 590 
 591 
Info box 1. The modern view of the third circulation 592 
CSF is produced primarily in the choroid plexus which sits in the lateral, 593 
3rd and 4th ventricles, but it has been suggested that a substantial 594 
contribution from extrachoroidal sources contributes to the overall 595 
production of CSF. CSF produced within the ventricles flows into the 596 
subarachnoid space through the lateral and median apertures and into the 597 
basal cisterns (see chapter V) (142, 444). The subarachnoid space 598 
contains around 80% of the total CSF volume, compared to 20% within 599 
the ventricles (587). Subarachnoid CSF extends all over the brain and 600 
spinal cord and keeps the nervous system buoyant and thus allows it to 601 
maintain its shape, despite the lack of a fibrous extracellular matrix. 602 
From the subarachnoid space, CSF can either flow into the glymphatic 603 
system or egress from the intracranial or intraspinal space directly into 604 
the peripheral circulation (see chapter VI for intra-axial fluid dynamics, 605 
and chapter XII for CSF egress). The CSF that enters the periarterial 606 
spaces is pumped forward in an anterograde manner along the major 607 
cerebral arteries and from there it enters the brain through the 608 
perivascular spaces of the thousands of penetrating arteries that perforate 609 
the brain tissue (see chapter IX, physiological drivers) (315, 316, 455). 610 
From the periarterial and periarteriolar spaces, CSF is driven into the 611 
brain extracellular space over the glia limitans perivascularis in a 612 
process that is supported by the polarized expression of AQP4 water 613 
channels on the abluminal membrane of the astrocytic endfeet (see 614 
chapter VII for details on fluid flow in brain extracellular space, and 615 
chapter VIII for roles of AQP4 in brain fluid transport) (265, 315, 452). 616 
The flow of fluid through the tortuous brain extracellular space is probably driven by a combination of diffusion 617 
and convection. Extracellular fluid with metabolites and waste products is drained into perivenous spaces and 618 
finds efflux from the brain following the large cerebral veins (313-315). CSF from the subarachnoid space and 619 
extracellular fluid finds egress from the intracranial compartment to peripheral circulation through several 620 
different egress pathways, including dural lymphatics, perineuronal pathways, parasagittal spaces, arachnoid 621 
villi and granulations and adventitia of large cerebral vessels (546). 622 

Figure 3. Schematic of brain fluid 
transport. 
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D. Outstanding questions.  
• Several times through history, hypotheses and models of brain fluid transport have been taken as fact, 

and this static thinking has delayed new discoveries and prevented important scientific questions from 
being asked and investigated. How do we prevent our current understanding of brain fluid transport 
from petrifying, and how can we ensure that scientists approach the field with an open mind, making a 
critical examination of old literature and creatively testing new and old hypotheses by designing 
original experiments? 

• Artefacts caused by death or chemical handling of tissue samples for histological examination have 
often led to misconceptions about  brain fluid transport. For example, fluid-filled spaces disappear and 
flow tracers in the postmortem brain are translocated into surrounding tissue. How do we prevent 
artefacts of currently used techniques from blurring our understanding and misleading the field in the 
future? 

 623 

E. Interim summary section 624 
• The earliest description of CSF stems from physician notes from ancient Egypt written down no later 625 

than  1500 BC. The first descriptions of the brain’s ventricular system come from ancient Greece, where 626 
Aristotle wrote about brain ventricles in the 4th century BC. A more precise description of CSF in terms 627 
of volume and location was first provided by Domenico Cotugno in the late 18th century. 628 

• From the late 19th to mid-20th century, the macroscopic brain fluid pathways were laid out in great detail. 629 
Francois Magendie described the open communication between the intraventricular CSF and that of the 630 
subarachnoid space. The choroid plexus was identified as the most important source of CSF, and CSF 631 
drainage pathways were identified at the arachnoid granulations and in the nasal submucosa. Harvey 632 
Cushing conceptually described the flow of CSF from production site to drainage sites as the third 633 
circulation. 634 

• Perivascular spaces were first identified in the mid-19th century by Rudolf Virchow and Charles-635 
Philippe Robin, and it was then suggested that they might function as brain lymphatic channels. In the 636 
late 20th century, these perivascular spaces within the brain were shown to be flow pathways of 637 
compounds injected both into the CSF or  brain parenchyma. In the new millennium, Maiken 638 
Nedergaard presented the mechanisms and physiological importance of perivascular CSF flow for brain 639 
clearance in her description of the glymphatic pathway, where fluid flow in the brain parenchyma is 640 
established primarily by glial cells and their expression of the water channel AQP4. Drainage of CSF 641 
and brain clearance was furthermore shown to be dependent on dural lymphatics by Jonathan Kipnis and 642 
Kari Alitalo in the 2010s. 643 

• The modern view of the third circulation includes CSF production in the choroid plexus and at 644 
extrachoroidal sites, flow of CSF through the ventricular system and into the subarachnoid space, CSF 645 
flow into the glymphatic system (which is crucial for brain clearance and homeostasis), and lastly, 646 
drainage of CSF and brain extracellular fluid through dural lymphatics, perineuronal spaces, parasagittal 647 
spaces and arachnoid granulations.  648 

• The glymphatic system conceptualizes brain fluid transport into three segmental fluid transport 649 
pathways: (1) Peri-arterial CSF influx, (2) AQP4-supported influx and dispersion of CSF in the 650 
extracellular space, and (3) perivenous efflux. Meningeal lymphatic vessels surround the large venous 651 
sinuses and export, at least in part, perivenous fluid, thereby adding a 4th segment to brain fluid 652 
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transport. Segments 1, 3, and 4 can be viewed as a plumbing network, while extracellular fluid 653 
dispersion in segment 2 represents the functionally important part of the glymphatic system that delivers 654 
metabolites and removes waste. 655 

III. Development of brain fluid systems  656 

A. Introduction 657 
The brain fluid system consists of several compartments, cellular and vascular components, and multiple 658 

barriers that successively mature during embryonic and postnatal development. The functional properties of the 659 
brain barriers (see chapter V for adult function of BBB), the composition of the CSF, and the shape of the 660 
cerebral ventricles in developmental and adult states of the organism differ. These key components of the brain 661 
fluid systems serve distinct functions in cell proliferation and morphogenesis during CNS development. In this 662 
chapter we shall describe the development of the structures involved in the adult brain fluid systems, giving an 663 
account of their properties and function across development, and emphasize the point at which they have 664 
adopted their typical functions in adult CNS. For the sake of objectivity, when describing the time course of 665 
development we main refer to the developmental day of the rodent model animal in which the experiments were 666 
conducted. For readers wishing to translate the experimental animal developmental days to corresponding 667 
human landmarks, we refer to a translational tool (133). We also refer to prior excellent reviews for a more 668 
detailed description of the development of the choroid plexus (410), BBB (643) and brain vascularization (699).  669 

 670 
Figure 4. Development of the glymphatic system 
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The glymphatic system develops postnatally. The earliest signs of perivascular CSF flow appear proximal to 671 
circle of Willis at embryonic day 17.5 (E17.5) in mice. Actual parenchymal CSF inflow is first evident in the 672 
hippocampus at postnatal day 1 (P1). From P7 to P14 the neocortex starts to show widespread CSF tracer 673 
inflow, proceeding from the basal to the dorsal aspect of the brain. By P14, the development of the murine 674 
glymphatic system is functionally and morphologically complete. The onset of glymphatic flow requires the 675 
development of astrocytic endfeet with polarized expression of aquaporin-4 (AQP4). BBB: blood-brain barrier; 676 
ECS: extracellular space. 677 
 678 

B. Development of the glymphatic system  679 
The rodent glymphatic system does not develop and mature until after birth, suggesting that the need of 680 

brain clearance is lesser  during development or is perhaps maintained in different ways. The earliest sign of 681 
perivascular CSF transport begins at embryonic day 17.5 of the 20-day gestation in mice, with the onset of 682 
perivascular CSF tracer transport at proximal arterial branches emanating from the circle of Willis (Figure 4) 683 
(474).  The first indications of intra-axial glymphatic fluid flow are seen around postnatal day 1 (P1) in the 684 
hippocampus. Subsequently, CSF influx initiates in neocortical regions, proceeding from the ventral to dorsal 685 
aspect of the brain, only reaching maturity at P14 (474). The development of the glymphatic system depends on 686 
the formation of a cover of astrocytic endfeet lining the perivascular spaces, along with polarization of AQP4 687 
expression towards the vascular side of astrocytic endfeet (474). The development and maturation of the 688 
glymphatic system relies heavily on the signaling molecule platelet-derived growth factor B (PDGF-B), for 689 
which receptors are expressed on pericytes throughout development (474). Knockdown of PDGF-B in mice 690 
eliminates astrocytic AQP4 polarization, probably due to reduced vascular recruitment of pericytes. Pericytes 691 
are important for the development of AQP4 polarization at the astrocytic endfeet (see Chapter VIII on AQP4) 692 
(474). Pericytes are also essential components of the neurovascular unit, with particular involvement in the 693 
development and maintenance of the BBB. PDGF-B signaling leading to pericyte recruitment is mediated 694 
during angiogenesis by secretion from endothelial cells at the tip of the endothelial sprout and from PDGF-B 695 
derived within the extracellular matrix (161, 643). Recruited pericytes contribute to several intercellular 696 
signaling pathways engaging endothelial cells and astrocytes in the formation and maintenance of the BBB 697 
(643). Thus, the postnatal development of the glymphatic system goes hand in hand with the maturation of the 698 
BBB.  699 
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 700 
 701 

Figure 5. Development of ventricles, CSF spaces and egress sites. 
The initial development of the cerebral ventricles occurs during neurulation, when the neural plate infolds to 702 
form the neural tube, which is initially in open contact with the amniotic fluid. Around day 28 in human 703 
gestation the anterior and posterior neuropores close, and the first CSF is formed from the captive remnant of 704 
amniotic fluid trapped in the neural tube lumen. During the coming weeks and months, infolding of the neural 705 
tube results in the formation of the primitive ventricular system consisting of the three brain vesicles. With 706 
further growth of the CNS, these vesicles eventually inflate under CSF pressure to form the ventricles of the 707 
adult CNS. Strap junctions between ependymal cells create a tight barrier between the CSF compartment and 708 
the brain extracellular space, which likely allows for this inflation.  In humans, the ventricular compartment and 709 
subarachnoid space become communicated between embryonic months four and six, with the opening of the 710 
foramina of Luschka and Magendie. Vascularization and formation of the choroid plexus occurs very early in 711 
brain development, with onset at E10 in mice and around embryonic week six in human brain. CSF egress 712 
systems develop only after birth, although there must be some mechanism supporting egress in utero. PNVP: 713 
perineural vascular plexus; W: gestational week; M: gestational month; CP: choroid plexus.  714 
 715 

C. Development of CSF egress sites  716 
Egress of cranial CSF in adult mammals takes place through meningeal lymphatics and perineuronal 717 

sheaths to the cervical lymphatic system or through arachnoid villi/granulations into the bloodstream (see 718 
chapter XII). CSF drainage from the subarachnoid space and the flow of CSF from the ventricles to the 719 
subarachnoid space seem to emerge relatively late in brain development, at around 14-24 weeks gestational age 720 
for humans and E18 in rats (327, 436). In mouse, meningeal lymphatics develops just prior to birth, but for the 721 
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most part undergoes its maturation during the first postnatal month (28).  The formation of lymphatic vessels 722 
begins at the base of the skull in association with the larger vessels and cranial nerves, and progresses to involve 723 
latero-ventral parts of the skull, such that they make their first appearance around the foramen magnum and 724 
jugular foramen, then at the pterygopalatine artery and middle meningeal artery, and at later developmental 725 
stages come to involve the superior sagittal sinus and the confluence of sinuses (28). Lymphangiogenesis in 726 
dura mater depends upon the release of VEGF-C by vascular smooth muscle cells and from the pituitary and 727 
pineal gland (28).  The current thinking on the development of the arachnoid villi and the larger arachnoid 728 
granulations remains somewhat a mattery of controversy. Some reports indicate the appearance of a primitive 729 
arachnoid villi at embryonic week 26 in the human, with anatomically mature arachnoid villi evident from week 730 
35, which provides histological –but not functional– evidence for their capacity to support CSF egress to the 731 
bloodstream during prenatal development (250).  However, the villi are not abundant in human infancy, and 732 
studies in late gestation fetal and neonatal sheep (aged 2-6 days) show that the majority of CSF egress is via 733 
perineuronal and lymphatic drainage (464, 521).  Furthermore, the lateral lacunae parallel to the superior sagittal 734 
sinus have been detected in histological examination of human fetal brain. MRI tracer studies following 735 
intrathecal gadobutrol administration reveal that these structures drain CSF from the subarachnoid space to dura 736 
mater in the adulthood (250, 571).  It remains to be elucidated if these and other pathways are functional in the 737 
human fetus. 738 
 739 

D. Ventricular development and morphology 740 
At the earliest stages of brain development, the ventricles and ventricular CSF play an essential role. In 741 

the human embryo, the process of neurulation occurs during the fourth week of gestation, whereupon the neural 742 
plate folds longitudinally and forms the neural tube (Figure 5) (407). Initially, the neural tube is in open 743 
communication with the amniotic fluid through the anterior and posterior neuropore, but these openings 744 
subsequently close to form an enclosed fluid cavity filled with amniotic fluid, which can be considered the first 745 
CSF (118). Concomitant with the formation of the neural tube, a series of coordinated events involving cell 746 
proliferation, migration, and apoptosis lead to accelerated growth in the anterior portion of the neural tube as 747 
well as formation of a number of flexures, which give rise to three brain vesicles that are precursors of the 748 
forebrain, midbrain, and hindbrain (97, 407).  The lumen of these three brain vesicles is destined to develop into 749 
the ventricular system, whereas the lumen in the posterior part of the neural tube gives rise to the central canal 750 
in the spinal cord (97, 407). An occlusion emerging between the brain ventricles and spinal canal arguably 751 
facilitates the rapid growth of the brain ventricles by increasing intraluminal pressure specifically in that region, 752 
thus resulting in a massive expansion of the local ventricular volume relative to that in embryonic brain tissue 753 
(407, 602). In human embryos, this occlusion occurs around gestational week 4 (175). The developmental 754 
occlusion seems to be initiated by processes occurring in the tissue lateral to the neuroectoderm, which are also 755 
important in promoting the formation of the neural folds. The maintenance of the occlusion is dependent on 756 
extracellular Ca2+, and intracellular signaling mediated by calmodulin and cAMP (177). As the CNS develops 757 
further, the ventricles eventually attain their adult morphology, whereby the anterior, dorsal, and posterior 758 
proliferation zones of the telencephalon define the elongated shape of the lateral ventricles.  The embryonic 759 
forebrain ventricle develops into the adult lateral ventricles and the 3rd ventricle, the midbrain ventricle gives 760 
rise to the Sylvian aqueduct, and the hindbrain ventricle eventually forms the 4th ventricle (407). Around the 761 
ninth fetal month, the ventricular system has an appearance resembling that of the adult (66). The 762 
communication between the ventricular system and the subarachnoid space is established relatively late in fetal 763 
development; the foramen of Magendie reportedly appears at four months and foramina of Luschka at six 764 
months or later in the human fetus (327). 765 
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 766 

E. CSF composition in the embryo and fetus 767 
The composition of CSF is tightly regulated during development from the time of closure of the 768 

neuropore. Unlike the adult CSF, the embryonic and fetal CSF has a high protein content, which begins to 769 
decline after birth, only falling to adult levels at around six months of age (593).  The high protein content and 770 
the ionic composition of the embryonic CSF results from the balance of tightly regulated influx and efflux 771 
mechanisms, which are distinct from those at the adult blood-CSF barrier (593). The composition of CSF during 772 
development is tuned to meet the changing requirements of the fetal brain (593). After the closure of the 773 
neuropore, CSF composition begins to deviate from that of amniotic fluid (118). Initially, the total protein 774 
content declines both in CSF and amniotic fluid, but after the formation of the choroid plexus around week 7, 775 
protein content begins to increase in CSF, whereas it continues declining in the amniotic fluid (118). Specific 776 
signaling molecules involved in neural stem cell differentiation (e.g., sonic hedgehog) peak in embryonic CSF 777 
at very specific timepoints, even preceding the development of the choroid plexus (118). Hence, some 778 
components in embryonic CSF are likely derived either from the neuroepithelium lining the ventricles, or from 779 
the blood after the developing brain receives some vascularization (97, 593). Prior to choroid plexus 780 
development in chick embryos, growth factors such as fibroblast growth factor 2 and other blood-born peptides 781 
can freely enter the embryonic CSF from the bloodstream by a transcellular route through vascular endothelial 782 
cells in the ventral mesencephalon and the anteroventral part of the prosencephalon (97, 434, 522). Furthermore, 783 
a wide range of specific transporters as well as ion channels are already expressed in the embryonic endothelial 784 
cells, e.g. the glucose transporter 1 (GLUT-1), aquaporin-1 (AQP1) water channels, and the inwardly rectifying 785 
potassium channel Kir4.1 (97, 593). The positive pressure caused by CSF production and its role as a transport 786 
medium for signaling molecules are of cardinal importance in brain development for two main reasons: first, 787 
due to the high content of protein and proteoglycans in the CSF compartment, a critical colloid osmotic pressure 788 
gradient between the CSF space and amniotic fluid is established, which probably leads to massive fluid influx 789 
that contributes to developmental ventricular inflation (176, 192).  This inflation is facilitated by strap junctions 790 
(see section H below) between cells of the neuroepithelium, and these embryo-specific junctions then prevent 791 
fluid flow into the neural extracellular space (593). Ventricular inflation is critical for normal proliferation of 792 
neural cells and brain expansion, as exemplified by the attenuated brain growth after experimental deflation of 793 
the CSF space, or in the anencephaly occurring in embryos with failed closure of the anterior neuropore (176, 794 
407). The second relevant factor of the positive pressure is that  the enclosed CSF compartment is an important 795 
medium for distributing growth factors with tight temporal and spatial restriction when the choroid plexus 796 
forms, and thus is critical for CNS morphogenesis (97, 410).  797 
 798 

F.  Development of brain vasculature 799 
The earliest blood supply to the embryonic nervous system entails diffusion of gases and solutes from a 800 

perineural vascular plexus covering the surface of the neural tube, which in human embryos appears at weeks 801 
three to four (Figure 5) (501, 581).  Around the eighth gestational week in humans, the plexus sends out 802 
branches that penetrate the brain parenchyma and start to form an intrinsic vascular plexus (432, 654).  This 803 
penetration starts with a fusion of the basement membranes of the capillary and glia limitans externa, which is 804 
the outer glial membrane of the brain composed of glial endfeet. The nascent vessels penetrate the glia limitans 805 
superficialis and grow into the nervous tissue in a funnel defined by basement membrane and external glial 806 
endfeet layer, which remains in open contact with the subarachnoid space, thus forming the future perivascular 807 
spaces (432). The surface plexus will eventually develop into the leptomeningeal surface vasculature (699). The 808 
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molecular machinery driving the formation of intrinsic brain vasculature has been characterized in considerable 809 
detail in animal models. The neuroectoderm secretes vascular endothelial growth factor (VEGF)-A, which 810 
activates VEGFR2 receptors on the angioblasts of the perineuronal vascular plexus to initiate the formation of 811 
endothelial sprouts. These penetrate the neural tissue and form the intrinsic vascular plexus via a process called 812 
sprouting angiogenesis (699). Several other factors are crucial for the development of the intrinsic brain 813 
vasculature including e.g., Wnt ligands (see review for detailed description of CNS angiogenesis) (699). 814 
Neurons are the primary source of VEGF-A during embryonic development, but after the completion of 815 
vascular remodeling, glia take over the role of paracrine VEGF-A secretion (699). The coordinated interaction 816 
between the endothelial cells, pericytes, neurons, and astrocytes (which together form the neurovascular unit) 817 
contributes to angiogenesis and the maintenance of brain vasculature during embryonic development and in 818 
postnatal life (699).  819 
 820 

G. Development of choroid plexus 821 
In humans, the anlage to the choroid plexus can be seen from around embryonic week six, and an actual 822 

choroid plexus from week seven (Figure 5) (192). The first steps in the development of choroid plexus takes 823 
place around E8.5-E9.5 in mouse, when repression of the neuronal fate of certain neuroepithelial cells is 824 
mediated by increased expression of antagonistic Hes transcription factors, which by down-regulation of 825 
neurogenin-2 promotes the choroid plexus fate (for details of involved transcription factors, see review) (410).  826 
The choroid plexus develops within each primitive ventricle starting with the hindbrain, followed by 827 
development in the forebrain and midbrain. In humans, maturation of the choroid plexus epithelium goes 828 
through four morphological stages: (i) pseudostratified, (ii) high columnar, (iii) cuboidal, and (iv) cubiform 829 
cells, in which the nuclei move to the basal part of the cell (410).  Simultaneously, microvilli develop and 830 
mature at the apical side of the choroid plexus epithelium, which substantially increases the surface area of 831 
choroid plexus cells, thus increasing the surface area for CSF production. Tight junctions between the choroid 832 
plexus epithelium cells form the blood – CSF barrier, in which apicobasal polarity of the choroid plexus 833 
epithelium appears at a very early stage of choroid plexus development (192, 410). Vascularization of the 834 
choroid plexus likewise occurs early in development, in a process where signaling between the roof plate 835 
neuroepithelium, choroid plexus epithelium, and pericytes instigates formation of fenestrated capillaries in the 836 
choroid plexus (410).  837 
 838 

H. Brain barriers during development 839 
The developing CNS is endowed with at least four barriers, some of which are transiently present, 840 

whereas others persist throughout adulthood. The four barriers are classified as the inner-CSF barrier, the BBB, 841 
blood-CSF barrier, and outer-CSF barrier. The inner-CSF barrier is a transient barrier during development 842 
maintained by “strap” junctions between the neuroepithelial cells and later by the radial glia that line the 843 
ventricular walls (465). Strap junctions are morphologically different to tight junctions upon freeze fracture 844 
electron microscopy, and the molecular scaffold differs somewhat from that of tight junctions by e.g., not 845 
expressing genes of zonula occludens proteins (465, 720). The inner-CSF barrier is critical for normal CNS 846 
development since it allows for ventricular inflation by supporting the growth of colloid osmotic pressure in the 847 
ventricles and limits the passage of bioactive compounds into the developing brain parenchyma. The strap 848 
junctions are lost in the course of development of an ependymal lining of the ventricles, and are replaced in the 849 
adult brain by gap junctions that result in a much more permeable barrier allowing for passage of relatively 850 
large molecules across the ependyma (720). In sheep, strap junctions start declining in presence at mid-gestation 851 
and are replaced by gap junctions at around day 125  of the 147 day gestation.  852 
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The BBB separates the contents of the blood from the brain extracellular space, while simultaneously 853 
allowing facilitated transport of certain substances. Tight junctions between endothelial cells limits paracellular 854 
passage of compounds between blood and brain, while supporting very limited transcytotic activity across brain 855 
endothelial cells that declines in healthy aging (160, 748). The earliest penetrating blood vessels sprouting from 856 
the perineural plexus appear around E10 in mouse and are thought to be leaky (765). Subsequently, the 857 
primitive BBB is formed in part under control by the canonical Wnt/beta-catenin signaling pathway, whereby 858 
Wnts specifically released by neural cells (Wnt7a/b) induces expression of the tight junction protein claudin-3 859 
as well as GLUT-1 in brain endothelial cells (160, 391). Around day E15 in mice, the primitive BBB is fully 860 
established, although the exact timing varies between species and different brain regions (765). In the adult 861 
BBB, the endothelial specific claudin-5 is crucial for sealing the BBB, and lack of claudin-5 results in death 862 
soon after birth in mice (495). Claudin-3 is not present in the adult BBB, and whether it holds an important role 863 
in BBB development has recently been questioned (113). The outer-CSF barrier in the adult consists of the 864 
component barriers: the arachnoid barrier layer that separates the subarachnoid space CSF from the dura mater 865 
and its fenestrated capillaries, a blood-CSF barrier where tight junctions between endothelial cells in blood 866 
vessels traversing subarachnoid space restrict passage of solutes from blood to CSF, as well as a permeable 867 
barrier between brain and CSF comprised of gap junctions between astrocytic endfeet in the glia limitans (43, 868 
89). In the developing human embryo and fetus, the outer-CSF barriers differ anatomically from the adult 869 
barriers. The subarachnoid space is formed around week seven, and communication with the intraventricular 870 
CSF is not established until embryonic weeks seven to ten, though a physiological communication seems to 871 
develop prior to the formation of the macroscopic median and lateral foramina (89, 90). The tight junctions 872 
between arachnoid epithelial cells in the barrier layer seem to be present at the formation of the subarachnoid 873 
space (89).  Electron microscopy studies in rat indicate that at E12, capillaries in the pia mater are fenestrated 874 
and the neuroepithelium and radial glia cells form an incomplete barrier between the brain tissue and CSF (43). 875 
Also in the rat, from E14 onward, the pial capillaries become non-fenestrated and junctional structures develop 876 
between radial glial endfeet; by E16-E18 these have become fully developed to form a subarachnoid space 877 
where CSF is in limited contact with the brain parenchyma (43, 89).  In human gestational weeks 25-28, the 878 
radial glial endfeet layer has transitioned into the external astrocytic endfeet layer forming the glia limitans 879 
externa, where gap junctions between astrocytic endfeet in glia limitans superficialis provide a more permeable 880 
barrier between CSF and brain extracellular space (89). 881 

 882 
I. Outstanding questions 
• Is brain clearance during early development and prior to maturation of the glymphatic system 

maintained by simple diffusion or by other active transport systems? Alternately, is the capacity for 
local protein degradation in embryonic and fetal brain so high that protein export is not necessary? 

• What other molecular cues and cells are necessary for development of the glymphatic pathway 
besides pericytes and PDGF-B signaling? 

• Does the glymphatic pathway play a role in embryonic and postnatal brain development e.g., in 
synapse formation and pruning, and in myelination? 

 883 

J. Interim summary section 884 
• The primitive ventricles and earliest CSF are formed during neurulation, when occlusion of the anterior 885 

and posterior neuropore of the neural tube entraps amniotic fluid that becomes the nascent CSF. The 886 
composition of CSF changes from that of amniotic fluid, and unlike CSF of the adult, is high in protein 887 
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content. The colloid osmotic pressure drives a net influx of fluid into the primitive ventricles inflating 888 
the anterior part of the neural tube, which has proven to be critical for cortical development. The choroid 889 
plexus develops later and signaling molecules important for development are produced either by the 890 
neuroepithelium and secreted into the CSF or delivered by the early brain vasculature. 891 

• The subarachnoid space develops around embryonic week 7 in humans and is sealed exteriorly by tight 892 
junctions between arachnoid epithelial cells since its formation. In the earliest embryonic stage, the pial 893 
capillaries are fenestrated, but during embryonic development they become non-fenestrated and the 894 
BBB is established very early during development.  895 

• During early CNS development, exchange between CSF and the developing brain is restricted. 896 
Ventricular CSF is first contained by strap junctions linking the neuroepithelial and later by radial glia 897 
cells lining the ventricles, both of which form an inner CSF barrier. CSF within the subarachnoid space 898 
is also restricted from freely exchanging with the CNS by junctions between radial glial endfeet that 899 
form an outer CSF barrier. The inner CSF barrier becomes permeable when the ependymal cell layer 900 
develops, and the outer CSF barrier with the development of glia limitans externa. 901 

• The glymphatic system develops postnatally. The earliest signs of glymphatic system function are 902 
observed at P1 in the mouse hippocampus. The glymphatic system then progressively develops in a 903 
ventral to dorsal manner and reaches maturity at P14. The glymphatic system relies on the development 904 
of astrocytic endfeet and polarized AQP4 expression, in a process that is dependent on PDGF-B. Dural 905 
lymphatics also develop late and mature postnatally in a process dependent on VEGF-C.  906 

IV. Evolution of the brain’s fluid pathways  907 
 908 

A. Introduction 909 
Amongst living organisms there is an enormous range in the complexity and size of the nervous system. 910 

While the nematode Caenorhabditis elegans has exactly 302 neurons, the human brain contains around 86 911 
billion neurons, and larger animals like whales and elephants have even bigger brains (31, 37, 101, 138). 912 
Sufficiently small brains may not need a specialized fluid clearance system, or indeed any specialized 913 
vasculature to deliver nutrients or clear waste products. In certain evolutionary lineages, brains grew so large 914 
that diffusion was no longer sufficient to deliver the necessary oxygen and nutrients throughout the body, and 915 
intrinsic brain vasculature consequently developed. Similarly, we can reasonably assume that when brains 916 
acquire a certain size, some brain clearance mechanism other than diffusion also becomes necessary. The 917 
glymphatic system has been found to mediate fluid clearance in brain of rodents and other mammals, but 918 
relatively little is known about its corresponding importance in non-mammalian species. The minimal 919 
requirements for the existence of a functioning glymphatic fluid transport system are that CSF is produced and 920 
that an intrinsic vascular network ensheathed by glial cells forms a perivascular fluid conduit, wherein exchange 921 
of fluid with the brain extracellular space is facilitated by AQP4 in astrocytic endfeet. In this chapter we review 922 
the comparative neuroanatomy of multiple species, aiming to arrive at some understanding of how and when the 923 
components of the glymphatic system first appeared in evolution, and if alternate solutions for brain clearance 924 
ever arose.   925 

 926 
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 927 
 928 
Figure 6. Phylogenetic development of the glymphatic system. 
When the nervous system evolved from diffuse neural networks to form centralized ganglia, the first supporting 929 
neuroglial cells also appeared. Thus, all bilateria have neuroglia. Ventricles developed at a phylogenetic stage 930 
when the nervous system progressed from being a plate-like structure to form a neural tube with a lumen 931 
containing CSF, which is a feature of all chordates. In vertebrate evolution, brains might have grown so large 932 
that the tissue could not be nourished by diffusion from a vascular surface plexus, thus requiring the 933 
development of intrinsic brain vascularization. The subarachnoid space covering the external surface of the 934 
brain with CSF is seemingly present in all terrestrial vertebrates, such that extensions of the subarachnoid space 935 
into the brain parenchyma (i.e., the perivascular spaces) are likely also to be present in amphibians, reptiles, 936 
birds and mammals. The evolutionary innovation of a perivascular endfeet layer of protoplasmic astrocytes with 937 
expression of AQP4 polarized towards the blood vessel seems to be a feature of mammalian and avian brains. 938 
Thus, since the glymphatic pathway appears fully developed in mammals and birds, we surmise that it must also 939 
have been present in their common ancestor, before the divergence of sauropsids (ancestors of reptiles and 940 
avians) and synapsids (ancestors of mammals). 941 

 942 
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 943 
Figure 7. Capillary conformations in evolution. 
Intrinsic brain vasculature takes two forms in vertebrates. A capillary loop structure (left panel) consists of a 944 
single artery and single vein that feed into a capillary with no or very few branch points and without 945 
anastomoses with other capillaries. A capillary meshwork (right panel) consists of arteries and veins that 946 
penetrate singly into the brain and feed into a rich anastomosing network of capillaries. These two 947 
conformations of vasculature also result in two different types of perivascular spaces. In capillary loops, a single 948 
perivascular space contains artery, vein and capillary. In capillary meshworks, the artery and vein run in their 949 
own perivascular spaces. It is not yet established whether the hypothetical pericapillary space actually exists, 950 
but certain data supports that proposition. 951 
 952 

B. Vasculature developed in primitive chordates when brains grew large 953 
The vascular tree provides not only a scaffold for the glymphatic system, but the cardiorespiratory forces 954 

that act upon it, which are important drivers of glymphatic fluxes (see chapter IX). The CSF-filled perivascular 955 
spaces piercing the brain shorten diffusion paths for metabolic waste products in the brain extracellular space, 956 
and the flow in these spaces speeds up clearance substantially. Therefore, the presence of an intrinsic brain 957 
vasculature, where blood vessels irrigate  nervous tissue, seems to be a necessary requirement for a functional 958 
glymphatic system. In evolution, the penetration of blood vessels into the brain parenchyma and the formation 959 
of intrinsic vasculature of the brain seem to have arisen in early chordates (Figure 6) (139). Almost none of the 960 
Protostomia (e.g., insects) nor early Deuterostomia are endowed with intrinsic vasculature, and brains or 961 
cephalic ganglia of such organisms are typically nourished by diffusion from an open circulation as seen in 962 
insects, or via a superficial, non-penetrating vasculature such as that in the Cephalocordate lancelet (139, 598). 963 
The brain of the lamprey, a member of Cyclostomata (jawless fish), contains capillary loops piercing the brain 964 
surface, whereas arteries or veins are confined to the surface, and the spinal cord is nourished from a superficial 965 
vascular plexus. The hagfish, another member of Cyclostomata, has an intrinsic capillary mesh that is supplied 966 
by penetrating arteries (139). Intrinsic brain vasculature is an established feature amongst all vertebrates (82, 967 
242), although structure of the intrinsic vasculature differs between different classes and subclasses of 968 
vertebrates. There are two main forms of microvasculature architectures, namely (i) a rich anastomosing 969 
capillary meshwork fed and drained by singly piercing arterioles and veins, and (ii) the capillary loop structure, 970 
where capillaries form non-anastomosing hairpin-like loops with few or no branch points, supplied by a single 971 
artery and vein that enter the brain together in pairs (Figure 7) (210). The capillary anastomosing meshwork is a 972 
feature of the human brain and the majority of other mammals, with the notable exception of marsupials, which 973 
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harbor capillary loops (624, 730). Capillary loops are also seen in many non-mammalian vertebrates, including 974 
amphibians and reptiles, and even in some invertebrates, such as the earthworm (139, 210). Originally it was 975 
suggested that the capillary loop represents a more primitive microvascular organization compared to the 976 
anastomosing network, since it was most often found in more primitive classes of vertebrates (139, 210, 624). 977 
However, there are species with a capillary loop structure in almost every class of vertebrates, including 978 
mammals (i.e., marsupials), which  raises the question what are the physiological differences and advantages of 979 
the two confirmations.(139, 210, 374, 624). It is difficult to resolve this evolutionary question given the present 980 
evidence, but we suppose that the capillary loop represents a more basal conformation of the intrinsic brain 981 
vasculature, which can recur as an atavism across many orders (139, 374). The physiological difference 982 
between the two capillary patterns is not fully understood. Surprisingly, the anastomosing network does not 983 
perform better than the capillary loops in rescuing from  cerebral ischemia following an experimentally induced 984 
arterial embolism (210). It has been hypothesized that, by shortening diffusion distances, the capillary 985 
meshwork is superior to capillary loops for facilitating gas exchange. On the other hand, capillary loops could 986 
be beneficial with respect to counter-current exchange, which would tend to stabilize the blood composition 987 
across all intrinsic brain segments, while boosting oxygen delivery by increasing CO2 levels in the capillaries 988 
(the Bohr effect) (624).  989 

In summary, intrinsic brain vasculature is a feature of all vertebrates and some invertebrates. Intrinsic 990 
vasculature consists either of a capillary meshwork with arteries and veins entering the brain alone, or a 991 
capillary loop structure, where arteries and veins enter in pairs and capillaries do not anastomose. The 992 
glymphatic system has been described mainly in rodents, which harbor capillary meshworks, and show that a 993 
single artery traversing its perivascular space can act as an important pump for driving the anterograde flow of 994 
CSF (455). Whether the capillary loop perivascular space with bidirectional blood flow, as seen in amphibians 995 
and marsupials, is less efficient than the typical mammalian perivascular space for driving CSF influx is an 996 
interesting topic for future research (455).  997 
  998 

C. Evolution of CSF, ventricles and subarachnoid space 999 
CSF in the ventricles and the subarachnoid space provides the fluid that flows into the glymphatic 000 

system. CSF is found only in the deuterostomes; even the most specialized protostomes such as cephalopods do 001 
not possess cerebral ventricles or CSF (96). Among deuterostomes, an enclosed ventricular cavity containing 002 
CSF appears in the most primitive chordates such as the urochordate ascidia and the Cephalochordate lancelet 003 
(Figure 6) (96). The nascent CSF in these animals is composed of seawater, since in their larval stage these 004 
animals have a CNS composed of a neural tube with a patent anterior neuropore, which is open to the 005 
surrounding water (96). When these organisms reach adulthood, the anterior neuropore closes and the lumen of 006 
their open ventricular system becomes an enclosed fluid system (96). Other than the basal chordates, 007 
intraventricular CSF is present in all chordates, including teleosts (bony fish), amphibians, birds, and mammals 008 
(96).  009 

In all mammalian brains there is a subarachnoid space in open contact with the intraventricular CSF, 010 
with communication through macroscopic openings in the 4th ventricle through the lateral apertures (foramina 011 
of Luschka). Humans and some other mammals also have an open communication between the subarachnoid 012 
space and the ventricles through the median aperture (144). Birds, reptiles, and amphibians possesses 013 
subarachnoid space CSF but macroscopic communication between the intraventricular CSF and the external 014 
subarachnoid space CSF is absent (144, 333). The compositions of the internal and external CSF in these 015 
animals are similar, and it seems likely that a microscopic communication between the two compartments exists 016 
(39, 82, 333, 679). This putative communication is probably obtained through the thin tela choroidea of the 4th 017 
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ventricle, which in certain Orders contains fenestrations (see the section Pia in chapter V.G for a description of 018 
tela choroidea) (333).  019 

In all terrestrial vertebrates, the external CSF space (or subarachnoid space) is sealed exteriorly by the 020 
arachnoid barrier membrane, from the blood by the BBB, and interiorly by glia limitans superficialis and 021 
perivascularis, which are permeable membranes allowing the mixing of fluid between the external CSF and the 022 
brain extracellular space (99).  In aquatic vertebrates (jawless fishes, cartilaginous fishes, and perhaps bony 023 
fishes), there is no external CSF. Instead, the outer brain surface is bordered either by connective tissue or 024 
sometimes by the so-called perimeningeal fluid (144, 333).  When present, the perimeningeal fluid differs in 025 
composition from the ventricular CSF, and CSF solutes do not freely move into the perimeningeal fluid. The 026 
ionic composition of the perimeningeal fluid resembles that of plasma, and its protein content is higher than that 027 
of the CSF, although it is not simply a blood plasma ultrafiltrate (99). The perimeningeal fluid is also sealed 028 
from the periphery by an arachnoid barrier membrane as seen in elasmobranches and in the teleosts zebrafish 029 
and goldfish (99, 322, 466). Elasmobranches like sharks and rays have an inner barrier composed of tight 030 
junctions between astrocytic endfeet in the glia limitans superficialis and perivascularis, which shields the brain 031 
parenchyma from the perimeningeal fluid and blood (254). It is not well characterized whether teleosts and 032 
aquatic vertebrates other than elasmobranches have an impermeable glia limitans externa, but the BBB of the 033 
teleost zebrafish is formed by tight junctions between endothelial cells, and its perivascular astrocytic endfeet 034 
most likely form a permeable membrane, which implies that the glia limitans superficialis would also be 035 
permeable (322).  036 

In summary, terrestrial vertebrates possess ventricular and subarachnoid space CSF compartments, and 037 
lack tight junctions between ependymal cells lining the ventricles and astrocytic endfeet in the glia limitans 038 
superficialis and perivascularis. As such, the CSF is in free communication with the brain extracellular fluid. In 039 
aquatic vertebrates, there is no external CSF compartment, but rather a perimeningeal fluid with ionic 040 
composition resembling that of plasma. In elasmobranchs, this fluid covers the brain surface and is delimited 041 
externally by an arachnoid barrier membrane and internally by an impermeable glia limitans superficialis and 042 
perivascularis. Teleosts possess a BBB, and their glia limitans perivascularis and superficialis are most likely 043 
permeable. No animals in the protostome clade, which includes insects and cephalopods, possess CSF. 044 

 045 
D. Evolution of perivascular spaces 046 

Perivascular spaces are protrusions of the subarachnoid space around penetrating arteries and veins, 047 
which disappear at the capillary level (276). These spaces are effective conduits for CSF flow into the 048 
glymphatic system and shorten the distance between fresh CSF and the extracellular space in all brain regions, 049 
including deep subcortical structures (315, 455). In mammals, extensions of the subarachnoid space follow the 050 
penetrating arterioles and ascending veins into the brain parenchyma (709). At the basal parts of the mammalian 051 
brain, penetrating arterioles enter the parenchyma from the subarachnoid space. The arterioles are surrounded 052 
by a protrusion of leptomeningeal cells from the arachnoidea, which form the inner wall of the perivascular 053 
space, as well as by a protrusion of pia mater cells that contact the astrocytic endfeet, thus forming the external 054 
wall of the perivascular space (709). Cortical arterioles entering from the convexity of the cortex, and all 055 
venules, are surrounded by only one layer of leptomeninges (709). Both the basal and convexity cortex 056 
arterioles are thus in open communication with the subarachnoid space (709). The leptomeningeal membrane 057 
disappears at the capillary level, where it is functionally replaced by the astrocytic endfeet enwrapping the 058 
capillary endothelium, which are separated only by the basal lamina (709). Perivascular spaces naturally require 059 
that there be an intrinsic brain vasculature, which is found in all adult vertebrates. However, perivascular spaces 060 
also exist in protostome cephalopods such as the octopus, which do not possess CSF (257, 636). The 061 
perivascular channels of octopus brain contain collagen, which is assumed to structurally support the vessels, 062 
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and aid in keeping them open under various pressure conditions. It has also been proposed they function as 063 
lymph ducts to remove extracellular fluid from the nervous system (257, 636). The perivascular spaces in 064 
cephalopods are lined by glial endfeet, which morphologically appear to form an impermeable barrier. Indeed, 065 
transcriptome analysis revealed that octopus brain contains claudins and many other proteins involved in BBB 066 
formation in vertebrates (98, 763). In vertebrates, as described above, the intrinsic brain vascularization consists 067 
of either capillary loops or a capillary meshwork. These two conformations result in different perivascular space 068 
structures. In the amphibian Necturus maculosus (the mud puppy), capillary loops pierce the parenchyma, and 069 
its perivascular spaces contain the entire loop such that the inflow and outflow of blood occurs in the same 070 
perivascular space. This is opposite to the circumstance in mammals, where only one penetrating arteriole or 071 
venule is found in each perivascular space (82). Also, the pial-glial endfeet membrane lines the perivascular 072 
space through the entire length of the mud puppy brain capillary loop, and the perivascular space is open around 073 
the entire capillary loop (Figure 7) (82). The ultrastructure of the perivascular spaces and their communication 074 
with the subarachnoid space also varies between mammals and other vertebrates. In elasmobranches like the 075 
skate and shark, the BBB is maintained by tight junctions between glial endfeet; in these species the 076 
perivascular space is in open communication with the bloodstream, allowing blood-borne tracers to freely enter 077 
perivascular spaces (84). Thus, the perivascular space in elasmobranches does not seem to serve as a source of 078 
fresh fluid. There are reports of perivascular spaces in species of carp (teleost) and lizard (reptile) that traverse 079 
the entire brain parenchyma and would thus link the internal and external CSF compartment, at least in reptiles 080 
(39, 333, 679). In the zebrafish, another teleost, the dorsal meninges contains non lumenized lymphatic 081 
endothelial cells, which are capable of taking up intracerebrally delivered tracer molecules, thus strongly 082 
indicating the presence of a drainage path from the brain parenchyma to meninges, despite its lack of an 083 
external CSF space (39, 333, 548, 677, 679).  084 

In summary, perivascular spaces are found in all animals with intrinsic brain vasculature, which includes 085 
vertebrates and cephalopods. CSF-filled perivascular spaces are a feature of terrestrial vertebrates, which all 086 
possess subarachnoid spaces. Perivascular spaces in cephalopods do not contain CSF, but are supported by large 087 
amounts of collagen, whereas perivascular spaces in elasmobranches are filled with perimeningeal fluid, which 088 
is barred from mixing with brain extracellular fluid by a perivascular glial barrier membrane. However, it has 089 
been suggested both for cephalopods and elasmobranches that these spaces act much as lymph ducts aiding in 090 
the removal of waste from brain (99, 636). Thus, these spaces might represent an alternate brain clearance 091 
system to the glymphatic system seen in mammals, although evidence supporting that hypothesis is lacking.  092 
 093 

E. Astrocytes and astrocytic endfeet 094 
Astrocytes and their endfeet processes terminate around the perivascular spaces to establish a permeable 095 

barrier that facilitates the mixing of CSF with brain extracellular fluid in the glymphatic system (315).  096 
Neuroglia is the collective term in mammals for astrocytes, oligodendrocytes, ependymal cells, microglia and 097 
other cell types, which are chiefly responsible for myelination, structural support, metabolic and ionic 098 
homeostasis, and immunological functions amongst several other roles (685-687). In addition, all the subtypes 099 
of neuroglial cells have been implicated in information processing, including short- and long-term memory, 100 
learning, and synaptic formation. All mammals have protoplasmic astrocytes, although their morphology and 101 
function vary somewhat between species. Human protoplasmic astrocytes are larger and have more complex 102 
arborization than do those of non-human primates; this difference is even more notable when compared to 103 
astrocytes of rodents (503, 687). Particular properties of human astrocytes are arguably related to our unique 104 
cognitive abilities. For example, grafting human glial progenitor cells into mice increases their performance in 105 
certain cognitive tasks (275). Most of the protoplasmic astrocytes in the mammalian brain send processes to 106 
contact with microvessels, and their processes terminate with endfeet covering the brain’s vasculature (503). 107 
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The endfeet of human protoplasmic astrocytes completely enwrap the vessels, forming a cobblestone-like 108 
appearance with multiple apposed, round endfeet. In contrast, the rodent endfeet form rosettes, resulting in a 109 
more porous perivascular endfeet layer (503). Neuroglia seem to have arisen in the phylogenetic stage when the 110 
nervous system became centralized in ganglia rather than being a diffuse net (Figure 6) (281, 687). Diffuse 111 
nervous systems in animals such as hydra and comb jelly do not contain clusters of neurons, whereas the first 112 
central nervous systems are seen in primitive Bilateralia like the flatworm, earthworm, and roundworm, and are 113 
composed of several ganglionic neuronal masses, usually with a segmental organization (686). Glial cells first 114 
appear at the same phylogenetic stage as the CNS, being present in Acoela worms, in which non-neuronal cells 115 
extend lamellar processes into the neuropil to surround neurites, thus forming the phylogenetically earliest form 116 
of supportive cells of the nervous system (686). The neuroglia of different phyla, while performing similar 117 
functions, differ in their structure and gene expression, suggesting that neuroglia probably developed 118 
independently several times in evolutionary history (686). While the glia of Acoela worms are likely of 119 
mesodermal origin, the nematode C. elegans harbors the earliest known neuroglia of ectodermal origin, such as 120 
occur in the mammalian brain (686). In the brain of the common fruit fly, Drosophila melanogaster, a 121 
hemolymph-brain barrier is formed by glial cells connected by septate junctions, thus forming one of the 122 
earliest complete compartmentalization of the brain (686). At this stage in evolution, glial cells have also 123 
become critical for neuronal development and survival of the organism (686). Many Deuterostomes, the 124 
superphylum encompassing the chordates, echinoderms and hemichordates possess only radial glia cells (686). 125 
In Echinodermata like the sea urchin, radial glial cells are the only type of glia in the CNS (686). In some 126 
primitive vertebrates like the elasmobranchs (sharks, rays and skates), radial glia cells predominate, but  in 127 
species where the brain tissue has made a transition from a “laminar” organization with thin brain parenchyma 128 
and large ventricles to an “elaborate” organization with thick brain parenchyma and more compact ventricles, a 129 
larger proportion of the neuroglia develop into parenchymal glia resembling astrocytes. The increase in 130 
parenchymal astrocytes populations with increasing brain thickness implies greater demand for neuroglia in the 131 
maintenance of brain homeostasis that cannot be accommodated by radial glia alone. In most advanced 132 
vertebrates like mammals and birds, astrocytes and oligodendrocytes are the predominant neuroglia, and radial 133 
glial cells mainly exist during development, although certain radial glia cells persist during adulthood, such as 134 
the Muller glia in retina and Bergman glia e.g. during gliosis and in specific brain regions (686, 687). The 135 
presence of protoplasmic astrocytes is a requirement for developing glymphatic function, which  requires that 136 
finger-like extensions from the astrocytes form perivascular endfeet expressing AQP4 channels. The complete 137 
ensheathment of brain capillaries by astrocytic endfeet is seen in mammals, reptiles, and elasmobranches, 138 
whereas amphibians and teleost fish have less complete coverage (72). Radial glial in amphibians also make 139 
contact with the vasculature, and can even form endfeet, for example in the frog Rana pipiens (346), suggesting 140 
that the primitive radial glia may have been progenitors for the diversification of specialized astrocytes.  141 
 142 

F.  Aquaporin-4 water channels 143 
The proper function of the glymphatic system is highly dependent on the polarized expression of AQP4 144 

on astrocytic endfeet (315). Loss of AQP4 polarization results in diminished CSF influx and reduced clearance 145 
(265, 358). A complete absence of AQP4, as seen in AQP4 knockout mice, although not fatal, significantly 146 
reduces glymphatic function (315, 452). Therefore, the polarized expression of AQP4 water channels is a 147 
critical aspect of the functioning of the glymphatic system. 148 

 AQP4 is a member of the diverse family of aquaporin water channels, which comprise more than 850 149 
transmembrane proteins expressed in bacteria, plants, fungi, and animals (12, 51, 221, 298, 329, 425, 439, 530).  150 
Cells contain 60 – 95 % water, in which ions and most biomolecules are dissolved, while cells in multicellular 151 
organisms are bathed in an extracellular fluid, which is also composed almost entirely of water (51). Particular 152 

Downloaded from journals.physiology.org/journal/physrev at Copenhagen Univ Lib (130.226.230.200) on January 12, 2022.



aquaporin subtypes are differentially expressed between kingdoms, seemingly having evolved for specialized 153 
functions. These functions are as varied as pore closing mechanisms of plant aquaporins that preserve internal 154 
water during drought, and aquaporins controlling glycerol permeability of certain insect cells, which are part of 155 
protective responses to desiccation or freezing temperatures (222, 479).  156 

The polarized expression of AQP4 towards astrocytic endfeet is a feature of mammalian brain (Figure 6) 157 
(243). Mammals differ somewhat with respect to the cellular distribution of AQP4; whereas mice have 5-10 158 
times higher AQP4 expression localized to the endfoot membrane, humans astrocytes show a distinctly lower 159 
level of polarization (204).  Expression patterns of AQP4 in non-mammalian vertebrates are less well 160 
documented. In the zebrafish, AQP4 is expressed in the radial glia, but is not polarized (243, 263, 548). There is 161 
little information regarding AQP4 expression in neuroglia of amphibia and reptiles  (243). AQP4 is present in 162 
the brain of the elasmobranch dogfish, but its cellular distribution is unknown (153). In birds, AQP4 is polarized 163 
towards astrocytic perivascular endfeet, suggesting that they may have a glymphatic system similar to that in 164 
mammals (752). In summary, polarized AQP4 expression towards astrocytic endfeet is found in mammals and 165 
birds, but zebrafish do not show polarized AQP4 expression. AQP4 expression patterns in amphibia and reptiles 166 
are not well described.  167 

 168 
G. Evolution of the glymphatic system 169 

The glymphatic system is a feature of all mammalian brains studied so far, including mouse, rat, pig, 170 
nonhuman primates, and human (48, 201, 202, 237, 255, 314, 315, 572, 573). Thus, the different components of 171 
the glymphatic system first described in mouse, which include perivascular flow of CSF, polarized AQP4 172 
expression on the astrocytic endfeet, perivenous efflux of CSF tracers and a global brain influx and clearance 173 
rate exceeding that possible for simple diffusion, have all been identified in individual studies of non-human 174 
primates and humans (48, 202, 204, 255, 450, 571-573, 758, 766). Also, there are several physiological and 175 
pathological similarities across species, e.g., the occurrence of increased brain clearance during sleep, altered 176 
expression and polarization of AQP4 with aging, and declining brain clearance with aging (572, 611, 758, 766). 177 
MRI studies have provided the main part of insights concerning human glymphatics, albeit without providing 178 
the temporal and spatial resolutions afforded by certain techniques used in basic research (see Info box 5. 179 
Imaging of the glymphatic system.). This technical limitation makes it difficult to directly compare the 180 
glymphatic system in rodents and humans. Certain anatomical and molecular expression patterns differ between 181 
rodents and human, as outlined in the sections above, namely with respect to the tighter and denser astrocytic 182 
endfeet layer forming the glia limitans perivascularis in humans, the lower polarization index of AQP4 in 183 
humans compared to rodents, and the higher level of AQP4 on the human parenchymal astrocytic membrane 184 
(204, 503). The functional significance of these differences is not known. There are differences between rodents 185 
and humans regarding CSF flow on the brain surface. Rodents like mouse and rat, in which the glymphatic 186 
system was first described, have lissencaphalic brains, whereas humans and most other large mammals have 187 
gyrencephalic brains, characterized by folded cortices with gyri and sulci (341). In gyrencephalic brains, sulci 188 
are CSF filled spaces where the subarachnoid space expands, such that CSF flow in the sulci exceeds that in the 189 
gyri, where the subarachnoid space is relatively thin. In line with this anatomic distinction, MRI tracers 190 
delivered to the CSF compartment in humans have been found to flow primarily within the brain sulci, where 191 
the major cerebral leptomeningeal arteries run, and is not evenly spread in the subarachnoid space over the 192 
entire brain convexities (573). This pattern of brain surface CSF flow of the gyrencephalic brain is nonetheless 193 
similar to that seen in the rodent lissencephalic brain, where the flow of CSF tracers also follows the courses of 194 
the major leptomeningeal arteries, i.e., the posterior, middle and anterior cerebral artery (314, 315). However, 195 
there are some key differences between the CSF flow over the dorsal convexities of lissencephalic versus 196 
gyrencephalic brains. In the human brain, the periarterial flow of MRI contrast agent delivered into the CSF 197 
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compartment seems to flow in a space around the leptomeningeal surface arteries of the dorsal cortex, which 198 
forms a space much larger than that described for rodents, in which the surface flow of CSF tracers is largely 199 
confined to a more narrow periarterial space (276, 315, 573). One possible explanation for this species 200 
difference is that CSF reservoirs within the sulci and fissures in the generally large dorsal cortex of 201 
gyrencephalic brains in effect shorten the transport distance from the CSF reservoir through the perivascular 202 
space and into the neuropil. The corresponding flow distances are shorter in the smaller lissencephalic brains of 203 
rat and mouse, in which the preponderance of CSF inflow to the perivascular spaces arises in the basal cisterns 204 
around the circle of Willis. This view is supported by studies of the glymphatic system in the gyrencephalic 205 
brain of pigs, in which CSF tracer influx from the sulci to the neuropil substantially exceeded that from the 206 
neighboring gyri (48). Thus, from the perspective of brain fluid clearance, gyrencephalic brains can support 207 
relatively greater  CSF flow in the subarachnoid space over the dorsal cortices through the network of sulci and 208 
fissures, thus resulting in more efficient fluid exchange between these CSF reservoirs and the brain extracellular 209 
space. The anatomic substrate for CSF uptake from the subarachnoid space into the perivascular spaces is not 210 
well understood.  211 

 In summary, the glymphatic system is a feature of all mammalian brains studied so far, including 212 
rodents, pigs, non-human and human primates. Species differences in astrocytic endfeet morphology and AQP4 213 
expression patterns could indicate some divergence of glymphatic functioning between species, but present 214 
technological limitations have made difficult a direct comparison. CSF flow over the dorsal cortices seem to 215 
differ between lissencephalic and gyrencephalic brains. It appears that the CSF-filled sulci of gyrencephalic 216 
brains facilitate glymphatic influx to the underlying brain, whereas there is less inflow from the adjacent gyri. 217 
While it seems likely that birds thus have a functional glymphatic system, there have been no functional studies 218 
in Aves.  However, based on the comparative neuroanatomy presented above, it is plausible that birds  harbor 219 
the vascular, cellular, and molecular components required to constitute a glymphatic system. From this, we can 220 
also infer that the glymphatic system most likely arose before the divergence of sauropsids (reptiles and avians) 221 
and synapsids (mammals), but further histological and in vivo studies are needed to pinpoint the stages of 222 
evolutionary development of the glymphatic system. 223 
 224 

H. Comparison of the evolution of the glymphatic system with that of the peripheral lymphatics 225 
At what stage in evolution did the peripheral lymphatic system first develop, and are stages in the 226 

evolution of the cardiovascular system related to the formation of the lymphatic system? What can the evolution 227 
of the peripheral lymphatic and cardiovascular system tell us about the evolution of the glymphatic system? The 228 
peripheral blood vessels found in mammals are formed by endothelial cells connected by intercellular junctions 229 
and linked in their basal aspect to the vascular basal lamina (see chapter VII) (467, 475). Blood vessel formation 230 
by endothelial cells is a characteristic of all vertebrates (467, 475). The lymphatic system, which is also a 231 
vascular system based on endothelial cells, is similarly found only in vertebrates, having been described in 232 
teleosts, amphibia, reptiles, and birds (508). It thus seems possible that the evolution of the lymphatic system 233 
could have been inseparable from the transition to a cardiovascular system composed of a network of 234 
endothelial channels, rather than by apposed basement membranes of the tissues that they irrigate, as  is found 235 
in many non-vertebrate chordates (467, 475). Invertebrates do not have any lymphatic vasculature, and all 236 
excess extracellular fluid, together with cellular waste and recycled proteins, flows directly back into the blood 237 
circulation (377). The transition from blood vessels forming a passive barrier composed of extracellular matrix 238 
to a structural barrier formed by endothelium thus mirrors the evolutionary advent of lymphatic vasculature in 239 
vertebrates (130, 377, 467, 475, 508). Transgenic mice lacking proteins critical for lymphatic vascular 240 
development, i.e., PROX1 and podoplanin, suffer perinatal death, showing that the lymphatic system is crucial 241 
for mammalian survival (596, 724). Thus, at some evolutionary stage when the blood vasculature no longer 242 
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served unassisted to remove excess extracellular fluid, the lymphatic vasculature emerged out of a vital 243 
necessity to ensure extracellular fluid homeostasis. 244 

How, then, might the evolution of the glymphatic system have temporally related to the evolution of 245 
intrinsic brain vasculature? As outlined in the sections above, our best guess is that the glymphatic system first 246 
appeared before the divergence between synapsids (mammals) and sauropsids (reptiles and avians). The 247 
glymphatic system is only present in those vertebrates, which generally harbor a larger and more complex CNS. 248 
On the other hand, intrinsic brain vasculature is present in all vertebrates and in some invertebrates, suggesting 249 
a primacy over glymphatics. Indeed, various components of the glymphatic system are lacking in lower order 250 
vertebrate brains, including absence of AQP4 expression or endfeet polarization, and the lack of protoplasmic 251 
astrocytes forming a glia limitans perivascularis. AQP4 knockout animals, which are functionally glymphatic 252 
knockouts, are viable, whereas lymphatic vasculature knockout is lethal in utero. Furthermore, AQP4 knockout 253 
mice show no developmental, behavioral or gross neuroanatomical deficits (422, 427). Does it follow that 254 
vertebrates lacking a glymphatic system have no alternate pathway for brain fluid clearance? Considering the 255 
evolution of the peripheral lymphatic system, it seems clear that its necessity emerged with the formation of 256 
blood vessels from endothelial cells (301, 377, 467, 475). Brain vasculature in vertebrates is similarly composed 257 
of endothelial cells, forming an even tighter physical barrier than that in the periphery, due to the BBB (643). It 258 
is estimated that 20 % of CSF in mammalian brain is produced by extrachoroidal tissues, and transcapillary 259 
fluid influx across the BBB is likely one of the main sources of extrachoroidal CSF (142, 444, 577). Thus, there 260 
is necessarily fluid influx into the brain extracellular space, and the brains of vertebrates with no glymphatic 261 
system must have some alternate pathway to drain away excess fluid and avoid catastrophic brain edema. It 262 
seems most likely that periarterial and perivenous spaces, perhaps together with pericapillary spaces, constitute 263 
a minimally sufficient drainage route for brain extracellular fluid. Perivascular spaces are highly conserved 264 
amongst all animals with intrinsic brain vasculature, and these spaces, as proposed by the Austrian neurologist 265 
Heinrich Obersteiner more than a 100 years ago, probably constitute the most primitive influx and efflux 266 
pathways for extracellular fluid, though the anatomy and location of barrier membranes differ between species 267 
(733). Understanding better the development of perivascular spaces both in phylogeny and ontogeny could 268 
provide information about the properties of intrinsic brain clearance mechanisms, and the advantages conferred 269 
by the development of a glymphatic system. 270 

 271 
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I. Outstanding questions 
• The avian brain harbors the anatomical structures  and molecular machinery that drive the glymphatic 

system in mammals. Does this mean that the avian brain has a functional glymphatic system and if so, 
does it share all the main characteristics with mammals, i.e., perivascular transport, AQP4 
dependence, and sleep-wake regulation? 

• Comparative neuroanatomy and molecular biology suggest that the glymphatic pathway developed 
before the split of sauropsids(reptiles and avians) and synapsids (mammals). Do reptiles and 
amphibians possess a glymphatic system, and at what point during evolution did the glymphatic 
system first develop? 

• The brain of zebrafish, a teleost (bony fish), does not have external CSF and contains radial glial cells 
with unpolarized expression of AQP4. Nonetheless, they effectively transport intracerebral 
macromolecules to lymphatic endothelial cells in the dorsal meninges. Does the zebrafish brain have a 
more primitive glymphatic system e.g., without AQP4, or does it clear the brain with alternate 
mechanistic elements?  

• The complex and large brain of the octopus has perivascular channels that are proposed to function as 
lymphatic-like channels much akin to the perivascular spaces of the mammalian glymphatic system. 
However, cephalopods, like other protostomes, do not have ventricles or CSF. Thus, a different intra-
axial fluid flow must exist in brain of these animals. What type of brain fluid transport takes place in 
the complex CNS of the octopus?  

• Elasmobranches (sharks and rays) have a glial BBB, and their perivascular spaces are in open 
communication with blood. How does this arrangement affect brain clearance in sharks compared to 
vertebrates with endothelial BBB?  

 
 272 

J. Interim summary section 273 
• The earliest phylogenetic need for an intrinsic brain vasculature arose in jawless fishes similar to 274 

modern lamprey and hagfish. The presence of an intrinsic vasculature is an established feature of all 275 
jawed vertebrates, likely reflecting that the necessary substrates for sufficient delivery of oxygen and 276 
nutrients to brains of a certain size. The brain vasculature perhaps arose from the need to sustain 277 
metabolism when simple diffusion from a surface vascular plexus no longer sufficed for the metabolic 278 
demands of the tissue. 279 

• Intraventricular CSF compartments are found in all chordates. External CSF compartments equivalent to 280 
the mammalian subarachnoid space are found in terrestrial vertebrates like amphibians, birds, and 281 
reptiles. In these latter species, there is some microscopic communication channels between the internal 282 
and external CSF spaces. In non-terrestrial vertebrates, an external fluid pool sometimes surrounds the 283 
brain, e.g., in teleosts or elasmobranches. In elasmobranchs this fluid freely exchanges with the 284 
bloodstream, and a barrier composed of tight junctions between endfeet in the glia limitans prevents 285 
mixing of this fluid with brain extracellular fluid. Thus, open exchange of subarachnoid space CSF and 286 
its solutes with the brain extracellular space seems to be a feature of terrestrial vertebrates. 287 

• Perivascular spaces, which are important fluid conduits for the inflow of CSF and outflow of 288 
extracellular fluid from the brain in the mammalian glymphatic system, occur in various conformation 289 
across different species. Perivascular spaces exist in animals with no CSF at all such as the octopus, and 290 
in animals with no external CSF such as shark and zebrafish. In these species, perivascular spaces can be 291 
composed of collagen bundles, or simply a fluid freely exchanged with the blood. Despite this lack of 292 
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compartmentalization, intrathecally administered compounds clear dorsally towards meningeal 293 
lymphatic endothelial cells in the zebrafish brain, thus suggesting that an alternative brain clearance 294 
pathway indeed exists. 295 

• Astrocytic endfeet covering the brain vasculature, and the polarized expression of AQP4 towards the 296 
abluminal side of the endfeet, are necessary conditions for a functional glymphatic system, as outlined in 297 
rodents. Mammals, reptiles, birds, and cartilaginous fish have all been shown to harbor a nearly 298 
complete coverage of brain microvasculature by astrocytic endfeet. Humans have a less complete 299 
endfoot coverage than rodents, but it is unknown if this morphologic distinction imparts any differences 300 
in glymphatic function. Animals such as amphibians and teleosts do harbor some endfoot processes, 301 
which are formed by radial glia cells. 302 

• AQP4 expression is documented in brains of several non-mammalian Orders such as teleosts and 303 
elasmobranches, but detailed information about their cellular and subcellular distributions is lacking. 304 
Zebrafish express AQP4 in radial glial cells, but the expression is not polarized. Birds have polarized 305 
expression of AQP4 towards astrocytic endfeet, similar to thatin mammals. 306 

• The glymphatic system is present in rodents with lisencephalic brains and in gyrencephalic mammals 307 
like pigs, cats, non-human and primates and humans. All components that constitute the glymphatic 308 
system in mammals are also found in birds, although the presence of a functional glymphatic system is 309 
not yet confirmed in avian brain. Arguments based on comparative neuroanatomy led us to speculate 310 
that the glymphatic system developed before the divergence of sauropsids (reptiles and avians) and 311 
synapsids (mammals).  312 

 313 
 314 

V. Macroscopic organization of intraventricular and extra-axial fluid transport in 315 

brain  316 

A. Introduction  317 
Unlike any other organs, the brain is immersed in a specific fluid, CSF, and is confined within a bony 318 

vault, which is a closed and rigid cavity. The density of CSF (1.007 g/cm3) is similar to that of brain tissue 319 
(1.040 g/cm3), such that the buoyant forces of the surrounding fluid reduce the brain weight (~1400 g) to about 320 
46 g. One advantage of this anatomic arrangement is that it eliminates the need for the fibrous elements that 321 
maintain the shape of many other organs like the kidney or uterus. Indeed, brain tissue is practically devoid of 322 
connective tissue except around large vessels (see chapter VII), and the maintenance of the brain’s structural 323 
integrity requires that it be suspended, floating like a yolk in an egg. If it weren’t for its buoyancy in CSF, the 324 
brain mass would compress  the arteries at the Circle of Willis and disrupt its own blood flow.   325 

A unique feature of fluid flow in the CNS is its adaptation to the brain’s lack of porous capillaries. The 326 
tight capillary junctions of the BBB effectively restrict influx of vascular fluid, which  is an essential aspect of 327 
peripheral tissue homeostasis. Instead, the choroid plexus secretes CSF, which then circulates throughout the 328 
brainby glymphatic flow in a network of annular perivascular tunnels formed by the vascular endfeet of 329 
astrocytes. Thus, the CNS uses the glymphatic system as an alternate strategy to maintain its tissue fluid 330 
perfusion. Although not structurally identical, the brain’s glymphatic system is a functional analogue of the 331 
fluid flow mechanisms supported by the porous capillaries and lymphatic vessels in peripheral tissues (Figure 332 
1). The glymphatic system is properly viewed as sophisticated biological engineering to compensate for the 333 
physiological constraints imposed by the BBB and the confined space of the cranium. 334 
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In this chapter, we shall first describe the unique features of fluid production and transport in the CNS.  335 
We shall also describe the multiple functions of the meningeal membranes, including their shielding of the brain 336 
tissue, their barrier function, and their role as an immune interface separating CNS from peripheral tissues.  For 337 
detailed reviews on the immune function of the CNS membranes and barriers, we refer to several excellent 338 
reviews on the topic (155, 383, 405). 339 

 340 

Figure 8. Barriers separate the CNS from peripheral tissues, but fluid can exchange with relative ease 
between all the CNS compartments due to the lack of tight barriers. 
The main panels depict the tight barriers of the adult human brain in red and porous membranes in green. CNS 341 
is separated from peripheral tissues by several tight barriers (red lines), which include the blood brain barrier 342 
(BBB), the blood-choroid barrier, and the arachnoid membrane. Each of these barriers is created by expression  343 
tight junctions containing claudins other junctional proteins. The brain surfaces, i.e., the pial membrane and the 344 
ependymal cells layers covering the ventricles, are permeable membranes (green lines) composed of cells 345 
loosely connected by gap junctions. The cells covering the ventricular surface (ependymal cells) or the cortical 346 
surfaces (pial cells) are also connected by gap junctions, but gaps in their coverage allows exchange of CSF 347 
with the extracellular fluid (green lines). Of note, astrocytes rather than endothelial cells form a vascular barrier 348 
in the external and intermediate zones of the median eminence and the adjacent ventral part of the arcuate 349 
nucleus, but not in other regions of the hypothalamus (126, 528). Also shown in the figure is the localization of 350 
the choroid plexus in the lateral, 3rd, and 4th ventricles, the meningeal layer, and the subarachnoid space. Top 351 
left insert: The BBB is a tight barrier that restricts fluid and solute exchange with the vascular compartment. 352 
Lower left insert: The meningeal membranes consist of dura mater, arachnoid mater, and pia mater. The 353 
arachnoid membrane is a tight barrier expressing claudin-11 that separates the peripheral tissue and dura mater 354 
from the subarachnoid space. Pia mater covers all surfaces of the brain and spinal cord, but the pial cells do not 355 
represent a barrier for fluid exchange. Together, these two membranes are known as the leptomeninges. Upper 356 
right insert: choroid plexus is a simple structure consisting of a single layer of tight junction-coupled choroidal 357 
epithelial cells resting on a basement membrane containing a complex network of fenestrated capillaries. Lower 358 
right insert: The brain surface is covered by loosely connected pial cells, whereas the ependymal lining of the 359 
ventricular surfaces also lacks tight junctions. Astrocytic processes contact both the pial and the ependymal 360 
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layers, thereby creating a second semi-permeable layer. Thus, CSF can exchange with brain extracellular fluid 361 
at all of the brain surface.  362 

 363 
 364 

B. Choroid plexus and CSF production 365 
The choroid plexus is a highly vascularized secretory epithelium that resides in all four cerebral 366 

ventricles. The choroid plexus is a folded structure with papillary-like extensions that project into the lumen of 367 
the CSF-filled ventricles (Figure 8). The epithelium of the choroid plexus is a specialization of the ependymal 368 
cell layer that lines all ventricular surfaces (381). Both the choroid plexus epithelium and the associated 369 
ependymal cells are endowed with cilia protruding into the ventricles. Cilia in the ventricles may play multiple 370 
important roles during the development of the CNS (570), migration of neural progenitors along the 371 
subventricular spaces (594), and CSF transport (217), as covered in prior reviews (325, 481).  Ependymal cells 372 
are of neuroepithelial origin; lineage studies show that the choroid plexus epithelial cells originate from the 373 
embryonic roof plate that occupies the dorsal midline of the vertebrate neural tube. These epithelial cells 374 
commit to their lineage at a very early stage of brain development, even prior to the onset of neurogenesis in 375 
mice (660, 710). The cells of the choroid plexus epithelium are cuboidal in shape, covered by microvilli at the 376 
apical membrane, and rest on a basement membrane. They form a continuous plexus, which is densely coupled 377 
by tight junctions just below the apical surface. These tight junctions in the choroid plexus form the selectively 378 
permeable blood-CSF barrier, which together with the BBB and the arachnoid barrier, maintain the milieu 379 
intérieur of the CNS (89). A dense reticular network of fenestrated capillaries located below the choroid plexus 380 
basement membrane allows an ultrafiltrate of plasma to come in direct contact with the choroidal epithelial 381 
cells. For details of the choroid plexus functional anatomy, we refer the reader to (629, 630). 382 

There is a general concordance in the literature that the choroid plexus is the primary site of CSF 383 
production. The concurring studies have used an array of approaches, including surgical removal of choroidal 384 
tissue or chemical and pharmacological manipulations of CSF production.  Most of these classical studies 385 
suggested that the choroid plexus produces about 80% of the total CSF volume, whereas the remaining 20% is 386 
actively secreted  by endothelial cells across the BBB, which has an enormous capillary surface area estimated 387 
at 100–200 cm2 g−1 tissue (295). However, despite this commonly accepted view, other lines of evidence 388 
suggest that the choroid plexus produces little or no CSF: Compelling arguments against the choroid plexus 389 
being involved in CSF secretion is reviewed in (511). Our view is that the choroid plexus and the capillaries 390 
likely both contribute to CSF production, and that their relative importance for CSF production may change 391 
depending on the state of brain activity, autonomic drive, age, disease states, position of the head, blood 392 
pressure, hydration state, and other factors. The emerging field of CSF secretion benefits from the rapid 393 
development of new tools and methodologies  that are expected to provide critical new insights (212, 400, 610).   394 

Despite decades of research, the precise mechanisms by which the choroid plexus produces CSF 395 
remains a matter of debate (Figure 9). This debate is focused on the established fact that the expression pattern 396 
of membrane transporters in choroid plexus differs radically from that of any other secretory epithelia. Most 397 
notably, the key players in fluid secretion, Na+/K+-ATPase (NKA) and the electroneutral Na+, K+, Cl- co-398 
transporter (NKCC1), are present in the apical membrane of the choroid plexus rather than in the basolateral 399 
membrane, as in other organs (93, 158, 517)(5).  In classical secretory glands, such as the salivary glands and 400 
the exocrine pancreas, NKA and NKCC1 are located at the basolateral membrane, such that NKCC1 drives Cl- 401 
into the cells against an electrochemical gradient (545). In turn, the high intracellular Cl- concentration 402 
combined with an abundant polarized expression of Cl- channels supports Cl- secretion at the apical membrane. 403 
Meanwhile, extracellular Na+ enters the extracellular gaps between neighboring cells and is propelled into CSF 404 
by the electrostatic forces generated by the intracellular Cl- transport. An interesting aspect of this model is that 405 
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Na+ can permeate the tight junctions connecting epithelial secretory cells (158). Thus, secretory cells can secrete 406 
Cl- thanks to an appropriate polarized arrangement of transporters and channels, while Na+ is exported by 407 
passive electrostatic forces into the extracellular space. 408 

The location of NKCC1 and NKA in the apical membrane of choroid epithelial cells suggests that their 409 
secretion of fluid (i.e., CSF) follows a fundamentally different principle than for typical secretory membranes. 410 
According to the classical model of CSF production, NKA rather than NKCC1 is the central player (734, 735).  411 
Because NKA is present in the apical membrane, its activity will result in direct secretion of Na+ into the CSF. 412 
This process will naturally reduce the intracellular Na+ concentration, which in turn drives the import of HCO3

- 413 
from blood by the Na+-driven Cl−/HCO3

− exchangers (NCBE, NBCn2) in the basolateral membrane. In 414 
conjunction with local production of HCO3

− from CO2 via carbonic anhydrase, the rising intracellular 415 
concentrations of Cl- and HCO3

- together create an electrochemical gradient that drives the apical export by the 416 
Cl-/HCO3

- exchanger (AE2). This is predicated upon the permeability of apically located anion channels to Cl- 417 
and HCO3

- ions. The net result is that choroidal epithelial cells propel Na+ together with HCO3
-/Cl- from the 418 

cytosol directly into CSF. The resultant osmotic gradient drives in turn an influx of water from plasma into the 419 
ventricles, which is supported by the AQP1 water channels present at high density in the apical membranes and 420 
at more moderate levels on the basolateral membrane of choroidal epithelial cells (513, 514). In fact, analysis of 421 
samples from rabbits and dogs indicates that the osmolarity of CSF is 6 mOsm/L higher than that of plasma 422 
(163, 165), although others have found contrary results (158). We also note that genetic deletion of AQP1 in 423 
mice reduced CSF production by only 20%, which does not support the idea that osmosis is a major driver of 424 
CSF production (513, 514). 425 

Thus, the classical model of CSF secretion ignores the high NKCC1 expression in the apical membrane 426 
of choroidal epithelial cells (Figure 9). This omission is based on the notion that NKCC1 supports the inward 427 
movement of Na+, K+, and Cl- in other cell types (751). The unusual apical location of NKCC1 in choroidal 428 
epithelial cells would thus predict that choroid plexus should absorb rather than secrete CSF. It has been argued 429 
that NKCC1 acts as a macroscopic K+ buffering mechanism to avoid excessive accumulation of this 430 
depolarizing cation (259, 737). Elevations of brain extracellular [K+] are associated with potentially catastrophic 431 
increases in neuronal excitability, resulting in seizures (232). The equilibrium potential of NKCC1 is close to 432 
the neuronal resting membrane potential and the transporter is therefore largely inactive under physiological 433 
conditions. However, NKCC1 will become activated when [K+] in CSF exceeds normal limits, such as during 434 
ischemia. Thus, NKCC1 in the choroid plexus may function as a potent macroscopic K+ buffer ready to export 435 
excess K+ quickly out of the brain, possibly via the K+, Cl- (KCC3) cotransporter located in the basolateral 436 
membrane of choroidal epithelial cells (158). More recent studies have suggested that NKCC1 in the choroid 437 
plexus has instead a reversed directionality, thus driving Na+, K+, and Cl- out of the choroidal epithelial cells to 438 
support CSF production (634). This alternative model awaits independent confirmation and is not supported by 439 
the findings from cryo-EM showing that NKCC1 has a highly polarized expression (127, 751). Resolving this 440 
conundrum calls for additional research using better methodologies than are presently in use (424, 634). We 441 
anticipate that the classical concepts of CSF production are likely to be revised upon development of more 442 
advanced molecular and imaging techniques.  443 

Figure 9. The classical model of CSF production. 
(1) In this model of CSF secretion, the Na+, K+, ATPase is the primary driver of 1444 
CSF production, and secretes Na+ directly into CSF. (2) The activity of the Na+, 1445 
K+ ATPase lowers intracellular Na+, which in turn promotes Na+ influx across the 1446 
basolateral membrane, which depends on Na+/HCO3

-/Cl- transporters to produce 1447 
an increase in cytosolic anion (Cl- and HCO3

-) concentrations. (3) In turn, the high 1448 
density of anion channels at the apical membrane facilitates efflux of Cl- and 1449 
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HCO3
-. (4) Water is drawn into CSF by the increase in osmolarity supported by AQP1 water channels. AQP1 at 450 

the basolateral membrane likely also contributes to water influx to the cell. 451 
 452 

C. Extrachoroidal CSF production 453 
As noted above, the choroid plexus is usually considered the primary source of CSF. However, several 454 

lines of evidence support the contrary notion that CSF is, in whole or in part, a product of extrachoroidal 455 
sources. For detailed discussion of this concept, please refer to (511). One of the strongest arguments in favor of 456 
alternate production sites is that surgical removal of the choroid plexus does not completely eliminate CSF 457 
production (457). Most authors have favored the idea that extrachoroidal CSF production reflects the influx of 458 
vascular fluid across the BBB (511). This model holds that ion and solute transporters located in the BBB 459 
mediate water influx via co-transport with solutes such as glucose and amino acids (403, 423). Influx of 460 
vascular water is believed to occur primarily at the microvascular bed, given the vast total surface area of brain 461 
capillaries. Conversely, it has been argued that the surface area of the choroid plexus is insufficient to support 462 
the high production rate of CSF, and consequently CSF must be supplemented by fluid transport across the 463 
larger surface area of brain capillaries, see discussions in (86, 295).  The extracellular fluid generated by influx 464 
of water across the BBB will flow, at least in part, into the ventricles and thereby contribute to the total CSF 465 
production. The capillary contribution to fluid secretion is not presently accounted for, since existing techniques 466 
cannot distinguish the CSF pools produced by the choroid plexus versus capillary influx. Recent work shows 467 
that arterioles in the subarachnoid space express AQP1 water channels and the NKKC1 co-transporter, 468 
suggesting that CSF is also produced in the subarachnoid space (390). The spinal cord may also contribute to 469 
CSF production, but its relatively small volume (35 g, corresponding to only 2% of human brain weight) has 470 
made it difficult to collect reliable data on how much CSF is produced from the spinal cord and its rich 471 
surrounding vascular network (86). MRI measurements of CSF flow show that the flow volume in the foramen 472 
magnum is several-fold larger than that in the cerebral aqueduct connecting the 3rd and 4th ventricles, thus 473 
supporting the proposition that the choroid plexus is not the only source of CSF (393).  474 

 475 
D. CSF production rate in humans and experimental animals   476 

Although the production of CSF has been studied for several decades, surprisingly little is known about 477 
the regulation of its secretion rate. In this section we discuss the existing quantitative literature on CSF 478 
production and draw attention to unresolved key questions and gaps in knowledge.  479 

Pappenheimer (286) pioneered the measurement of CSF production in experimental animals. His 480 
indirect tracer dilution method based on ventriculo-cisternal perfusion was first tested in awake goats with 481 
chronically implanted cannulas. The Pappenheimer method entails infusion of a tracer into a lateral ventricle 482 
while collecting CSF from the cisterna magna. CSF production is then calculated based on the dilution of the 483 
tracer in the downstream CSF sample. The indirect tracer dilution method suffers from several limitations. For 484 
example, a large volume of fluid containing the tracer, typically comprising close to one third of the estimated 485 
rate of CSF production, must be injected into the lateral ventricle, which brings a risk of activating 486 
mechanosensitive receptors, lowering the brain temperature, and changing CSF osmolarity, all of which could 487 
perturb the measurements.  Also, any diffusion of CSF tracers into the periventricular tissue will bias the 488 
calculation of the CSF production rate by this method, as reviewed in (511). In fact, the apparent CSF 489 
production rate increases as a function of the infusion rate used during the Pappenheimer technique (510).  490 
Nevertheless, essentially the entire existing quantitative literature on CSF production is based on the 491 
Pappenheimer indirect dilution technique and should as such be considered with caution.   492 

A recently introduced method for direct measurement of CSF production has several distinct advantages 493 
over the Pappenheimer method. In this new approach, a cannula is inserted into a lateral ventricle while CSF 494 
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efflux via the aqueduct is blocked by injection of mineral oil in the 4th ventricle through a cannula inserted in 495 
the cisterna magna. Thus, newly produced CSF is directly collected from the lateral ventricle without the need 496 
for tracer administration in rats (336, 337) and mice (400). The technique does suffer from the limitation that it 497 
misses any CSF produced by the choroid plexus in the 4th ventricle or arising outside the ventricles. This may 498 
pose a problem, since 40-60% of total CSF production in rabbits is said to occur in the 4th ventricle (717). In 499 
fact, while the indirect tracer dilution technique indicated CSF production at a rate of 3.38 µL/min in rats (129), 500 
direct CSF measurements in the lateral ventricles gave CSF production rates in the range of only 0.39-1.40 501 
µL/min (336, 337). The discrepancy may well reflect the contribution of CSF produced in the 4th ventricle, but 502 
one must also consider the possibility that additional CSF is produced by extrachoroidal sources outside the 503 
ventricles, which would be included in the rate estimated rate on the indirect tracer dilution technique, but not 504 
necessarily for direct CSF measurements in the ventricles. To our knowledge, this possibility has not been 505 
directly addressed. Given present technical limitations, it is simply impossible to conclude if the discrepancy 506 
between indirect and direct CSF measurements represents an artifact or a real difference. Clearly, new 507 
approaches are needed to establish the relative contributions of choroidal and extrachoroidal CSF production. 508 

For obvious reasons, direct measurements of CSF production are not possible in healthy human brain. 509 
However, this has been attempted intraoperatively in patients undergoing invasive treatment for glioma or other 510 
CNS tumors. Older studies in patients with ventricular catheters to deliver antineoplastic drugs reported an 511 
average CSF production rate of 0.37 ml/min (154, 578). In recent years, CSF production in healthy individuals 512 
has mostly been studied using non-invasive phase contrast MRI measurements of CSF outflow through the 513 
cerebral aqueduct. Analysis of fluid flow in phantom models of the aqueduct indicates that this approach is 514 
generally accurate, but prone to error in cases where the aqueduct is narrow or when CSF flow velocity is high 515 
(88). MRI-based measurement of CSF production rate in adult human brain are between 0.3-0.7 mL/min, which 516 
corresponds to 430-1,000 mL/day (86, 309). Measurements in awake volunteers show a nightly peak of 0.7 517 
mL/min occurring at 2:00 am, versus an evening nadir of only 0.2 mL/min at 6:00 pm, suggesting some 518 
relationship with the sleep-wake cycle and/or circadian rhythm. In that study, total CSF production was 519 
estimated to average 650 mL per day (494), that is to say, within the range of other reports. It is important to 520 
note that measurements of CSF flow at the aqueduct do not include CSF production in the 4th ventricle or 521 
extrachoroidal CSF production. In fact, a recent study reported the CSF flow in the aqueduct amounted to 0.6 522 
mL/min (0.86  L/day), while the CSF flow through the foramen magnum in the same patients was more than 3-523 
fold higher (2.7 mL/min or 3.9 L/day) (532). One confounding factor of MRI measurements of CSF flow is that 524 
respiration initiates rhythmic rostral-caudal movement of CSF, which complicates the calculations (121). Taken 525 
together, MRI studies suggest that CSF production in humans is under circadian control and that extrachoroidal 526 
CSF production may be a more significant contributor to the total rate of CSF production than is currently 527 
recognized. However, these observations await independent replication and confirmation.  528 
 529 

E. Physiological and pharmacological manipulations of CSF production  530 
Numerous studies have used pharmacological manipulations to study the molecular mechanisms 531 

involved in CSF production. The most effective inhibitor of CSF production is the NKA inhibitor, ouabain, 532 
which suppresses CSF production by 40–100% (23, 166, 606). However, ouabain has high systemic toxicity 533 
due to its nonspecific elimination of ionic gradients across the plasma membranes of all cell types. Thus, 534 
ouabain may likely perturb CSF production by exerting a variety of unintended toxic effects. The carbonic 535 
anhydrase inhibitor acetazolamide is also highly effective at reducing CSF production (158), as might be 536 
predicted from the contribution of the Na+-driven Cl−/HCO3

– electrochemical gradient in the choroid plexus 537 
mentioned above. In contrast, the NKCC1 inhibitor furosemide only inhibited CSF secretion when applied at 538 
high and nonspecific concentrations, while the more selective NKCC1 inhibitor bumetanide had no effect on 539 
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CSF formation when delivered intravenously (442). Intraventricular delivery of bumetanide has been reported 540 
to reduce CSF production, a finding consistent with the apical localization of NKCC1 in choroidal epithelial 541 
cells.  Unfortunately, high and thus non-specific concentrations of bumetanide (10-100 µM) were utilized in 542 
most of the previous studies. To ensure pharmacological specificity, it is imperative to employ low 543 
concentrations of bumetanide in the order of the Ki (~0.1 µM) for specific inhibition of NKCC1, thus avoiding 544 
the unintended inhibition of anion and cation transporters that takes place at concentrations in the range of 2-4 545 
µM (442, 555) Amiloride, which blocks the epithelial sodium channel (ENaC), the Na+/H+ exchangers (NHE-546 
1), and the pan-acid sensing ion channels (ASIC), does not suppress CSF production when delivered in blood or 547 
in the ventricle (166). The Cl- transport inhibitor DIDS reduces CSF production when delivered via blood, 548 
which is consistent with the high expression of Cl-/HCO3

- transporters at the basolateral membrane of choroid 549 
epithelial cells (158).  In the clinic, several of these agents, most notably acetazolamide and furosemide, are 550 
used to reduce CSF production and thereby lower intracranial pressure (ICP) in patients suffering from 551 
idiopathic intracranial hypertension (433).  Topiramate is increasingly prescribed for idiopathic intracranial 552 
hypertension, and is popular for this indication because it also acts as an antimigraine prophylactic agent. The 553 
antimigraine mechanism of topiramate is via weak inhibition of carbonic anhydrase activity along with 554 
blockade of voltage-dependent sodium and calcium channels, and direct effects both on glutamatergic and 555 
GABAergic transmission (433). In a rat study, topiramate was very effective in blocking CSF production,  556 
lowering ICP by 22 %, while acetazolamide, amiloride, and furosemide had no such effects when administered 557 
at clinically relevant doses (605).  558 

What is known about the physiological regulation of CSF production in humans? A study using MRI to 559 
estimate flow in the aqueduct reported 50% lower CSF production in healthy aged individuals compared to 560 
young subjects (440). Also, patients suffering from Alzheimer’s disease exhibited lower CSF production 561 
compared to aged-matched controls (613). Only a few studies have addressed the effect of age or Alzheimer’s 562 
pathology on CSF production in rodents, despite its obvious clinical importance. One study reported that CSF 563 
production increased three-fold in rats as they matured from 8 to 12 weeks of age (336). This observation was 564 
confirmed by the finding that CSF production increased by 20% in rats from 3 to 12 months of age, while 565 
production declined by 55% with aging from 12 to 30 months, near the lifespan of rats (128).  In mice, aging 566 
suppressed CSF production most significantly at later stages of life and, overall, CSF production in mice aged 567 
22 months was 50% lower compared with that in mice aged 2-3 months (400). Interestingly, the same study 568 
found that young female mice produced 30% more CSF than littermate males based on measurements using the 569 
direct method (400), yet glymphatic flow in mice is comparable and decreases as a function of aging in both 570 
sexes (241). The choroid plexus expresses multiple sex hormone receptors, including estrogen receptors (302, 571 
397, 493, 616), which might mediate gender differences in CSF production. A clinical study reported that 572 
premenstrual women exhibit a greater total CSF volume than men, but it is uncertain how this observation may 573 
relate to CSF production (655). The choroid plexus vasculature is densely innervated by sympathetic adrenergic 574 
and parasympathetic cholinergic nerve fibers (195, 196, 396, 493), which predicts for autonomic regulation of 575 
blood flow and possibly of CSF production. Indeed, surgical denervation or pharmacological suppression of 576 
adrenergic sympathetic signaling increased CSF production in rodents (394), whereas cholinergic 577 
pharmacological stimulation increased CSF production (395). Wakefulness is associated with lower CSF 578 
production than what occurs under certain forms of anesthesia in mice (400). However, the impact of anesthesia 579 
does not appear to be simply a function of suppression of sympathetic tone . Isoflurane anesthesia increases 580 
CSF production more potently than the α2 agonist, xylazine, albeit the latter treatment more efficiently inhibits 581 
noradrenaline release (400). The choroid plexus epithelium also expresses serotonergic receptors, activation of 582 
which increase blood flow in the choroid plexus, while not affecting cerebral blood flow (215). Serotonin and 583 
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other neuromodulators regulating perfusion of the choroid plexus may indirectly modulate CSF production, but 584 
this remains to be established experimentally.   585 

 586 
F. Ventricular system 587 

The ventricular system consists of the lateral, 3rd, and 4th ventricles. The internal lumens of the ventricles 588 
are interconnected, and each ventricle contains choroid plexus that contributes to total CSF production (Figure 589 
8). The ventricles in healthy young adults have a volume of about 25 mL, representing less than 20% of total 590 
CSF volume (130-150 mL).  CSF leaves the 4th ventricle via the median (foramen of Magendie) and the 591 
bilateral lateral (foramina of Luschka) apertures, subsequently draining into the cisterna magna and 592 
cerebellopontine angle cistern, respectively. Of note, there is no foramen of Magendie in rodents; instead, CSF 593 
leaves the rodent 4th ventricles via the two laterally positioned foramina of Luschka in fetal and neonate rats 594 
(91, 332) and in adult mice (400). A minor proportion of CSF from the 4th ventricle will then flow down the 595 
central canal, which terminates in the conus medullaris of the spinal cord, also known as the ventriculus 596 
terminalis or the 5th ventricle. A histological analysis found that the central canal closes in almost all human 597 
subjects aged more than 20 years (338). Syringomyelia is caused by closed CSF-filled cysts, which slowly 598 
expand to block the central canal, and are often associated with pain and also atrophy of the spinal tissue 599 
including the dorsal white matter tracts, causing weakness and loss of spinal reflexes (60). All surfaces of the 600 
ventricles and the central canal are lined with a layer of loosely joined ependymal cells linked by gap junctions 601 
that presents no barrier for the exchange of fluid and solutes between CSF and the brain or spinal cord tissue 602 
(323, 593). This arrangement is critical for the pathway of CSF/extracellular glymphatic fluid exchange, as shall 603 
be discussed below. 604 
 605 

G. Meninges 606 
The meninges consist of three distinct membranes surrounding the brain and spinal cord (Figure 8). The 607 

three membranes are the dura mater, which directly faces the cranial vault and the underlying arachnoid mater, 608 
and the arachnoid mater, which separates the subarachnoid space from the dura mater. The innermost 609 
membrane, the very thin pia mater also faces the subarachnoid space, and intimately covers the brain. Like the 610 
BBB and choroidal epithelial cells, the arachnoid mater expresses an abundance of tight junctions (claudin-11) 611 
that effectively contain the CSF fluid within the brain compartment by minimizing the passage of fluid and 612 
solutes between CNS and peripheral tissues (89).   613 
 614 
Dura  615 

Dura mater is a thick, vascularized membrane plastering the inner surface of skull and the intervertebral 616 
space surrounding the spinal cord, where the epidural space contains a rich network of blood vessels and fat that 617 
separates the dura mater from the bony structure of the vertebrae.  Dura mater consists mostly of collagen fibers 618 
and forms a continuous sheath enveloping the dural venous sinuses, the middle meningeal arteries, and the 619 
meningeal lymphatic vessels. Dura mater also forms the falx cerebri and tentorium cerebelli at critical positions 620 
supporting the soft brain tissue. Blood vessels in the dura mater do not present a barrier for leakage of solutes 621 
from plasma. CSF tracers enter the dura mater and are drained by meningeal lymphatic vessels, suggesting that 622 
the dura mater represents an immunological interface for CNS, consistent with its high concentration of resident 623 
immune cells (406). Meningeal lymphatic vessels expressing all the classical markers of the lymphatic 624 
vasculature reside in the dura mater (35, 406). In the setting of multiple sclerosis and other neuroimmune 625 
diseases, leukocytes can form aggregates in the dura mater, also designated as a tertiary lymphoid tissue (533).  626 
 627 
Arachnoid  628 
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The arachnoid membrane is attached to the inward surface of the dura mater, facing the subarachnoid 629 
space. The blood-arachnoid-cerebrospinal fluid interface has been called the outer CSF barrier because of its 630 
functional resemblance to the BBB and the blood-CSF barrier that separate the CNS from peripheral tissues. 631 
The arachnoid membrane is composed of leptomeningeal fibroblasts densely connected by tight junctions 632 
formed by claudin-11 (89).  The arachnoid membrane extends arachnoid trabeculae or villi that traverse the 633 
underlying CSF-filled subarachnoid space and merge with the underlying pia mater. The arachnoid trabeculae 634 
consist of collagen fibers incompletely covered by leptomeningeal cells.  635 
 636 
Pia  637 

The pia mater is the membrane formed by a monolayer of cells that loosely adheres to the brain and 638 
spinal cord surfaces. Pial cells are in direct contact with the glia limitans superficialis – a dense network of 639 
astrocytic processes facing the outer surfaces of the CNS. The pial cells are not connected by tight junctions and 640 
therefore do not present a barrier to the influx of CSF solutes into the underlying neuropil, granted that the glia 641 
limitans likely slows the exchange of larger solutes. At certain sites, the pia mater and the ependymal cells of 642 
the ventricles meet without any interposed neuronal tissue, adhering to each other to form a connective tissue 643 
membrane called the tela choroidea. This connective tissue membrane is the attachment site of the rather free-644 
floating choroid plexus, and it contains a rich network of vessels supplying the choroid plexus. The tela 645 
choroidea forms partly at the roof and the lateral recesses of the 4th ventricle.  646 
 647 

H. The subarachnoid space  648 
The subarachnoid space is positioned between the arachnoid barrier membrane and the pia mater. It is 649 

filled with CSF, thus accounting for the part of CSF volume not contained in the ventricles. The arachnoid 650 
trabeculae provide support for the leptomeningeal vasculature, while also serving to reduce the movement of the 651 
brain within the skull (Figure 8).  The subarachnoid space forms several cisterns or CSF-filled cavities, of 652 
which the cisterna magna positioned between the cerebellum and medulla oblongata is the largest. The pontine 653 
cistern lying on the ventral surface of the pons contains the basilar artery and the anteroinferior cerebellar 654 
artery, which are both important entry points for glymphatic CSF transport. The interpeduncular cistern lying at 655 
the base of the skull is continuous with the chiasmatic cistern under the diencephalon. Several other minor 656 
cisterns surround the brain. The main cistern in the spinal cord is the lumbar cistern, which is located at the base 657 
of the spinal cord, wrapping the filum terminale and cauda equina. The human spinal cord terminates around 658 
the first and second lumbar vertebrae and the lumbar cistern below that point is therefore the preferred site for 659 
injecting agents into CSF or drawing CSF via lumbar puncture.  660 

I. Outstanding questions 
• What controls CSF production during the different states of brain activity? Do neuromodulators play a 

role? Does blood flow regulation to the choroid plexus play an unappreciated role? 
• Is CSF produced in part by extrachoroidal sources, and not only by the choroid plexus? If so, what are 

the relative contributions from each of the separate sources (e.g., BBB) and do the relative 
contributions change as a function of the state of brain activity, blood pressure, age, or in 
neurodegenerative diseases or neuroinflammation? 

• Why does CSF production decrease with healthy aging? Does the lowering of CSF production 
contribute to Alzheimer’s disease? 

• Why is CSF production not suppressed by increases in intracranial pressure? Does the abnormal 
pattern of CSF flow with reflux of CSF back into the 4th ventricle contribute to neurodegeneration in 
hydrocephalus? 

 661 
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J. Interim summary section 662 
• CNS is separated from peripheral tissues by the BBB, the arachnoid barrier, the blood-CSF barrier and 663 

the barriers formed by astrocytes in select regions of the hypothalamus. These barriers contain  tight 664 
junctions and allow only limited exchange of fluid and solutes. Within CNS, glial limitans at the brain 665 
surfaces or in between select regions forms semi-permeable borders, this slowing, but not completely 666 
preventing, exchange of fluid and solutes between the different CNS compartments. It has yet to be 667 
established whether glia limitans is an active and selective filter allowing some, but not all solutes to 668 
pass. 669 

• The molecular machinery of CSF production in the choroid plexus has not been established, although 670 
several models have been proposed. Little is also known about  how CSF secretion is regulated.  Animal 671 
and human studies have shown that CSF production declines in aging. Emerging evidence points 672 
towards extrachoroidal CSF secretion contributing significantly to total CSF production. If so, 673 
parenchymal production of CSF would complement the arterial influx of CSF and thus contribute to the 674 
parenchymal flow that drives brain clearance.  675 

• The meninges and in particular dura mater have in recent years been shown to be an active site for 676 
immune interactions between CNS and peripheral tissues. The meningeal lymphatic vessels are 677 
important drainage routes for CSF and merge with the cervical lymphatic vasculature. The meninges 678 
house a large number of immune cells and can, under certain conditions like multiple sclerosis, be 679 
viewed as a tertiary lymphoid tissue.   680 

 681 

VI. Macroscopic organization of intra-axial fluid transport -the glymphatic system 682 

A. Introduction 683 
Billions of neurons are continuously running an assortment of ion pumps and transporters required for 684 

the maintenance of membrane potentials and the generation of action potentials in human brain, while forming 685 
and remodeling trillions of synapses at any given moment. It is not surprising that the brain requires a large 686 
supply of energy to maintain its normal activity (185). The human brain also synthesizes over three grams of 687 
protein every day to carry out its various functions, which is a rate 3 to 4-fold higher than that for skeletal 688 
muscle (618, 640). Brain proteins are continuously produced, and are likewise broken down, with a mean half-689 
life ranging between three and 13 days (227). While there is some recycling of amino acids in situ, there is a 690 
need for a robust mechanism for removing such large amounts of protein destined for degradation. In the 691 
periphery, this task is performed by the uninterrupted clearance of extracellular fluid by the lymphatic 692 
vasculature, which export their contents into the venous drainage, whereupon the proteins are recycled in the 693 
liver. In brain, the glymphatic system fulfills the task of clearance; thereby compensating for the existence of 694 
the BBB and the lack of proper lymphatic vessels (709). The perivascular spaces are fluid-filled compartments 695 
surrounding most intracerebral vessels that function as connecting pathways for passage of CSF into and out of 696 
the brain. The organization and structure of the perivascular space network therefore runs parallel to the 697 
cerebral vascular network, enabling it to function somewhat analogously to the lymphatic vasculature in the 698 
periphery. This chapter will present the unique architecture of the cerebral vasculature that provides the 699 
structural foundation for the glymphatic system. Due to this unique organization, CSF closely follows the 700 
arterial vascular network as it flows into the brain (CSF entry), primarily along the three main cerebral arteries 701 
(anterior, middle, and posterior cerebral arteries), and subsequently follows the venous vascular network as it 702 
flows out of the brain (extracellular fluid exit), chiefly along the internal cerebral vein of the deep venous 703 
system and along the caudal rhinal vein (the inferior anastomotic vein of Labbé in humans) of the superficial 704 

Downloaded from journals.physiology.org/journal/physrev at Copenhagen Univ Lib (130.226.230.200) on January 12, 2022.



venous system cerebral vein in rodents. We shall also  describe the macroscopic transport route that CSF 705 
follows from the subarachnoid space, traveling centripetally towards the deeper subcortical brain regions 706 
through arterial perivascular spaces. The chapter also highlights what is known about the macroscopic 707 
extracellular fluid exit routes the closely follow the perivascular spaces surrounding veins, but also occurs along 708 
white matter tracts and subependymal routes neighboring the ventricular system. The macroscopic anatomy of 709 
the glymphatic pathway will be described here, while Chapter VII provides further insight into the microscopic 710 
anatomy of the glymphatic pathway. For a comprehensive review of perivascular spaces, we refer the reader to 711 
a recent in-depth review (709). Subsequent sections will introduce important drivers (IX) and functions 712 
(Chapter X) of glymphatic physiology. 713 
 714 

B. Vascular organization of the brain 715 
The arterial system of the brain is divided into anterior and posterior systems. The anterior system is 716 

derived from the internal carotid arteries, which branch off the common carotid arteries on each side of the 717 
cranium. The posterior system is fed from the two vertebral arteries, which merge at the level of the pons to 718 
give rise to the basilar artery. The anterior and posterior systems meet to form the Circle of Willis, which gives 719 
rise to the main trunks of the anterior, middle and posterior cerebral arteries, which together irrigate the 720 
majority of the brain parenchyma (Figure 10). The Circle of Willis provides a built-in redundancy that helps to 721 
ensure continuous blood supply by forming an anastomosis of the anterior and posterior circulations. Cerebral 722 
venous drainage is achieved by two pathways, namely the deep and superficial venous systems. The deep 723 
venous system arises from the deep medullary and subependymal veins draining into the internal cerebral vein 724 
and the basal vein, which join to form the great vein of Galen. The inferior sagittal sinus joins the great vein of 725 
Galen to form the straight sinus, which ultimately joins the superficial venous system at the confluence of the 726 
sinuses. The superficial venous drainage system is formed by pial veins that feed into the superior sagittal sinus, 727 
the occipital sinus, the transverse sinus, the cavernous sinus, and the sigmoid sinus, all of which ultimately drain 728 
into the internal jugular veins. The blood supply to the brain is unlike that of other typical solid organs such as 729 
the kidney, pancreas, and spleen. In the periphery, the arterial system travels alongside the venous drainage, 730 
together entering the organ at roughly the same location and then proceeding to bifurcate outwards with an 731 
arterial and venous branch at each bifurcation point. However, the brain arterial system enters at a different 732 
foramen (foramen lacerum) than does the venous system (jugular foramen), and the two sides of the brain 733 
vasculature take completely separate trajectories. The main cerebral arteries pass along sulci and other surface 734 
features of the brain underneath the arachnoid mater, and pierce the pia mater and the parenchyma to form a 735 
perivascular space, traveling deep into the tissue in a centripetal fashion (709). In the periphery, arterial blood 736 
supply is primarily centrifugal, as in  the hepatic, renal, and splenic arteries. While superficial cerebral veins 737 
take opposite trajectories to arteries, they are also partially covered by a pial layer and form a relatively 738 
incomplete perivascular space. Brain veins also have several distinctive properties compared to those in the 739 
periphery, since they do not harbor  valves to force directional flow. Instead, they rely mostly on external forces 740 
(e.g., arterial pressure and gravity) to drive directional venous outflow, and furthermore drain the brain in a 741 
centrifugal pattern, as distinct from the centripetal pattern seen in extra-CNS tissues. This peculiar branching 742 
network of the brain vasculature (and its accompanying perivascular spaces) defies an established principle 743 
known as Murray’s law. A basic physical principle for transfer networks that is observed by vascular and 744 
respiratory structures and plant xylem, Murray’s law holds that flow is maximized when the sum of the cubes of 745 
the radii of two branches equals the cube of the radius of the pre-bifurcation channel. This law governs the 746 
vascular branching pattern in almost all mammalian organs, thus ensuring a minimal physiological cost of 747 
delivering and removing vital substances. In fact, the microvascular organization of the cerebral cortex, for 748 
example, eludes an adequate explanation and its number of bifurcations and changes in vessel diameter deviate 749 
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significantly  from that predicted Murray’s law (111). In the kidney, lung, and liver, the morphology of the 750 
vascular network is determined by the functional unit of the organ such as the renal pyramid for urine 751 
production, the alveoli for gas exchange, and the hepatic sinusoid for the production of bile, respectively. In 752 
neocortex, no such relationship has been observed across several species for the homologous functional unit, 753 
which is the cortical column (9, 69). At first glance, the brain microvascular organization seems largely random, 754 
but most evidence suggests that the capillary density is determined by the diffusion distance of O2 in the face of 755 
avid consumption in neurons (268). Every brain cell is in close proximity (10-20 µm) to a capillary, and the 756 
mean diffusion distance for O2 to diffuse is quite uniform across the parenchyma (with some important 757 
variations between grey and white matter, which are consistent with the differing energy demands of the two 758 
tissues) (599). Importantly, this spatial relationship is conserved across development, such that that distance 759 
between penetrating arteries is conserved despite the rapid expansion of the embryonic brain tissue, suggesting 760 
that this vascular structure has a crucial function throughout life (432). Seemingly, the vascular geometry is 761 
optimized for the global delivery of blood and removal of substances rather than serving some specific function 762 
of the organ in question. Since the BBB restricts the movement of blood-borne fluid and its solutes (other than 763 
gases) into the brain parenchymal, the perivascular spaces circumscribing the cerebral vascular network are 764 
ideally positioned to carry out a role analogous to that of the lymphatic vasculature in the periphery.   765 

 766 

 767 
Figure 10. Influx and efflux of intraxial fluid follows the arterial and venous vascular territories in the 
human and rodent brain.  
CSF enters the brain along the arterial vascular system of the brain that consists primarily of the three large 768 
cerebral arteries: the anterior cerebral artery (ACA), the middle cerebral artery (MCA), and the posterior 769 
cerebral artery (PCA). Intraxial fluid exits along the perivascular spaces surrounding the draining venous 770 
system which consists of a superficial and deep system.  771 

 772 
C. Pathways of CSF entry to the brain 773 

The mechanism and directionality by which CSF exchanges with extracellular fluid within perivascular 774 
spaces, while understood in general terms, remains in need of further clarification. However, the preponderance 775 
of evidence favors the centripetal entry of CSF (from the brain surface downwards to deep regions) along 776 
arterial perivascular spaces, in conjunction with a centrifugal exit of extracellular fluid (arising in the deep 777 
venous system to the superficial venous system) along venous perivascular spaces. Notwithstanding, there is 778 
some evidence for the centrifugal exit of extracellular fluid exclusively along arterial perivascular spaces and 779 
the absence of CSF entry to the parenchyma (470). The most important evidence for mainly centripetal CSF 780 
transport into the parenchyma is currently furnished by MRI studies of paramagnetic tracers delivered into the 781 
intrathecal space in humans. Although this approach lacks sufficient spatial resolution to determine whether or 782 
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not fluid exchange occurs within intraparenchymal perivascular spaces, it does enable the real-time 783 
visualization of macroscopic intra-axial fluid transport. Most such studies have used gadobutrol (605 Da), a 784 
gadolinium-based macrocyclic contrast agent that is highly hydrophilic and is therefore easily distributed both 785 
in CSF and extracellular fluid (573). Intrathecal delivery of gadobutrol in the spinal canal of humans is followed 786 
by entry of the tracer in the cisterna magna as soon as 20 min after infusion at the lumbar spinal cord (572, 787 
573). The tracer then distributes within the subarachnoid cisterns and sulci following the perivascular space 788 
surrounding the main cerebral arteries (anterior, middle, and posterior) as they traverse across the cortical 789 
surface in an anterograde direction (193, 201, 572, 573). The now diluted tracer comes to cover the entire 790 
intracranial subarachnoid space by about eight hours after infusion, with concentration peaking between 10 791 
and15 hours (713). Once the tracer makes an appearance in the overlying subarachnoid space, it then distributes 792 
into the adjacent deeper regions of the brain in a centripetal fashion (191, 572, 573, 713). Cortical signal 793 
enhancement can be seen as early as four hours after tracer injection, and reaches its maximum by about 10-24 794 
hours (713). MRI studies using a linear contrast agent (Gd-DTPA, 938 Da) (191) or single photon emission 795 
computed tomography (SPECT)-CT studies using 99mTc-DTPA (690) found similar temporo-spatial distribution 796 
patterns after intrathecal delivery in healthy adults. The latter procedure revealed that increasing the volume of 797 
the injectate did not alter the degree of tracer penetration in the brain, suggesting that transport does not depend 798 
exactly on how the tracer is delivered (690). It is worth noting that certain brain regions demonstrate much 799 
slower tracer distribution kinetics than others. Thus, while tracer eventually reaches all brain regions, the first 800 
sign of contrast enhancement occurred much earlier in cerebral and cerebellar cortices, white matter tracts, and 801 
limbic structures, and was relatively delayed in striatum, thalamus, and deep cerebellar nuclei (191, 193, 201, 802 
572, 573, 690, 713). This may likely reflect the differing distances of the perivascular space paths. There might 803 
also be kinetic differences between cortical areas, such that the parietal lobe had slower uptake compared to 804 
frontal, temporal, and occipital cortices (191). If so, this could be due to the relatively low tracer concentration 805 
found in the cerebral convexity in some studies, or might alternately indicate that certain brain regions have 806 
inherently slower CSF-extracellular fluid exchange, a property that might confer greater vulnerability to 807 
pathology (572, 573). In all studies in healthy humans with intrathecal administration, CSF tracers seem to be 808 
excluded from accessing the ventricular system, suggesting that the outflow of CSF being produced by the 809 
choroid plexus prevented its entry, or alternately that the tracer became too diluted in the large fluid volume of 810 
the lateral ventricles (191, 572, 573, 713). Taken together, these studies definitively show that tracers delivered 811 
into the intrathecal space in humans are distributed across the entire brain, suggesting the CSF freely exchanges 812 
with the extracellular fluid and that centripetal CSF transport predominates. The transport mechanism of 813 
centripetal CSF movement has long been held to be primarily explicable by diffusion, a process that consists of 814 
the movement of solutes by Brownian motion down a concentration gradient, such that their flux declines with 815 
increasing molecular weight, and occurs in an isotropic direction from a point source (see Chapter XI, Modeling 816 
intra-axial fluid transport). Diffusion works well at short distances, as is amply demonstrated for the transport of 817 
O2 from hemoglobin in red blood cells within capillaries to the nearest neuron. However, this process is rather 818 
slow and inefficient in the context of fluid in the human CNS, where diffusion paths can be up to a meter (even 819 
more in giraffes). Advection, on the other hand, refers to a fast and directional flow driven by a pressure 820 
gradient that can efficiently cover large distances in a brief time. The quintessential example of this is presented 821 
by the vascular system, which uses advection to ensure that life-sustaining molecules reach their specific target 822 
tissue (see Chapter XI.D for further discussion on the contributions of advection and diffusion). Final 823 
distribution to the target by simple diffusion supports a fast and continuous arrival of nutrient molecules across 824 
the blood vessel wall to recipient cells only a few microns away. Recent evidence has shown that CSF entry into 825 
brain does not diverge from this model, and that its transport is likewise best explained by a combination of 826 
diffusion and advection, which refers to bulk flow (658). All tracer studies performed in humans have indicated 827 
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that the observed transport exceeds that explicable by diffusion alone, which calculations and modelling predict 828 
would suffice for only a few millimeters per day, far less than the observations of several centimeters per day 829 
(572). Recent work in rats used an innovative framework of optimal mass transport to calculate the relative 830 
contribution of bulk flow (i.e., advection) and diffusion on the transport of Gd-DOTA after injection into the 831 
cisterna magna, which is not generally accessible in human studies (356, 559, 560). This body of work found 832 
that CSF transport in the subarachnoid space was predominately explicable by bulk flow, while the centripetal 833 
entry of tracer to the brain from CSF was due both to diffusion and advection (356). The overall consensus is 834 
that the perivascular spaces likely contribute to the advective component (49, 455), while diffusion 835 
predominates in the extracellular space (64, 621, 645). This scenario is analogous to the vascular system, and 836 
thus implicitly requires a pump-like mechanism to generate a pressure gradient sufficient to drive directional 837 
flow within perivascular spaces. The directional macroscopic intra-axial fluid flow in brain is now understood 838 
to be driven by the glymphatic system, as will be covered in detail in subsequent sections.  839 

 840 
D. Pathways of extracellular fluid exit from the brain 841 

As described below, the majority (~80%) of extracellular fluid leaves the brain parenchyma through an 842 
intra-axial pathway that does not require mixing with CSF in the subarachnoid compartment. Most studies have 843 
identified perivascular spaces as the pathway for the egress of extracellular fluid from the neuropil en route to 844 
its extracranial destinations. However, if CSF indeed enters the brain in a predominantly centripetal fashion, 845 
then it makes little sense that extracellular fluid would be using these same paths as an exit route. This argument 846 
implies that there must be an anatomic compartmentalization of the inflowing and outflowing fluids. This 847 
condition is analogous to that in the peripheral lymphatics, where the vascular system is the source of lymph, 848 
but the downstream lymphatic vasculature provides the drainage route. How exactly are these putative pathways 849 
in brain compartmentalized to ensure that the entering fresh fluid is continuously removed without being mixed 850 
with the extracellular metabolites and waste protein to be cleared? MRI in human subjects shows that 851 
intrathecally-administered tracers are initially widely distributed throughout the brain, but begin to be cleared as 852 
early as 24 hours after application, and are substantially eliminated by 80 hours (~3 days) (713). At four weeks 853 
after the tracer injection, there was no detectable tracer signal in any brain region, suggesting complete 854 
clearance of the contrast (572). The anatomical route for this clearance is uncertain due to the spatial resolution 855 
limitations of MRI and the logistic difficulty of repeatedly scanning patients over several days. However, tracer 856 
enhancement in the tissue occurs several hours (24 hours) after the maximal signal in subarachnoid space CSF, 857 
and the CSF signal declines continuously after this zenith, supporting the notion that tracers are not cleared back 858 
into the subarachnoid space (200, 201, 572, 573). Likewise, simultaneously with brain signal enhancement, the 859 
first MR signal can be detected in the cervical lymph nodes, which are an important extracranial exit site (see 860 
Chapter XII on CSF egress sites). The concurrent enhancement between these compartments, and not with CSF, 861 
indicates that extracellular fluid most likely bypasses the CSF to clear directly towards peripheral lymphatics 862 
via intra-axial efflux. How exactly these flow pathways interconnect and to what extent each route contributes 863 
to global CSF efflux from the brain await experimental demonstration. The majority of available evidence 864 
suggests that perivascular spaces are the primary outflow routes; however, intrathecal tracers penetrate deep 865 
into subcortical white matter, which extends further than the known anatomy of cortical perivascular spaces 866 
(572). Work in animals has identified that the compartmentalization of inflowing CSF is restricted to arterial 867 
perivascular space, while the removal of extracellular fluid is directed primarily towards venous perivascular 868 
spaces. However, several additional pathways cooperate to drive clearance, most notably the white matter tracts 869 
as mentioned above, along with transependymal and subependymal routes. Early work showed that horseradish 870 
peroxidase delivered into the subarachnoid CSF rapidly enters the brain along arterial perivascular space in cats 871 
and dogs, and the same was later shown in mouse studies with fluorescent dyes in conjunction with two-photon 872 
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microscopy (315, 567). At later time points after application, the fluorescent tracers were observed surrounding 873 
capillaries, and subsequently made an appearance at venules and veins, which supports the concept of 874 
directional flow along the perivascular spaces (315, 567, 760). 875 

Although tracing CSF is a powerful method to evaluate how fluid circulates through the parenchyma, 876 
such approaches are subject to the caveat that movement of tracer molecules is  hindered by the tissue through 877 
charge interactions or size restrictions. An attractive alternative approach is to deliver the tracers directly into 878 
the extracellular space via an intraparenchymal injection. When delivered into cortex, thalamus or striatum, the 879 
tracer later appears at perivenous spaces that do not strictly follow the vascular network, but rather define an 880 
anatomical pathway moving posteromedial towards the internal cerebral vein of the deep venous system and 881 
posterolateral and ventrally along the external capsule towards the caudal rhinal vein (the inferior anastomotic 882 
vein of Labbé in humans) of the superficial venous system (315). Prior studies have already shown that tracers 883 
injected into the caudate nucleus of rat brain could be found traveling outward and inward, away from the site 884 
of delivery (77, 143, 145, 146). That distribution pattern suggested that extracellular fluid flows along a system 885 
of extracellular spaces connecting to perivascular spaces, but also along white matter tracts and within the 886 
subependymal layer of the ventricular ependyma (145). The observation that extracellular fluid in the 887 
neighboring parenchyma flows toward the ventricles had also been shown as early as 1865 by Wilhelm His, Sr. 888 
and replicated several times since then (50, 61). The basement membranes under the ependyma and between 889 
ependymal cells form labyrinthine structures that connect the basement membranes of the subependymal 890 
vessels, thus serving as convenient conduits for flow (145, 384). It is possible that this pathway has not yet been 891 
observed in humans due to the dilution of intraparenchymal tracers in the large CSF volume within the 892 
ventricles. White matter tracts also appear to be important flow routes out of the brain, especially when 893 
intraparenchymal tracers are delivered into the frontal lobe at the grey-white matter boundary in anesthetized 894 
rats. 3D-serial reconstructions from such experiments showed that the tracers diffused medially and posteriorly 895 
along these tracts, suggesting that fiber tract organization can serve as a guide for flow along their trajectory 896 
(471). These regional divisions in extracellular fluid flow appear to be present also in deep brain structures such 897 
as the thalamus and caudate nucleus in rats (382). Although these are neighboring structures, extracellular fluid 898 
traced by MR imaging of Gd-DTPA does not cross from one structure to another. Furthermore, efflux from the 899 
caudate nucleus drained towards the ventral and lateral cortex (approximating the paths of the internal cerebral 900 
and caudal rhinal veins) along myelinated fiber tracts (274, 315). However, extracellular fluid flow from 901 
caudate into thalamus is restricted by compact myelin fascicles that act as a barrier structure (701). 902 
Interestingly, when the myelin was destroyed in rat model of multiple sclerosis, the barrier was interrupted and 903 
abnormal flow into the thalamus was observed (701). This observation has interesting implications for  how 904 
white matter injury could bring about abnormal flow patterns and reduce CSF clearance. In experiments using 905 
the demyelination model, these two deep brain structures exhibited very different half-lives for the tracer, with 906 
faster clearance from thalamus than from caudate. This difference may reflect the relatively high expression of 907 
AQP4 water channels and the high astrocyte-to-neuron ratio in thalamus relative to caudate, as is further 908 
suggested by findings that AQP knockout significantly reduced  the clearance of the Gd-DTPA from thalamus, 909 
but not caudate nucleus (382, 656). Moreover, stimulating neuronal activity in the thalamus with a painful 910 
sensory stimulus reduced the efflux rate for several hours, suggesting that extracellular clearance might be 911 
slowed down during a period of neuronal excitation (609, 740). Regional propensity for slow extracellular 912 
clearance in brain regions that are clinically relevant for Alzheimer’s disease was also seen in healthy humans, 913 
with the entorhinal cortex and the entorhinal subcortical white matter being among the last regions to clear the 914 
tracer (200). A large degree of inter-subject variability in efflux was seen after intrathecal tracer delivery in 915 
healthy humans, both in permeation to the brain and clearance rates between brain regions (573). This 916 
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variability needs to be further studied, as it might hold the key to explaining the sporadic nature of several of the 917 
neurodegenerative disorders that are characterized by the formation of abnormal protein deposits.  918 

In summary, we have explained in detail how the glymphatic system compartmentalizes the inflow of 919 
CSF along arterial perivascular space and the outflow of extracellular fluid along venous perivascular space, 920 
white matter tracts, and subependymal spaces. Although the intra-axial outflow system might seem unorganized 921 
compared to the highly structured organization of the peripheral lymphatic vasculature, it is quite the opposite; 922 
the availability of a multitude of outflow routes brings built-in redundancy that assures several fail-safes in the 923 
event that one pathway is compromised. All outflow pathways have the same goal, to deliver CNS waste to the 924 
periphery. 925 
 926 

E. Outstanding questions 
• What are the anatomical boundaries that separate extracellular fluid flow pathways within the brain? 

Do functionally separate flow compartments overlap with the anatomic distribution of degeneration 
seen in age-related neurodegenerative disorders?  

• What is the exact efflux route of extracellular fluid from brain? What path does extracellular fluid 
follow to reach the large caliber veins that drain the brain parenchyma? 

• To what extent do the exit routes of extracellular fluid change across aging and disease? Do these 
outflow sites serve as bottlenecks that, if disturbed, promote  the abnormal accumulation of intra-axial 
solutes? 

• How variable is perivascular space morphology across brain regions and individuals, and to what 
degree does this variability  predict tracer transport? 
 927 

 928 
F. Interim summary section 929 
• The blood supply of the brain is unique compared to other organs. Cerebral arteries and veins take 930 

separate trajectories in brain, and the entire vasculature is surrounded by perivascular spaces. Its peculiar 931 
branching pattern defies established geometric principles of Murray’s law, suggesting rather that it is 932 
optimized for supporting extracellular fluid flow. The vascular organization of the central nervous 933 
system ideally positions the perivascular network to carry out a role analogous to the lymphatic 934 
vasculature in the periphery.   935 

• The glymphatic system compartmentalizes the inflow of CSF along arterial perivascular spaces. MRI 936 
studies definitively show that tracers delivered into the intrathecal space in humans are distributed 937 
throughout the entire brain, supporting the notions that CSF freely exchanges with the extracellular fluid 938 
and that CSF is transported into the brain in a centripetal fashion. The fluid transport kinetics are best 939 
explained by a combination of diffusion and advection, in a process more appropriately called 940 
dispersion.  941 

• The majority of extracellular fluid leaves the brain parenchyma along venous perivascular spaces, white 942 
matter tracts, and/or subependymal spaces. Preferential pathways for flow seem to be highly organized, 943 
and the presence of variability between individuals needs to be further studied, as this might provide an 944 
additional imaging biomarker to explain the sporadic nature of age-related neurodegenerative disorders. 945 

Downloaded from journals.physiology.org/journal/physrev at Copenhagen Univ Lib (130.226.230.200) on January 12, 2022.



VII. Microscopic flow in peripheral and nervous tissue:  946 

A. Introduction 947 
Multicellular tissues need constant delivery of nutrients and removal of metabolic waste products. In 948 

most multicellular organisms, blood circulation is a conduit for fast and efficient transfer of nutrients and 949 
metabolites, but not all cells are in direct contact with the vascular network. Instead, the extracellular fluid 950 
serves as a local distributor of solutes and as a medium for the removal of waste from the metabolically active 951 
parenchymal cells. Excess fluid and proteins are transported out of peripheral tissue by lymphatic vessels and 952 
ultimately recycled or inactivated in the liver. We here review the fundamentals of fluid transport in peripheral 953 
tissues to convey a better understanding how the basic features of fluid transport are replicated in the CNS by 954 
the glymphatic system. Similar to other tissues, neural cells require prompt delivery of energy metabolites and 955 
removal of waste substances to maintain their homeostatic control. Yet, unlike most peripheral tissues, the brain 956 
is physiologically separated from the blood compartment by tight barriers. In the absence of large transvascular 957 
contributions to tissue fluid flow in the brain, the intra-axial glymphatic system serves as a conduit for fast and 958 
efficient delivery of nutrients and metabolites, which acts across an expansive network of perivascular spaces 959 
that are characteristic of cerebrovascular architecture. This intramedullary perivascular space system also acts as 960 
a stand-in for the absent lymphatic vasculature in the CNS, by transporting excess fluid, metabolites and waste 961 
proteins out of the parenchyma and into the peripheral circulation. Despite certain key differences, many of the 962 
features governing fluid transport in peripheral systems are also applicable in the CNS, as shall be illustrated in 963 
the following sections. We shall also compare the composition and properties of the extracellular matrix in 964 
peripheral tissues and brain. The chief difference here is that neural tissue lacks the fibrous matrix proteins that 965 
provide structural support to peripheral tissues. For example, collagen is only present along the larger vessels 966 
and in the meningeal membranes. The extracellular matrix in brain is mostly composed of water-binding 967 
hyaluronan and proteoglycans. This specialized composition of the brain extracellular matrix might be a 968 
prerequisite for the rapid changes in the extracellular space volume that occurs during physiological state 969 
transitions. Hyaluronan and proteoglycans can quickly expand by binding a large number of water molecules, 970 
thereby increasing the hydraulic conductivity of the brain’s extracellular space. Such a mechanism will likely 971 
facilitate CSF influx into the neuropil during sleep. The very large water-binding capacity of hyaluronan and 972 
proteoglycans might also be important for the understanding of the rapidly developing edema in the setting of 973 
stroke and traumatic brain injury. For an in-depth review of the extracellular matrix and fluid transport in 974 
peripheral tissues, we refer to (725). This chapter provides a description of the principles of the glymphatic 975 
system, while the drivers and functions of the system are discussed in chapter IX and X.  976 
 977 

B. Extracellular matrix components and membrane receptors in peripheral tissues 978 
A general feature of all tissues is that parenchymal cells are embedded in the extracellular matrix along 979 

with nerves, blood vessels, and lymphatic vessels. The three main proteinaceous components of the 980 
extracellular matrix are collagen, proteoglycans, and hyaluronan (Figure 11) (725). Collagen constitutes the 981 
major building block of the scaffold of the extracellular matrix in peripheral tissues. Indeed, collagen is the 982 
most abundant protein in mammals, and is present in especially high densities in skin, tendons, muscle, 983 
cartilage, outer surfaces of organs, and bone. In contrast, there is little collagen in the brain, other than that at 984 
structures of the basal lamina surrounding the larger cerebral vessels and certain parts of the meninges.  985 

Collagen glycoproteins form a family with at least 28 members, all of which share a basic structural unit 986 
consisting of three α-chains assembled into a right-handed triple helix (213). Thousands of the triple helix 987 
molecules are packed together in clusters held in place by lateral interactions to form collagen fibrils, which 988 
have a diameter of 50–200 nm. These fibrils in turn interact with other extracellular matrix components to form 989 

Downloaded from journals.physiology.org/journal/physrev at Copenhagen Univ Lib (130.226.230.200) on January 12, 2022.



supramolecular networks of high tensile strength. Type I collagen is the most abundant conformation, while 990 
type IV collagen forms the specialized two-dimensional sheets of the basal lamina. Collagen fibrils bind to at 991 
least four different classes of membrane receptors, including integrin receptors, receptor tyrosine kinases (also 992 
called discoidin domain receptors), immunoglobulin-like receptors (involved in the coagulation cascade), and 993 
mannose receptors; together these receptors regulate many basic cellular functions including proliferation and 994 
differentiation (536).  995 

Multi-adhesive proteins (i.e., laminin and fibronectin) interact both with collagen and membrane 996 
receptor binding sites, and often have several functions (272). Fibronectin is a high molecular weight 997 
extracellular protein that participates in collagen fiber formation and links collagen to various membrane 998 
receptors, including integrins (334, 604, 615). Laminin is a heterotrimeric protein that is abundantly present in 999 
the basal lamina (see section VII.C)(754). Elastin is primarily present in tissues that require high elasticity, such 000 
as large arteries, ligaments and cartilage, and also in skin and the bladder wall (272). Other extracellular matrix 001 
components include tenascins and thrombospondins, both of which are glycoproteins having additional roles 002 
extending beyond adhesion to include processes such as proliferation, anti-angiogenesis, apoptosis, immune 003 
regulation and differentiation (272). 004 

Proteoglycans: These are glycosylated proteins composed of a core protein to which glycosaminoglycan 005 
(GAG) sidechains are attached. GAGs are polysaccharides composed of repeating units of a disaccharide 006 
(Figure 11A, insert). The most common types of GAGs, chondroitin sulfate and heparan sulfate, are mainly 007 
composed of polymers of either N-acetylgalactosamine or N-acetylglucosamine, respectively, and glucuronic 008 
acid. The core protein of proteoglycans is glycosylated in the Golgi apparatus and then enzymatically sulfonated 009 
prior to its export to the extracellular space by vesicular release. Proteoglycans interact strongly with collagen 010 
and may direct the assembly of collagen monomers into their characteristic beaded filament conformation (721, 011 
722). 012 

Hyaluronan is a unique GAG since its constituent hyaluronan polysaccharide does not bind to a protein 013 
core. Furthermore, hyaluronan is not sulfated and exhibits a wide range of molecular sizes spanning from 5-014 
20,000 kDa, even exceeding 34,000 kDa in the umbilical cord (586). Hyaluronan does not interact with 015 
collagen, fibronectin, and laminin, but it does bind to proteoglycans via linker proteins, often forming very large 016 
macromolecular structures in the extracellular matrix. Despite their large size, these structures may be 017 
transportable to some extent, since the content of GAG and hyaluronan in tissue rapidly decreases if there 018 
should be an increase in its hydraulic conductivity (515, 544). Hyaluronan is produced by three types of 019 
hyaluronan synthase (HAS1-3) in the plasma membrane, whereupon it is exported to the extracellular space by 020 
ATP-binding cassette (ABC) transporters (603). The rate of production of hyaluronan may be auto-regulated by 021 
its own concentration in the extracellular space (564, 580).  022 

 Hyaluronan also interacts with multiple receptors on the plasma membrane, most notably CD44, 023 
hyaluronan-mediated motility receptor (HMMR), and intercellular adhesion molecule-1 (ICAM-1). CD44 is 024 
present in most tissues, where it participates in many basic cellular functions, including migration, proliferation 025 
and differentiation, as well as the cellular activation in inflammation and cancer (459). In general, these 026 
hyaluronan receptors have multiple roles, with effects on MAPK and other downstream signaling pathways, and 027 
participation in inflammatory processes and wound repair (123, 278, 371, 670, 671).   028 

Thus, the extracellular matrix in peripheral tissue presents a complex biochemical landscape in which its 029 
diverse components interact with each other, and with a diverse variety of membrane receptors. The relevant 030 
membrane receptors are connected on the cytosolic side via linker proteins with the cellular cytoskeleton, thus 031 
creating a tissue-wide network of interconnected structures, a scenario that  may call for some revisions of the 032 
traditional conception of cells as autonomous components of the organism. In general, the adhesion receptors 033 
are multifunctional, with participation in cell signaling and a gamut of fundamental cellular processes. Adhesion 034 
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receptors are activated in the setting of inflammation and changes in the cellular adhesive forces are a central 035 
aspect of tissue edema formation.  036 

 037 
Figure 11. The extracellular matrix components and their specialization in the basal lamina.  
(A) The extracellular matrix of peripheral tissue contains the fibrous proteins collagen, laminin, and fibronectin, 038 
which are embedded in proteoglycans and hyaluronan. Proteoglycans and hyaluronan both contain 039 
glycosaminoglycans (GAGs), which have a large capacity for binding water and Na+. Insert: proteoglycans 040 
contain a core protein, which is the binding target of numerous repeating disaccharide chains. Hyaluronan is 041 
also composed of a repeating disaccharide chain, but differs with respect to its lack of core proteins. Hyaluronan 042 
interacts with proteoglycans, but not with collagen, laminin, and fibronectin. Most of the extracellular matrix 043 
proteins interact with multiple classes of membrane receptors, including integrins and CD44. These receptors 044 
are coupled via linker proteins on the cytosolic site with the actin cytoskeleton. (B) The basal lamina consists of 045 
a repetitive, highly organized interweaving of collagen IV, laminin, fibronectin, and proteoglycans. The basal 046 
lamina is permeable to soluble proteins such as albumin, and the presence of gaps between the endothelial cells 047 
allows free passage of an ultrafiltrate of plasma into the tissue, driven by hydrostatic pressure (blue arrows). 048 
The basal lamina induces polarized expression of channels, transporters, and ion pumps in the basolateral 049 
membrane (e.g., exocrine glands).  050 
 051 

C. The vascular basal lamina in the periphery 052 
The basal lamina, also known as the basement membrane, is a specialization of the extracellular matrix, 053 

which typically functions as an anchoring layer for epithelial cells in peripheral tissues (272, 754) (Figure 11B). 054 
The epithelial cells become functionally polarized around their basolateral attachment to the basal lamina, 055 
which in turn creates a boundary between the vascular wall and the tissue. As mentioned above, the basal 056 
lamina differs from other parts of the extracellular matrix due to its greater structural complexity and denser 057 
packing. The extracellular matrix components are organized in a repetitive manner, distinctively different from 058 
the typically loose composition of the main part of the extracellular matrix. The matrix proteins within the basal 059 
lamina also differ somewhat from those of the extracellular space. The basal lamina is composed of collagen 060 
type IV, laminin, nidogen (or entactin - a glycoprotein that forms complexes with laminin), fibronectin, and 061 
heparan sulfate (or perlecan) (213, 272). The main proteoglycans of the basal lamina are heparan sulfate chains, 062 
which also interact extensively with other matrix components, while acting as a “filler” due to their extensive 063 
hydration and Na+ binding (370). Proteoglycans and glycoproteins in the basal lamina are anchored to the 064 
plasma membrane by syndecans and glypican, which are best described as transmembrane proteoglycans (117, 065 
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159, 566). Thus, the basal lamina creates a rigid yet porous structure, which acts as a sieve allowing the entry of 066 
a plasma ultrafiltrate containing albumin and other plasma proteins into the extracellular space, while 067 
preventing extravasation of the larger complement proteins and cellular components such as erythrocytes and 068 
leukocytes. Although the term glycocalyx is used often to describe the basal lamina, it is not entirely 069 
synonymous: glycocalyx denotes in more general terms the interwoven meshwork of extracellular matrix 070 
glycoproteins, i.e., proteoglycans, syndecans, proteins, and lipids that covers the membrane of many cells, 071 
including gram positive bacteria and endothelial cells (123). The endothelial cell glycocalyx is present at the 072 
basolateral (tissue) side and luminal (blood) side, and both sides contribute to the ultrafiltration of plasma 073 
entering the tissue. In brain, astrocytic vascular endfeet adhere to the basal lamina to create the perivascular 074 
tunnels surrounding all segments of the vascular tree (see the section The basal laminae (basement membranes) 075 
of the brain in chapter VII.I). In brain, the perivascular spaces represent a critical element of glymphatic fluid 076 
transport.  077 

 078 
D. Structure and organization of the peripheral lymphatic system 079 

The drawback of having the extracellular fluid serving as a distributor of signaling compounds and 080 
metabolic substrates in peripheral tissue is that this setup requires an active removal mechanism to avoid 081 
accumulation of fluid in the extravascular compartment, i.e., lymphedema. The lymphatic system plays a 082 
pivotal role in tissue homeostasis by clearing excess fluid and metabolic waste from peripheral tissues. In 083 
addition, the lymphatic system participates in many aspects of normal and pathological immune responses 084 
including tolerance, autoimmunity, and inflammation (277). In-depth reviews on the peripheral lymphatic 085 
system include (19, 509, 529). The lymphatic system is organized into five principle segments (Figure 12) (151) 086 
as follows: (I) A network of blind lymphatic capillaries formed by lymphatic endothelial cells, which are 087 
surrounded by an incomplete basal lamina (20). These capillaries contain flaps extending from the borders of 088 
the lymphatic endothelial cell, which lack junctions at their tip, but are anchored on the sides by button (cell-cell 089 
junction composed of cadherin and several tight junction subclass proteins). The flaps act as one-way valves 090 
allowing the unidirectional uptake of fluid, soluble proteins, and immune cells (44). The initial lymphatic 091 
capillaries merge into larger (II) lymphatic collectors bordered by smooth muscle cells aligned along their 092 
length. These collectors are also surrounded by a more organized basal lamina occasionally containing 093 
fibroblasts. The collecting lymphatic vessels are equipped with bicuspid valves, which are macroscopic 094 
structures encouraging drainage away from distal sites. Each segment of the collector vessel situated between 095 
two valves is known as a lymphangion. Rhythmic muscular contractions push open the valves, thus driving the 096 
forward flow of lymph to the downstream lymphangion, while discouraging backflow. Lymph in multiple larger 097 
prenodal collecting lymph vessels will eventually be transported to (III) a lymph node, which it will exit via 098 
(IV) a single postnodal collecting lymphatic channel before finally reaching (V) either the thoracic or right 099 
lymphatic ducts, which dump the lymph into venous circulation via the subclavian veins (48).  100 

About 3-5 liters of lymph are returned to the general circulation each day at the thoracic duct. However, 101 
it is estimated that at least 50% of the total lymph volume is absorbed by the 500-600 lymph nodes scattered 102 
around the body, such that adult humans must produce closer to 6-8 liters of lymph daily (357, 590). Similar to 103 
plasma, albumin and serum globulins are the main protein constituents of lymph. The protein content in lymph 104 
is reportedly in the range of 1.5-3.4 g/dl, which is somewhat less than that of plasma. However, lymph also 105 
contains tissue-specific proteins, such as extracellular matrix proteins and intracellular proteins derived from the 106 
surrounding tissue (590). For additional details, see reviews discussing the composition of the lymphatic fluid 107 
(187, 725). Most existing data suggests that the total protein concentration in lymph does not change along the 108 
prenodal sections of the lymphatic system, which suggests that the initial segments of the lymphatic vessels, 109 
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Figure 12. Schematic overview of the lymphatic 
system in peripheral tissues 

including the lymphatic capillaries and prenodal lymphangia, are simple conduits for fluid transport that do not 110 
substantially modify its composition (725).  111 
 112 

 113 

 114 

The lymphatic vascular tree is composed of several 2115 
distinct segments. (I) Blind lymphatic capillaries, for 2116 
which the primary function is the uptake of excess 2117 
extracellular fluid. The capillaries have no smooth muscle 2118 
cells, and their fluid uptake is believed to rely on the 2119 
unique valve-like microstructural organization of 2120 
endothelial cells’ flaps and button. A magnified illustration 2121 
of flaps extending from the borders of the lymphatic 2122 
endothelial cell. The flaps lack cell adhesions at their tips 2123 
and are only anchored on the sides by buttons (red), which 2124 
are cell-cell junctions created by cadherin and tight 2125 
junction proteins. Uptake of fluid and solutes is 2126 
unidirectional, and efflux cannot occur because any 2127 
increase in the intraluminal back-pressure will close the 2128 
flaps. Also, the basal lamina surrounding lymphatic 2129 
capillaries is incomplete, facilitating uptake of larger 2130 
structures, such as immune cells. (II) Lymphatic collectors 2131 
are surrounded by smooth muscle cells that are in part 2132 
oriented along the lymphatic vessel wall rather than 2133 

encircling the vessel as in blood vessels. They are also 2134 
endowed with valves that open in response to an 2135 
increase in pressure created by contraction of the 2136 
smooth muscle cells. The segment between two valves 2137 
is called a lymphangion. Intrinsic properties of the 2138 

muscle cells, the fluid load, and the autonomic nervous system regulate lymph vessel contractility (595). (III) 139 
Lymph nodes receive lymph from large prenodal collecting lymph vessels. Lymph within the node is 140 
transported from the afferent to the efferent lymphatics via a peripheral path (blue arrows pointing to flow from 141 
the subcapsular to the medullary sinus) or a central path (flow from the subcapsular sinus to the centrally placed 142 
B cell follicles and T cell cortex, not shown). (VI) Post-nodal collecting lymphatic channel. Approximately 50% 143 
of lymph fluid is transferred to the venous compartment within the node, whereas little exchange of proteins 144 
take place at this site (4). Thus, most proteins entering the node, and approximately 50% of the total lymph 145 
production, exits via the post-nodal collecting lymphatic channels and is returned to the venous circulation by 146 
the thoracic or right lymphatic ducts (not shown). 147 
 148 

 149 

E. Formation and transport of lymph in the periphery 150 
According to the traditional view, the formation of the extracellular fluid follows Starling’s principle 151 

(Info box 2, Figure 13). In this model, capillary fluid exchange reflects the balance between hydrostatic and 152 
colloid osmotic (oncotic) pressure gradients. Thus, the pressure gradient between the arterial side of the 153 
microcirculation and the extracellular tissue space would drive into the tissue an ultrafiltrate of plasma, which is 154 
ultimately transported out of the tissue by the lymphatic system. The hydrostatic gradient is always higher than 155 
the oncotic gradient, resulting in a net gain of fluid and solutes, which are removed by the lymphatic vasculature 156 
and transported back to the general circulation. Recent work has called for a revision of the original Starling’s 157 
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principle by proposing that tissue fluid homeostasis depends more on lymphatic function than on venous 158 
reabsorption due to the high colloid osmotic forces in the venous end of the capillary network (385, 387). Also, 159 
experimental measurements of tissue hydrostatic and colloid osmotic pressure yield values much lower than 160 
those required for the principle to be strictly correct. Due to these discrepancies, the revised Starling principle 161 
posits that the endothelial glycocalyx determines the colloid osmotic pressure of the tissue (154). Thus, the 162 
emerging concept is that it is the endothelial cell glycocalyx and the lymphatic vasculature that together regulate 163 
tissue fluid flow and thereby are the major contributing factors in fluid homeostasis failure and edema 164 
development.   165 

The uptake of excess fluid into the lymphatic capillaries could theoretically result from several distinct 166 
mechanisms, which include hydrostatic and colloid osmotic pressure gradients, active transport, and vesicular 167 
transport (725). The latter two mechanisms have been largely rejected in recent years, and it is now generally 168 
accepted that hydrostatic pressure and active transport are the predominant mechanisms of fluid transport. 169 
These forces entrap lymph in the blind-ended lymphatic capillaries, which are endowed with valve-like flaps 170 
that support fluid influx but discourage efflux (36). In principle, the hydrostatic pressure of the tissue and the 171 
phasic increases in pressure evoked by the composite of arterial pulsation, postural changes, tissue compression, 172 
and smooth muscle cell and skeletal muscle contractions together drive excess extracellular fluid into the blind-173 
ended lymph capillaries. Theoretical considerations predict that a pressure gradient of just 0.09 mmHg/mm 174 
should suffice to drive a large fluid volume into the lymphatic capillaries (601). A pressure gradient in the range 175 
of 0.08 to 2.7 mmHg/mm has been confirmed by measurement between the lymphatic capillary lumen and more 176 
distal tissue, using a micropipette technique, suggesting that the hydrostatic pressure within tissue is more than 177 
sufficient to drive extracellular fluid into lymph capillaries (297, 762). Pressure recordings have also shown that 178 
cardiac and respiratory activities both drive rhythmic changes of transmural lymphatic pressure, thus pointing to 179 
a functional role of these dynamic forces in driving lymphatic flux (469, 487). The occurrence of active 180 
transendothelial transport of solutes is best documented for the case of lipids in the lymphatic vessels of the 181 
intestine (186). There are few reports of active transport of fluid and solutes in other tissues, but it is known that 182 
overhydration of mice drives increased fluid transport across lymphatic endothelial membranes, perhaps 183 
suggestive of an active process (460). The lymph is actively transported out of the tissue by contraction of the 184 
lymphangioma and the other indirect forces noted above (725).  185 

 186 
F. The properties of the extracellular matrix, hydraulic conductivity, and mechanical stress in 187 
peripheral extracellular space 188 

The relative volume fraction of the extracellular space ranges from 10% in skeletal muscle tissue to 189 
almost 50% in skin (725). The exact composition of the extracellular matrix also differs across organs, but one 190 
shared characteristic is the high abundance of glycosaminoglycans. GAGs are negatively charged at 191 
physiological pH; this negative charge, in conjunction with a large hydration capacity, is responsible for the gel-192 
like nature of the extracellular matrix (564). Inorganic cations are also entrapped in large quantities by the 193 
GAGs. In particular, Na+ can reach a concentration of 250 mM in cartilage, thus exceeding almost two-fold the 194 
free Na+ concentration in plasma (89). An important feature of the extracellular matrix is that GAGs are 195 
underhydrated under physiological conditions, such that they can readily incorporate more water (564). Under 196 
physiological conditions, the extracellular matrix fibrillary network composed of collagen, laminin, fibronectin, 197 
elastin, and linker glycoproteins limits the water-binding capacity of GAGs (8, 79). In addition, the extracellular 198 
matrix fibrillary network interacts with the integrin receptor and other membrane receptors such as CD44. The 199 
plasma membrane integrin receptors are connected with cytosolic actin filaments via linker proteins such as α-200 
actinin, filamin, and tensin, whereby the cytoskeleton forms another fibrillary network that contributes to tissue 201 
tension (157). Thus, a complex network of extra- and intracellular fibrillary structures keeps GAG hydration 202 
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within certain limits, while active lymphatic drainage maintains tissue fluid homeostasis. Pathological 203 
conditions, such as injury or inflammation, degrade the fibrillary network and its connections with cell adhesion 204 
receptors, resulting in a decrease in tissue tension that leads to excessive hydration of GAGs and tissue swelling 205 
(564). 206 

The hydraulic conductivity of the extracellular space is a measure of the permeability of the tissue to 207 
fluid, which is the inverse of its hydraulic resistance (7, 725). Hydraulic conductivity increases nonlinearly with 208 
increasing hydration of the GAGs, which in turn increases the velocity of tissue fluid flow.  The best way of 209 
explaining the consequences of increased tissue hydration is in the setting of inflammation, which is associated 210 
with considerable increases in fluid flow. Conversely, fibrosis will lead to an increased local concentration of 211 
fibrous matrix glycoproteins, which consequently decreases the hydraulic conductivity and attenuates fluid 212 
flow. Interestingly, hydraulic conductivity increases in the setting of lymphedema, but this increase is 213 
counteracted by a compensatory increase in fibrous extracellular matrix components in a strain of mice with 214 
constitutively defective lymphatic vessels (585). 215 

Not all domains of the extracellular space are available for solute dispersion. Collagen and 216 
proteoglycans physically fill part of the volume, thereby presenting an impediment to flow, which is quantified 217 
experimentally by measuring the volume of tissue accessible to a large molecular weight tracer such as labelled 218 
albumin (71, 505). These volume fractions are not constant, but vary with the hydration state of the tissue. By 219 
experimentally manipulating the hydration of rat skin, one can establish the linear relationship between 220 
hydration and volume fraction available for albumin (563, 564, 726)(488). Thus, the hydration of the GAGs 221 
controls the extracellular space available for tracer dispersion and thereby the hydraulic conductivity.  222 

Given these properties, the extracellular space is best characterized in materials science terminology as a 223 
poroelastic medium, comparable to a wet sponge filled with gel-like fluid. While hydration increases the pore 224 
size of the sponge, the elastic components of the tissue are set in motion by external forces such as arterial 225 
pulsatility, which exerts mechanical stress on the cells by two principal mechanisms: First, the hydrostatic pulse 226 
pressure propels movement of extracellular fluid downstream from the pressure source (6). Second, the 227 
concurrent stretching of the collagen fibers is directly transmitted to the plasma membrane via integrin receptors 228 
(7). These forces are in turn transmitted to the cytosol by the binding of integrin or CD44 to the cytoskeleton. 229 
Unsurprisingly, given the abundance of signal transduction pathways, shear stress can alter gene expression (6). 230 
For example, a non-physiological increase in extracellular fluid flow induced expression of smooth muscle actin 231 
and other components of contractile tissue in cultured fibroblasts (489). 232 

 233 

Info box 2. Starling’s law and convective tissue flow. 
Starling’s law predicts that net fluid movement between capillaries and the extracellular medium should 
depend on the balance between two opposing forces – the hydrostatic and the colloid osmotic (oncotic) 
pressure gradients (Figure 13). These two fundamental driving forces are represented in Starling’s equation, 
which states that the tissue fluid flow is equal to (Pc - Pe) - σ (πc - πe), where Pc is the hydrostatic pressure in 
the capillary, Pe the hydrostatic pressure in the extracellular space, πc the colloid osmotic pressure in the 
capillary, πe the colloid osmotic pressure in the extracellular space, and σ the reflection coefficient that 
adjusts for the permeability of the capillary to soluble proteins. The relatively higher hydrostatic pressure in 
capillaries (Pc>Pe) lying close to the arterioles will drive an influx of fluid and plasma proteins, most notably 
albumin, through pores and into the extracellular space (564). As the hydrostatic pressure falls and equalizes 
with the extracellular space (Pc ≈ Pe) in the capillaries more distal to the arteriole, the higher colloid osmotic 
pressure in these capillaries (πc > πe) will partially drive back the excess fluid in the extracellular space into 
capillaries at the venous side of the capillary bed (11, 306). The remaining fluid is transported out of the 
tissue by lymphatic vessels. 
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The presence of a porous endothelium enables an ultrafiltrate of plasma to flow into the extracellular space in 
peripheral tissues (641). The constant influx of the plasma ultrafiltrate and the ongoing drainage by the 
venous and lymphatic systems sets up a directional convective flow with a velocity in the range of 6-120 
µm/min within the tissue (117, 157). The fenestrations in the capillaries are created by gaps that normally 
separate endothelial cells, covered by the basal lamina also called glycocalyx (see below). The basal lamina 
or glycocalyx forms a 100-500 nm thick, continuous coating of the blood vessel endothelial cells, which can 
be permeated by solutes of diameter as large as ~5 nm (159). Recent evidence suggests that the filter 
properties of the pore of the glycocalyx (πg) play a much greater role in determining the tissue colloid osmotic 
pressure (πe) than the tissue itself (72, 73). The albumin concentration is approximately 40-60% of that in 
plasma and the ion concentrations in the extracellular space are fairly similar to those in plasma (725).  
 

 234 
Figure 13. Starling’s principle of hydrostatic pressure driving convective fluid flow in peripheral tissue.  
Capillaries in peripheral tissues are fenestrated and covered by a basal lamina. This arrangement allows an 235 
ultrafiltrate of plasma containing relatively low molecular weight solutes such as glucose and globular proteins 236 
to flow into the tissue, driven by hydrostatic pressure (Pc). Pc oscillates with the cardiac cycle, exhibiting higher 237 
pressures during systole and lower pressures during diastole, which drive temporally changing filtration 238 
volumes rather than continuous inflow. The directional flow of fluid and its solutes away from the arterial end 239 
of the capillary bed is supported by the colloid osmotic (oncotic) pressure (πc) absorbing fluid in the venous end 240 
of the capillary bed. The remaining fluid and solutes (∆P-∆π) are transported out of the tissue by lymphatic 241 
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capillaries (green). The ultrafiltrate of plasma do not experience unrestricted flow within the tissue, because of 242 
interference from cells and the fibrous elements of the extracellular matrix proteins (mostly collagen). Fluid 243 
flows primarily within the gelatinous pockets of the proteoglycans/hyaluronan containing glycosaminoglycan 244 
(GAGs.) When the hydration of GAGs is high, the hydraulic resistance is low, resulting in faster and more 245 
substantial fluid transport. On the other hand, dehydration of proteoglycans/hyaluronan will increase the 246 
hydraulic resistance and thereby reduce the inflow of the plasma ultrafiltrate. The relative contribution of the 247 
endothelial cell glycocalyx and hydration of GAG in regulating the rate of plasma ultrafiltration has not been 248 
determined. The tension within the tissue is created by the fibrillary network of collagen connected to the 249 
cytoskeleton by integrin receptors and serves to limit the extent of GAG hydration.  250 
 251 

G. Edema formation in the setting of acute injury or inflammation in peripheral tissue 252 
Since the gel-like GAGs are not fully hydrated under physiological conditions, the tension exerted by 253 

the extracellular matrix fibrillary network (collagen, laminin, fibronectin) and its binding via plasma membrane 254 
receptors (integrin, CD44) prevents the unrestricted swelling that would otherwise occur in the absence of solid 255 
tissue elements that prevent additional water binding. Loss of the tension stored in the extracellular matrix 256 
fibrils and/or intracellular cytoskeleton results in uncontrolled absorption of water by GAGs, while parallel 257 
osmotic forces drive influx of Na+ into the GAG-containing proteoglycan/hyaluronan matrix (174, 412, 564) 258 
(Figure 14). This process is strikingly expressed when the structure of collagen is altered by acute burn injury. 259 
Within minutes of the injury, the transcapillary rates of protein and fluid influx increase by several hundred fold 260 
(411). Reed calculated that an impossibly high 250-300 mmHg increase in the trans-capillary pressure would be 261 
needed to explain the rapid fluid influx observed in burn injury (564). This calculation argues that the rapidly 262 
evolving edema must not be simply a consequence of increased permeability of capillary endothelial cells, but 263 
rather due to loss of control of GAG hydration when collagen is denatured in the burn injury. A similar 264 
mechanism may underlie the slower edema formation occurring in inflammation (485, 486)(158, 412) or 265 
traumatic injury (159, 165). In these conditions, matrix metalloproteinase enzymes (MMPs) are activated (531, 266 
562). The activated MMPs degrade extracellular matrix fibrils, including collagen IV in the basement 267 
membrane (523, 574) and detach the integrin binding to extracellular matrix fibrils (166). As in burn injury, the 268 
enzymatic degradation of extracellular matrix fibrils reduces the tension on GAGs, resulting in greater 269 
absorption of water. Another important mechanism to take into consideration is the interactions between 270 
extracellular matrix with integrin and other plasma membrane receptors (79, 285). Integrins are bound to the 271 
cellular cytoskeleton via linker proteins, contributing to the overall tension exerted on GAGs (115, 132, 723). 272 
Injury and inflammation increase intracellular Ca2+ signaling, which is associated with degradation of the actin 273 
cytoskeleton (248, 272, 368) and activation of adhesion receptors (172, 174). Thus, abnormal cytosolic Ca2+ 274 
will lead to actin degradation and diminished linkage to the extracellular matrix proteins, resulting in a 275 
reduction in tissue tension and thereby increased GAG hydration. In support of this model, disruption of actin 276 
by the fungal toxin cytochalasin reduced tissue hydrostatic pressure and induced edema (58). Conversely, 277 
phalloidin (Amanita phalloides toxin) stabilizes actin and attenuates transcapillary albumin influx following 278 
anaphylaxis (92). At later stages of edema, exposure of intracellular osmolytes (mostly degraded proteins) from 279 
dying cells will increase the oncotic pressure gradient, thus driving uptake of additional fluid uptake and tissue 280 
edema. 281 
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 283 
Figure 14.Glycosaminoglycans (GAGs) swell in the setting of injury and increases tissue fluid flow.   
During normal physiological conditions, solid elements in the extracellular space, including collagen, as well as 284 
the cellular tension, together limit GAG hydration in peripheral tissue (6). After a burn injury, the degradation 285 
and conformational changes of collagen and cellular elements lead to rapid influx of vascular fluid resulting in 286 
massive swelling and an enormous increase in GAG hydration (158, 186, 411, 412). Tissue swelling is slower 287 
in onset and less severe in the setting of inflammation or tissue injury. In these conditions, matrix 288 
metalloproteinases (MMPs) are activated, resulting in a breakdown of the fibrillar extracellular matrix proteins, 289 
and interruption of cellular adhesion complexes, mainly integrins. The resultant decrease in tissue tension leads 290 
to an increase in GAG hydration and tissue swelling. Ca2+ signaling in the setting of tissue injury can also be 291 
associated with a breakdown of the actin cytoskeleton, and thus result in a more modest increase in GAG 292 
hydration (248). In fibrotic scar tissue, the relative amounts of the fibrillar extracellular matrix structures and 293 
the actin cytoskeleton increase, thus placing GAGs under additional pressure and reducing their hydration.  294 
Indeed, hydraulic resistance has an inverse relationship with GAG hydration. The more water that GAGs bind, 295 
the lower their resistance to flow, resulting in an increase in convective flow. On the other hand, fibrosis 296 
reduces the tissue fluid flow rate.   297 

 298 
H. Microscopic flow in brain: Extracellular matrix components and membrane receptors in CNS 299 
tissues 300 

We shall now consider how to apply observations in peripheral tissues for obtaining a better 301 
understanding of fluid flow in the neuropil. The first question that we pose is: how does the CNS extracellular 302 
matrix differ from that of peripheral tissues? Remarkably, the adult brain is practically devoid of collagen, 303 
laminin, and fibronectin. The brain has four primary extracellular matrix structures: the neural extracellular 304 
matrix, perineuronal nets, the meningeal membranes, and the basal lamina surrounding the large vasculature 305 
(Figure 15) (746). The most abundant proteoglycan in CNS is chondroitin sulfate proteoglycan (CSPG), which 306 
consists of chondroitin sulfate surrounding one of at least sixteen different core proteins (430, 583). CSPG is 307 
more highly sulfated in the adult CNS than in peripheral tissues, which confers additional negative charge 308 
(288). The greater diversity of CSPGs in CNS has called for a specific nomenclature to distinguish among the 309 
various subtypes. Lecticans (hyalectans) are a subgroup of CSPGs that contain a lectin domain in the core 310 
protein of the hyaluronic acid-binding domain. The lectican category includes neurocan, brevican, versican, and 311 
aggrecan (288, 583). Whereas neurocan and brevican are primarily –if not exclusively– present in CNS, 312 
versican is expressed both in brain and peripheral tissues, while aggrecan is typically found in brain and 313 
cartilage (468, 583). The main sites of versican and brevican production is in astroglial cells (62, 375, 745), 314 
while neurocan appears to be secreted by neurons (431). In general, lecticans act as a hub for linking multiple 315 
matrix molecules (including hyaluronan and tenascin R) to form very large macromolecular extracellular 316 
aggregates. Furthermore, lecticans bind to the CD44 receptor (45). The C-terminus also allows lectican to form 317 
linkages with selectins and other carbohydrates present on the outer plasma membrane of target cells (682). In 318 
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addition to CSPG, the brain extracellular matrix contains high concentrations of the GAG hyaluronan (also 319 
known as a mucopolysaccharide), as well as the brain-specific matrix protein tenascin-R and multiple other 320 
linker proteins. Hyaluronan is synthesized by hyaluronan synthases embedded in the cell membrane. It is highly 321 
enriched in the brain at all times and its steady state concentration is defined by the balance between the 322 
activities of hyaluronan synthases and hyaluronidase. The three known human hyaluronan synthase genes 323 
(Has1-3) are all constitutively expressed at low levels in brain (499). 324 

Tenascin-R is a trimer linker glycoprotein, which is exclusively present in the CNS. Tenascin-R 325 
characteristically binds to the C-terminal domain of lecticans, with highest affinity for brevican, and thereby 326 
consolidates the extracellular matrix structure (95, 370, 526). A second unique feature of the CNS extracellular 327 
matrix is the presence of perineuronal nets that form a macromolecular structure on the surface primarily of 328 
interneurons, with debut towards the end of the critical developmental period for neuroplasticity (108, 364). The 329 
perineuronal nets have received considerable attention in relation to their inhibition of synaptic plasticity in 330 
learning and in the aftermath of brain injury (108, 535, 702). Seemingly, the perineuronal net is important for 331 
the normal organization of the brain, but its committed nature acts as an impediment to reorganization after an 332 
insult. Perineuronal nets are primarily composed of extracellular matrix molecules, including CSPGs, 333 
hyaluronan, and tenascin-R (675). The extent to which the perineuronal nets limit diffusion and flow of solutes 334 
around interneurons is presently unknown, but steric hindrance from perineuronal nets against the passage of 335 
large molecules seems likely to be a factor influencing the microenvironment around interneurons. Perineuronal 336 
nets are primarily found in cortex, hippocampus, thalamus, brainstem, and spinal cord, which also highlights the 337 
regional variation in extracellular matrix organization that is characteristic of the CNS (359).  338 

Our second question about the extracellular matrix is: which peripheral tissue has an extracellular matrix 339 
most resembling that of brain? Posing this question relates to the deeper issue of how the particulars of 340 
extracellular matrix architecture conforms to tissue-specific requirements. In fact, and perhaps surprisingly, the 341 
structure of the brain extracellular matrix is most similar to the proteoglycan component of cartilage, as both are 342 
rich in aggrecan and hyaluronan, but with the obvious distinction that collagen is largely absent from brain 343 
(583). Cartilage contains an abundance of aggrecan-hyaluronan complexes, which appear to serve as a cushion 344 
at load-bearing joints (583). These complexes are known to bind large a quantity of water that is extruded when 345 
the cartilage is compressed, and returns upon release of the pressure (583). These aggrecan-hyaluronan 346 
complexes in brain might conceivably serve a similar sponge-like function as GAGs in the cartilage. The 347 
capacity to buffer against pressure spikes is critical for the brain since it is confined within  an incompressible 348 
skull, and is subject to cardiac- and respiration-induced deformations that may cause cyclic extrusion and 349 
hydration of water molecules resident in the extracellular matrix (617).   350 

Why then is the brain extracellular matrix so distinct from that of most peripheral tissues?  More 351 
specifically, why does the brain possess a lectican-assembled matrix, as opposed to one consisting primarily of 352 
a protein scaffold, as is typical of other tissues? One possibility is that this design is required to constrain cell 353 
migration by providing insufficient traction to cells (583). CSPGs are upregulated in the glial scar after brain 354 
injury and prevent the migration of axons across the lesion (370). This feature also seems to be co-opted by 355 
glioblastoma cells, which upregulate their expression of several extracellular matrix molecules and receptors, 356 
thus conferring a pathological ability to migrate through tissue. Intriguingly, brain metastases of peripheral 357 
tumors are usually unable to spread deeply, but rather are seeded close to their vascular entry point, and some 358 
regions of CNS with a particularly rigid architecture (i.e. white matter) appear resistant to peripheral metastases 359 
(519). In contrast, glioblastoma cells aggressively  infiltrate throughout the parenchyma, suggesting that the 360 
nature of their interaction with the extracellular matrix imparts a special proclivity to migrate within the brain, 361 
thus evading the surgeon’s scalpel. The absence in brain of a protein-filled extracellular matrix is also thought 362 
to account for the pattern of liquefactive necrosis seen after cerebral ischemia. Cell necrosis after a stroke leaves 363 
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a cavity filled with CSF, whereas a comparable lesion in peripheral tissues would result in coagulative necrosis, 364 
with a large intact extracellular matrix of normal structure. (10). 365 

In summary, the composition of the brain extracellular matrix differs from that in other tissues 366 
principally with respect to its almost complete lack of fibrous structures and low matrix protein content. The 367 
brain extracellular matrix is also characterized by its high negative charge derived from GAGs, which can 368 
support more extensive binding of Na+ and water of hydration than is typical for other tissues. Although much 369 
remains to be elucidated, the brain extracellular matrix seems positioned to play a role in fluid and solute 370 
transport, while maintaining the neuronal architecture that is essential for neuronal signaling. 371 

 372 
I. The basal laminae (basement membranes) of the brain 373 

The basement membrane forms a three-dimensional network of proteins composed of laminins, collagen 374 
type IV, nidogen-1 (and/or -2), and heparan sulfate proteoglycans (perlecan or agrin) (Figure 15, right insert). 375 
However, the CNS contains three distinct forms of basement membranes, namely the vascular (endothelial and 376 
smooth muscle), the pial, and glial basement membranes. To appreciate best the complexity of these different 377 
membranes, they should be considered in the context of development. The developing vasculature, which is of 378 
mesodermal origin, penetrates into the embryonic brain, which consists of covering of pia mater of neural crest 379 
origin and the underlying parenchyma, a neuroectodermal tissue. The three cell layers are of distinct lineage, 380 
each expressing their own characteristic basement membrane. Consequently, the three layers are in direct 381 
contact with each other throughout the branching vasculature network, traveling first from pial arteries, to 382 
penetrating arterioles, then to capillaries, and finally the post-capillary venules, which converge to form the 383 
downstream venous system. Although, the molecular composition of the three brain basement membranes does 384 
not differ fundamentally from that of the peripheral basement membrane, its constituent cells form a three-385 
layered structure that confers regional specialization and provides a physical substrate for the subsequent 386 
formation of the perivascular space.  387 

Brain endothelial cells (EC), smooth muscle cells (SMC), pericytes, and astrocytes (also perhaps 388 
microglia) adhere to the different basement membrane layers via transmembrane proteins in the integrin and 389 
dystroglycan receptor families (661). Dystroglycan receptors, which are expressed in extracellular space and 390 
astrocyte endfeet, consist of an extracellular form of 𝛼-dystroglycan that binds to basement membrane proteins, 391 
whereas the membrane-bound 𝛽-dystroglycan ties the 𝛼-dystroglycan to the actin cytoskeleton of astrocytes 392 
(729, 755). Of the several integrin isoforms expressed in the brain basement membrane, some play a specific 393 
role in intracellular signaling. For example, binding of EC 𝛽1-integrin with collagen IV in the basement 394 
membrane induces the expression of interendothelial claudin-5, which is responsible for forming the tight 395 
junctions that give the BBB its barrier function (512). Collagen and laminin are the two major components of 396 
the basement membrane, and thus provide the main part of its structural stability, while nidogen and perlecan 397 
aid in cross-linking between matrix components (753). Laminin, however, is also responsible for most of the 398 
biological activity of the basement membrane, and likely accounts for the highly regional structural variation 399 
between the different basement membrane layers. Laminins are multidomain glycoproteins composed of three 400 
polypeptides (𝛼, 𝛽, ɣ) that form an asymmetric cruciform structure through disulfide bonds (499). There are 401 
several types of the laminin subunits (five 𝛼, four 𝛽, three ɣ), thus allowing for upwards of 18 isoforms (753). 402 
The laminin type varies significantly across the cerebrovascular network. At the large pial arteries in the 403 
subarachnoid space, the vascular basement membrane [laminin 411 and 511 (𝛼4,5; 𝛽1 ɣ1)] is physically 404 
separate from the pial basement membrane (laminin 111). As the penetrating arteriole enters parenchyma, the 405 
pial basement membrane and the glial basement membrane (laminin 211) merge into a single structure called 406 
the parenchymal basement membrane (661). Astrocyte endfeet following along the vessels are firmly attached 407 
to the parenchymal basement membrane via dystroglycan receptors to form the glia limitans perivascularis, and 408 
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on the brain surface to form the glia limitans superficialis (731). At this vascular segment, the vascular 409 
basement membrane and parenchymal basement membrane are still separate, but the picture is quite different in 410 
the capillaries, where the vascular and parenchymal basement membranes fuse together to form a single 411 
basement membrane composed of a combination of laminins from endothelial (laminins 411 and 511) and 412 
astrocytic (211) sources (661). Therefore, at the level of the capillary, the space between the vascular and 413 
parenchymal basement membrane seemingly disappears. On the other hand, recent studies suggest that the 414 
basement membranes may remain separate, therefore implying the possibility of a perivascular space at this 415 
anatomic level (276). Be that as it may, the space clearly reappears at the post-capillary venule, but with 416 
expression of endothelial laminin consisting mainly of laminin 411 along with “patchy” expression of laminin 417 
511 (753). The spaces and layers created by the various basement membranes are the boundaries for the 418 
formation of perivascular space in the brain and are therefore of vital importance in the organization of intra-419 
axial fluid flow.  420 
 421 

 422 
Figure 15. Brain extracellular matrix.  
Left: The extracellular matrix in the brain is distinct from that in the periphery with respect to its near absence 423 
of protein components, being practically devoid of collagen IV, fibronectin, elastin, and laminins. The brain 424 
extracellular matrix is primarily composed of glycosaminoglycans (GAGs), mostly hyaluronan and chondroitin 425 
sulfate proteoglycans (CSPGs). CSPGs have a wide array of isoforms termed lecticans, including aggrecan, 426 
neurocan, brevican and versican, which are linked together in a matrix via tenascin R. The actin cytoskeleton of 427 
cells in the neuropil bind to the CSPGs in the extracellular matrix via CD44 and other non-CD44 adhesion 428 
receptors. Right: The vascular basement membrane is one of the few locations in the CNS where the 429 
extracellular matrix is fibrous, being composed of structural proteins similar to those found in peripheral 430 
basement membranes. In particular, the vascular basement membrane is composed of a 3D matrix of collagen 431 
IV and laminins. The isoform of laminin varies between different segments of the vascular network. The 432 
protein-rich vascular basement membrane matrix is stabilized by cross-linked nidogen and perlecan. Brain 433 
endothelial cells are interconnected via cadherin and the zonula occludens tight junctions, which together form 434 

Downloaded from journals.physiology.org/journal/physrev at Copenhagen Univ Lib (130.226.230.200) on January 12, 2022.



the blood-brain barrier (BBB), which inhibits the free entry of plasma water and many of its solutes from the 435 
vasculature. Endothelial cells attach onto the basement membrane via CD44 and integrin receptors in an 436 
interaction resulting in the upregulation of tight junction proteins, thus conferring to them their barrier 437 
properties. Astrocyte endfeet connected by gap junctions line the opposite side of the basement membrane and 438 
attach to the basement membrane via dystroglycan and integrin receptors. The dystroglycan receptor is 439 
composed of α and β subunits. The attachment of the α-dystroglycan to agrin in the basement membrane, 440 
together with the dystrophin-associated protein complex (i.e., dystrophin, dystrobrevin, and α-syntrophin), 441 
stabilize the localization of orthogonal arrays of intramembranous proteins (OAPs) composed primarily of 442 
aquaporin-4 (AQP4) water channels.   443 
 444 

J. Structure and organization of the brain’s glymphatic system 445 
For centuries, the extracellular fluid of the brain parenchyma was considered to be stagnant and 446 

functionally separate from the CSF (86). The removal of waste products from the brain was believed to rely 447 
exclusively on proteolytic degradation and/or transport of selected solutes across the BBB (579). Yet, certain 448 
neurotoxic peptides such as amyloid-β form pathological extracellular deposits despite the presence of several 449 
transporters capable of mediating their clearance across the BBB (653). However, clearance at the BBB is 450 
restricted to molecules with substrate-specific transporters. Also, the lack of lymphatics in brain calls for an 451 
alternate pathway for bulk clearance of excess extracellular matrix constituents and protein. This role is served 452 
by the glymphatic system, which consists of (1) an afferent path for entry of fresh CSF into the parenchyma 453 
along arterial perivascular space, (2) mixing and exchange of the new CSF with the extracellular fluid, and (3) 454 
an efferent exit path of the mixed CSF-extracellular fluid along venous perivascular space or other intra-axial 455 
outflow routes (Figure 16).  456 

 

Figure 16. Schematic representation of the organization of the 
glymphatic system.  
CSF flow into the glymphatic system initiates at the basal cisterns 
of the subarachnoid space, flowing towards perivascular spaces of 
large cerebral arteries (see text for details). (1) From here, CSF 
flows into the perivascular spaces of penetrating arterioles that 
enter the brain parenchyma (315). In a process facilitated by 
AQP4 channels expressed on the adluminal cell membrane of 
perivascular astrocytic endfeet, inward flow occurs over the 
perivascular glia limitans and into the brain extracellular space 
(452). (2) A directional flow of extracellular fluid is established 
through the narrow extracellular space towards the perivenous 
spaces (313). This flow rids the extracellular space of metabolic 
products and accumulated fluid, and provides a source of fresh 
extracellular fluid (740). (3) From the perivenous spaces, 
extracellular fluid exits the brain parenchyma. The glymphatic 
system has been shown to form a closed connection with dural 
lymphatics, so it seems likely that perivenous extracellular fluid 
finds egress through these channels draining into the venous 
system (156). Other egress pathways are perineuronal paths, 
perivenous spaces along dural sinuses and major cerebral vessels 
exiting the skull, and arachnoid granulations. See chapter XII for 
details on egress of fluid from the intracranial compartment. 
 

 457 
I. CSF entry 458 
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The entry of CSF into the brain has been demonstrated experimentally in rodents (315), non-human 459 
primates (255) and in humans (572) to begin at the basal cistern of the subarachnoid space and proceed along 460 
the perivascular space of the large cerebral arteries. Detailed knowledge of the anatomical structure of this 461 
compartment is lacking, and its nature is thus a matter of controversy. Some research groups suggest that the 462 
perivascular space lies between the pial basement membrane and the vascular basement membrane, while others 463 
regard it as being in the subarachnoid space proper. Imaging experiments suggest that the perivascular space 464 
along leptomeningeal arteries is most likely identical with the subarachnoid space, as intracisternally-delivered 465 
tracers in rodents can be seen filling up a space on either side of the artery that exceeds in diameter that of the 466 
central vessel (280, 356, 455, 472, 534), and is broadly distributed between the sulci in humans (572, 573). To 467 
distinguish this space from other fluid compartments in the brain, it was designated as the paravascular space 468 
(41, 315). However, if this space were in fact synonymous with the subarachnoid space, then the anatomic 469 
terms would have overlapping meaning. Therefore, we have chosen to expand the meaning of the term 470 
perivascular space to encompass all fluid compartments that surround vessels. Irrespective of the particular 471 
compartment in which transport is occurring, CSF entry takes place along the distribution of arterial tributaries. 472 
The geometry  of the perivascular space appears to be optimized to reduce hydraulic resistance and maximize 473 
flow (665). As CSF reaches the initial segment of a penetrating arteriole, it enters the space formed by the pial 474 
basement membrane (adjacent to the vascular basement membrane) and the glial basement membrane, which 475 
remain distinct and unfused. This space is directly contiguous with the subarachnoid space, which explains why 476 
centripetal CSF transport begins as soon as the tracer directly approaches the arteriole (572, 573). CSF enters 477 
along the perivascular space until it reaches the vascular segment, where the pial basement membrane 478 
disappears and the vascular basement membrane fuses with the glial basement membrane. At this point, it is 479 
uncertain if the fluid traverses into the space between the vascular basement membrane and any remaining pial 480 
basement membrane, or if it instead continues to flow through the basement membrane of the vessel. There is 481 
also conflicting evidence about the exact number of pial layers accompanying the artery (276, 534), and it 482 
seems that this number might also vary based on anatomical location (709). However, calculations suggest that 483 
the hydraulic resistance within basement membranes may be too high to allow much flow along this path (34, 484 
214). On the other hand, the pial basement membrane does not present a barrier to flow, and tracers are seen 485 
readily redistributing through it under certain conditions (454, 455). Recent work suggests that the vascular and 486 
glial basement membrane might not merge completely at this level, which would explain the presence of CSF 487 
tracers at the capillary level, suggesting that a patent perivascular space may exist throughout the brain vascular 488 
network (276, 315). The interior of the spaces also contains perivascular macrophages, perivascular fibroblasts, 489 
and pericytes, which may have an as yet unknown role in modulating CSF flow (216). Throughout the 490 
descending pathway for CSF into cerebral cortex, the outer wall of the perivascular space is formed by the 491 
parenchymal basement membrane (including the pial and glial basement membranes), which provides the 492 
structural support for the glia limitans perivascularis (731). In gray matter, protoplasmic astrocytes tile the 493 
parenchyma and spread complex lamellar processes outwards, forming domains with minimal overlap with their 494 
neighboring cells (484). In all species that have been examined, at least one of these cell processes extends one 495 
or several perivascular endfeet, such that virtually the entire intraparenchymal vasculature is ensheathed by the 496 
glia limitans perivascularis (438). The astrocyte endfeet are said to cover between 63-99% of the capillary 497 
cross-section by attaching to laminins in the glial basement membrane through dystroglycan receptors (355, 498 
438, 731). The presence of agrin in the glial basement membrane orchestrates the localization of an orthogonal 499 
array of intramembranous proteins (OAPs) to the perivascular endfeet by binding to 𝛼-dystroglycan (497, 731). 500 
OAPs consist primarily of AQP4 water channel tetramers and inwardly rectifying K+ channels (Kir4.1), which 501 
play a role in facilitating water entry into the parenchyma via AQP4 (478, 731). The zones of incomplete 502 
coverage of the perivascular space by astrocytic endfeet were initially estimated to form 20-50 nm clefts (438), 503 
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but studies using cryo-fixation show that astrocytic coverage can be much sparser than previously thought, 504 
generating clefts around 1 µm wide at the level of the capillary (355). Endeet attachment and OAP polarity are 505 
lost or severely reduced under pathological conditions, but have some capacity for recovery after injury, further 506 
suggesting that this boundary could be highly dynamic (361, 453). It remains to be demonstrated at what level 507 
of the vascular tree CSF enters the parenchyma, and if it indeed enters across AQP4 water channels into 508 
astrocytes or flows between the endfeet clefts (see Chapter VIII on the role of AQP4). In all plausible scenarios, 509 
CSF must cross at least one basement membrane in the brain, as is likewise seen in the periphery.  510 
 511 
II. CSF-extracellular fluid mixing 512 

Passing beyond the glial basement membrane, CSF next enters the extracellular space of the brain, 513 
which contains the extracellular fluid (Figure 16). The biophysics of precisely how CSF mixes or drives 514 
extracellular fluid flow downstream awaits further clarification. However, most evidence suggests that CSF and 515 
extracellular fluid come into direct contact, thus forming a single, continuous fluid compartment with roughly 516 
similar compositions at either end (663). The extracellular fluid bathes all cells in the tissue and contains 517 
inorganic ions, neurotransmitters, metabolites, peptides, neurohormones, and other macromolecules of the 518 
extracellular matrix. The geometry of the extracellular space is critical for determining the concentration of 519 
these solutes, and also limits the rate at which they can arrive and leave the compartment. The volume fraction 520 
of the brain extracellular space is between 14-24%, as measured with ion-selective microelectrodes, which 521 
indicates that the total extracellular fluid exceeds that of CSF (645, 663). Extracellular fluid moves in the 522 
extracellular spaces between cells that have been described as sheets and tunnels of widths predicted to measure 523 
between 38 and 64 nm (347, 491, 662). The tortuosity of the extracellular space has been calculated to be 40% 524 
of that expected for diffusion in an unrestricted medium (491, 645). This difference is likely due to the 525 
geometry of the extracellular space, the presence of dead space microdomains, and additional factors hindering 526 
fluid transport such as the network of extracellular matrix molecules (491). In the new technique of super-527 
resolution shadow imaging (SUSHI), loading the extracellular fluid with a cell-impermeable dye reveals that the 528 
extracellular space volume fraction can range between 5-36% (mean ~20%) in hippocampus, which is at the 529 
upper range of estimates by ion-selective electrodes. These broad spatial and regional variations of extracellular 530 
space volume fraction suggest heterogeneity for fluid transport rates in brain tissue (304, 666). Additional 531 
studies have also shown that extracellular space volume fraction is larger in cortical layers V and VI compared 532 
to III and IV, suggesting that CSF-extracellular fluid exchange might vary depending on the cortical depth and 533 
local cellular architectonics (380). The novel SUSHI imaging approach has also revealed the extracellular space 534 
to have a width up to 100-300 nm. This is much larger than previous predictions (246, 666), so it remains to be 535 
clarified if extracellular space size is indeed greater in living brain, such as is seen in other tissues (52).  536 
Nevertheless, extracellular space volume fraction is not a static parameter, but changes dynamically as a 537 
function of neural activity, cell volume, postnatal development, and disease (645). One important aspect of this 538 
dynamic is evident during transition from sleep to awake states, whereupon the extracellular space decreases 539 
from 23 to 14% (740). We have proposed this to be due to changes in intracellular volume that are mediated by 540 
activation of norepinephrine receptors during the awake state, but other regulatory mechanisms are certainly 541 
possible. The decline in brain extracellular volume fraction upon waking closely matches the decrease in 542 
extracellular space volume observed after repetitive electrical stimulation of rat spinal cord (24 to 17%), thus 543 
demonstrating that neuronal activity has a strong influence on the extracellular space geometry (646). The 544 
extracellular matrix also plays a role in maintaining extracellular space volume by attracting Na+ and water into 545 
the matrix via the negatively charged side chains of extracellular matrix macromolecules (644). During aging, 546 
decreases in the concentrations of CSPGs and fibronectin coincide with a declining extracellular space volume 547 
(644). The microenvironment therefore provides a high (albeit variable) hydraulic resistance to flow throughout 548 
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the glymphatic pathway, yet CSF tracers are abundantly present within brain parenchyma, and even at the level 549 
of the capillaries (315). Additional work shall be required to determine if advection occurs to a significant 550 
extent within the extracellular space. Although physiological models suggest this to be unlikely, available 551 
models do not incorporate the highly dynamic nature of the extracellular space volume fraction; for further 552 
discussion see Chapter XI on modeling of brain fluid transport in the extracellular space (33, 299, 326). The 553 
finding that the perivascular space continues through to the venous side of the vascular tree also raises the 554 
notion that parenchymal advection might not be necessary to drive bulk flow, due to the short cell-to-capillary 555 
distances in brain (10-20 µm) (276, 599). A portion of CSF bulk flow might continue through the capillary 556 
perivascular space, with diffusion of solutes towards or away from the perivascular space (depending on the 557 
direction of the concentration gradient), which could explain why dispersion is the predominant mechanism of 558 
CSF tracer entry to brain (658). Future work should aim to construct a comprehensive model of the brain-wide 559 
extracellular space to identify if there is any underlying organization in the extracellular space that would be 560 
conducive to directional flow; this hypothesized structure might be termed a glymphatic connectome.  561 

 562 
III. Removal of extracellular fluid  563 

Many experiments carried out in our laboratory and elsewhere concur in showing that solutes in the 564 
extracellular fluid are cleared at a rate faster than is explicable by diffusion alone (Figure 16) (3). Tracers 565 
spanning a wide range of molecular weights (900-69,000 Da) are cleared from the brain at similar rates, despite 566 
a five-fold difference in their diffusion coefficients, which is indirect evidence in support of bulk flow (146). 567 
Experimental measurements of the rate of extracellular fluid outflow in rat brain are in the range 0.1-0.3 µl/min 568 
(3). While the concept of bulk flow clearance of extracellular fluid is generally accepted, the driving force for 569 
this outflowing of fluid is still a matter of debate. Initially, clearance was considered to result from 570 
extrachoroidal production of extracellular fluid at the BBB, since its magnitude was well within the range of 571 
known influx rates for Na+ and Cl- from plasma, and given the enormous surface area of brain capillaries (3). 572 
Although, this model might well be valid, the true magnitude of extrachoroidal flow awaits experimental 573 
confirmation. The majority of evidence points to inflow of CSF mainly via arterial perivascular spaces. Like 574 
any fluid, CSF water is nearly incompressible, such that its entry to the brain must be matched by the exit of an 575 
equal volume at some downstream location (conservation of mass). Therefore, the volumetric flow rate at which 576 
CSF enters parenchyma should closely match the rate of extracellular fluid efflux, in the absence of any changes 577 
to the geometry or some unknown mechanism for fluid storage within the tissue (e.g., intracellular uptake). 578 
Evidence garnered as early as the 1990s had already shown that tracers injected into the CSF enter along arterial 579 
perivascular space and subsequently accumulate in the venous perivascular space and white matter tracts (3, 580 
567, 760). This classical view was recently confirmed using two-photon imaging in anesthetized mice, showing 581 
the entry of CSF tracers along the arterial perivascular space of cortex and its subsequent appearance in the 582 
venous perivascular space (315, 316, 554). There is some conflicting evidence in rodents, whereby tracers 583 
injected directly into the parenchyma find their way to arterioles, suggesting an outflow of extracellular fluid 584 
along the arterial perivascular space (470). This proposed efflux pathway between smooth muscle cells and 585 
through the vascular basement membrane of arteries was named the intramural periarterial drainage model 586 
(IPAD) (14). The IPAD is primarily based on histological evidence that is vulnerable  to death and perfusion 587 
artefacts, which could displace flow tracers and create fluid spaces in locations where they do not exist in vivo 588 
(454). Two in vivo studies support the IPAD model, but are confounded by their methodology whereby high 589 
intracerebral injection volume and BBB breakdown likely altered the physiological flow pathways (29, 680). 590 
Furthermore, high resistance in the proposed flow pathway of the IPAD model makes it inefficient as a fluid 591 
conduit, and several physiological disadvantages of such a design makes it unlikely to be an important efflux 592 
pathway, as described in the following sections.  593 
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The observation that CSF enters along arterial perivascular space and subsequently shows up at the 594 
venous perivascular space indicates that CSF influx might be a direct driver for extracellular fluid efflux. There 595 
are several possible scenarios for such a mechanism: (I) The flow of CSF into arterial perivascular space 596 
continues down along the capillary, either through an existing perivascular space or along channels created by 597 
basement membranes, eventually connecting with the venous side perivascular space; (II) The entirety of the 598 
flow continues into the extracellular space and re-enters the venous perivascular space at some downstream 599 
location; (III) A combination of these processes and/or some unknown pathway constitute the drivers of 600 
extracellular fluid efflux. The caveat in answering this question concerns whether all venous perivascular spaces 601 
(or some subset thereof) drain exclusively into subarachnoid space, or rather find another intra- or extra-axial 602 
efflux route. Measurements in rats suggest that between 10 and 20% of extracellular fluid drains back into the 603 
subarachnoid space CSF (146), which would imply that the majority of venous perivascular spaces follow an 604 
intramedullary route to exit the skull. If flow is to continue along the perivascular space, there must be a 605 
pressure gradient from the vicinity of the artery towards the venous side (658). Such a pressure gradient along 606 
the arterial/ venous perivascular space has not yet been measured, but there are several models for how it might 607 
occur. The best developed theory is that CSF flow is driven by perivascular (peristaltic) pumping caused by the 608 
arterial wall pulsation of the cardiac cycle (49, 267, 316, 455, 567). If CSF flow does indeed occur, either 609 
through the capillary perivascular space or basement membrane, this would have important implications for the 610 
diffusion of O2, glucose, and other nutrients across the BBB. Would such soluble nutrients merge with the 611 
perivascular space flow and be carried downstream, thus potentially missing their target? Or is the capillary 612 
flow so slow that diffusion predominates, thus having a negligible effect on the delivery of substances? For 613 
scenario 2, where the entire volume of afferent fluid from the arterial perivascular space enters the extracellular 614 
space to drive fluid efflux, the only conclusions are presently drawn from modeling rather than experimental 615 
approaches (33, 299, 326). The existing models generally concur in proposing that the hydraulic resistance is 616 
too high to allow advection to occur within the parenchyma (see chapter XI, Modeling intra-axial fluid 617 
transport, for a discussion about diffusion vs advection in brain extracellular space). However, such conclusions 618 
are mostly drawn either from assumptions of an idealized Voronoi geometry (326) (that is to say the 619 
partitioning of a space into volumes equidistant from some set of objects), or from serial reconstructions of a 620 
block of tissue (299, 347). The measured permeabilities reported for extracellular space range from 10-4000 621 
nm2, suggesting high variability or high uncertainty (47, 299, 623), and seem to be much lower when estimated 622 
from models of fixed tissue. Another potential reason for the large discrepancy in permeability estimates is that 623 
the extracellular space could be conducive to bulk flow in certain brain regions (i.e., white matter tracts) and 624 
less so in other regions (i.e., gray matter). The highly organized bundles of axonal tracts in white matter allow 625 
for the anisotropic diffusivity of water, which is the principal behind tractography in MR diffusion tensor 626 
imaging (17). This unique organization allows for extracellular fluid bulk flow speed up to 10.5 µm/min in the 627 
white matter of cat brain compared to <2 µm/min in the gray matter (577). The lower hydraulic resistance in 628 
white matter tracts might even divert fluid away from venous perivascular space, as alluded to in scenario III, 629 
above. It is also possible that arterial and venous perivascular space display zonation, similar to that seen in the 630 
underlying vasculature, that would drive directional flow (681). Higher expression of AQP4 is seen in 631 
perivenous and pericapillary astrocytic endfeet relative to those in the periarterial perivascular space (315), yet 632 
more endfeet are seen surrounding capillaries than at arterioles and venules (443). To our knowledge, it remains 633 
unknown if the glial basement membrane or the extracellular matrix display any such arterial-venous zonation 634 
of the perivascular space.  635 

 636 

Table 1. Concentrations of solutes in plasma and lumbar CSF in human(732). 
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Solute Plasma CSF 
Sodium (mM) 150 147 

(mEq/L)* 140 144 
Potassium (mM) 4.63 2.86 
Magnesium (mM) 0.81 1.12 
Calcium (mM) 2.35 1.14 
Chloride (mM) 99 113 
Bicarbonate (mM) 26.8 23.3 
Inorganic 
phosphate (mg/dL) 

4.7 3.4 

Protein (mg/dL) 6800 28 
Glucose (mg/dL) 100 50-80 
Osmolality 
(mOsm/kg) 

289 289 

pH  7.397 7.307 
pCO2

 (mmHg) 41.1 50.5 
 637 
*mEq/liter data for sodium employs actual volumes of respective fluids.  638 

 639 
K. Formation and transport of glymphatic fluid 640 

The fluid entering the glymphatic pathway is composed of water and inorganic ions derived from blood 641 
plasma. This is either due to the production of CSF at the choroid plexus or the extrachoroidal secretion of 642 
extracellular fluid by the BBB (chapter V). The relative contribution of extracellular fluid secretion to flow, and 643 
its point of entry in the glymphatic pathway, both require further clarification. This process would not follow 644 
Starling’s principle, contrary to findings in the periphery, due to the presence of the BBB making the brain 645 
capillary much less “porous”. A small volume of glymphatic fluid could derive from water of metabolism in 646 
living cells, but for the present we ignore this contribution.  647 

In all situations the fluid entering the glymphatic system is nearly isotonic to plasma, but in contrast to 648 
the periphery, it consists of CSF, which is not simply an ultrafiltrate of plasma (Table 1. Concentrations of 649 
solutes in plasma and lumbar CSF in human(732).) (732): The CSF is acellular and has higher concentrations of 650 
Na+, Cl-, and Mg2+, but lower concentrations of K+, HCO3

-, Ca2+, PO4
3-, glucose, and proteins than are found in 651 

plasma. Especially the deficit in protein and glucose content requires increased Na+ and Cl- to maintain tonicity 652 
and charge. Likewise, the higher Mg2+ concentration in CSF partially offsets the lower Ca2+. Clearly, CSF 653 
composition is regulated by CNS cells, rather than being an ultrafiltrate with an ionic composition identical to 654 
that of its source, the blood plasma. There is no clear consensus whether CSF and extracellular fluid are truly 655 
distinct fluid compartments with somewhat differing compositions. The present evidence suggests that they 656 
indeed differ in composition (663) due to the extracellular fluid’s greater proximity to neurons and astrocytes 657 
that take up Na+, K+, and HCO3

-, and due to the relative concentrating of Cl- in the spatially confined 658 
extracellular space. Whether the composition differences arise  out of physiological necessity, or due to effects 659 
of the anatomic site of sampling, remains unknown. The [K+] is lower at its point of secretion by the choroid 660 
plexus compared to the point of sampling in the subarachnoid space (65), indicating a gradient in its 661 
composition across different segments of the glymphatic pathway.   662 

In the periphery, lymphatic fluid is formed secondary to the high hydrostatic pressure pulses inside the 663 
arteriole, which are generated by the cardiac cycle. The relatively lower pressure in the extracellular fluid pulls 664 
more fluid out of the blood vessels to create lymph (386). In CNS, the CSF is driven into parenchyma through a 665 
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related mechanism termed perivascular pumping, which is also generated by the cardiac cycle (455). The fluid 666 
that enters the neuropil functions in the manner of lymph by providing the cells with water, ions, and other vital 667 
substances present in CSF. This inflow is facilitated by the expression of AQP4 water channels on astrocyte 668 
endfeet (315, 452), which functions similarly as does AQP1 on the luminal membrane of the endothelial cells in 669 
the peripheral capillaries (492) and likewise AQP2 on the lymphatic vasculature (460, 725). CSF entry might 670 
play an additional role in CNS to that of lymph by replenishing or buffering (e.g., K+) of the extracellular fluid 671 
to optimal ionic composition for neuronal function. The entry into brain of a fluid source of tightly controlled 672 
solute composition would also promote the clearance function of the glymphatic pathway, since its sparse 673 
concentration of proteins will favor the removal of extracellular waste proteins via a concentration gradient 674 
between CSF and extracellular fluid. If the rate of CSF turnover diminishes (e.g., in aging) and the 675 
concentration of the harmful solutes would rise in the afferent fluid entering the glymphatic system, such that 676 
the concentration gradient between the CSF and the extracellular fluid would be reduced, thus slowing down the 677 
rate and magnitude of its clearance. 678 

Also, in analogy to lymphatics, the glymphatic efflux of extracellular fluid helps maintain the degree of 679 
tissue hydration and aids in the removal of excess protein and harmful metabolites (315). Inhibiting glymphatic 680 
function by knocking out AQP4 water channels in mice is not lethal, but results in increased brain water content 681 
and enhanced accumulation of toxic proteins such as amyloid-β in the brain (479, 742). Since the volumes of 682 
CSF influx and extracellular fluid efflux must match, any net accumulation of fluid will result in cerebral 683 
edema. Several studies from one research group show that mechanically obstructing cervical lymphatics can 684 
cause a state of lymphogenic encephalopathy resembling the lymphedema seen in the peripheral tissues (141, 685 
224, 226). Recent experimental approaches using transgenic mice that lack lymphatic vasculature did not find 686 
any alterations in brain water content (35), suggesting that adaptive mechanisms or alternative pathways can 687 
compensate for the blocked outflow. Due to the lower driving pressure, glymphatic fluid efflux is expected to 688 
be much smaller than is typical for lymphatic fluid. Flow rates of 14 µl/hour were measured in a single rat 689 
lymphatic vessel, which matches the entire global outflow of extracellular fluid (6-18 µl/hour) (3). Therefore, 690 
reductions in glymphatic efflux might lead to the slow, insidious accumulation of proteins such as occurs in 691 
Alzheimer’s disease, in contrast to the rapid onset of peripheral lymphedema, that develops in days to weeks 692 
after lymphatic vessel resection. 693 

 694 
L. The properties of the extracellular matrix, hydraulic conductivity, and mechanical stress 695 

The forces that are driving extracellular fluid flow in the periphery (hydrostatic and colloid osmotic 696 
pressure) should likewise apply in the glymphatic system. Frameworks such as Starling’s principle might 697 
roughly translate to the CNS, but their applicability will depend on the degree of coverage by the astrocytic 698 
endfeet on the perivascular space, and will have less reliance on the glycocalyx. Hydrostatic pressure in the 699 
arterial perivascular space (PVS) must exceed the pressure in the extracellular space (PPVS > Pextracellular) to drive 700 
CSF flow into the tissue. The converse (Pextracellular > PPVS) could potentially hold true on the venous side, which 701 
would drive efflux of extracellular fluid into the venous perivascular space. However, the existence of spatial 702 
pressure gradients within the intracranial compartment awaits experimental confirmation. If the colloid osmotic 703 
pressure of the extracellular fluid exceeds that of CSF (𝜎𝜋extracellular> 𝜎𝜋PVS), CSF should also move into the 704 
tissue. Opposite flow towards the venous perivascular space could occur in the case that colloid osmotic 705 
pressure of the exiting fluid is sufficiently high due to accumulation of solutes to drive water movement from 706 
the extracellular fluid into the perivascular space (𝜎𝜋PVS> 𝜎𝜋extracellular). The net entry of any osmotically active 707 
particle would be expected to serve a buffering function comparable to that of albumin in the periphery, since 708 
the protein concentration of CSF is so much lower than in plasma. Permeability of the basement membranes and 709 
the astrocyte endfeet will regulate the ability of CSF to cross into brain parenchyma, much in the manner of the 710 
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porous endothelial cell layer in the periphery. The permeability will also determine the magnitude of the 711 
reflection coefficient, 𝜎. The enormously abundant AQP4 channels (primarily the M23 isoform), which account 712 
for up to 60% of the endfeet surface area (John Rash, personal communication), are estimated to impart a water 713 
permeability of the endfeet as high as 0.2-0.6 cm/s (326), greatly exceeding the permeability of the entire 714 
astrocyte soma, which is only 0.05 cm/s (625). The AQP4 channels confer a high permeability to water since 715 
cells deficient in these channels exhibit a ~7-fold reduction in permeability (to 0.007 cm/s) (625). The 716 
permeability of the glial basement membrane has not been quantified, but this barrier is known to be permissive 717 
to the entry of a broad variety of tracers both through the glia limitans superficialis and perivascularis (315, 718 
698). Permeability measurements of the basement membrane in the eye suggest that this type of structure is 719 
highly permeable to fluid, but that its hydraulic conductivity can decrease as much as 66% upon application of 720 
pressure. This implies by extension that ICP may be a factor in the contribution of the glial basement membrane 721 
in regulating flow rate into brain(223). 722 

Once fluid leaves the perivascular space, the brain extracellular space can be considered a porous 723 
medium, much more resembling that in peripheral tissues. Flow through a porous medium typically follows 724 
Darcy’s law, which states that flow rate is dependent on the permeability of the medium (e.g. pore size), the 725 
viscosity of the fluid, and the pressure drop over a given distance (658). As explained in the sections above, 726 
pore size is partly determined by extracellular space volume fraction, which is dynamically changing in the 727 
living brain. However, much as in the periphery, the extracellular matrix can also determine the hydraulic 728 
resistance of the tissue. Knocking out expression of the linker protein tenascin-R in mice alters the extracellular 729 
matrix structure in cortex sufficiently to reduce extracellular space volume fraction from 20 to 15% (647). A 730 
permanent reduction in extracellular space could potentiate the accumulation of ions such as K+ after neuronal 731 
firing, which might well result in a state of hyperexcitability. Interestingly, mice lacking the enzyme that 732 
produces hyaluronan (hyaluronan synthetase 3, Has3) had an  extracellular volume fraction of only 7%, 733 
compared to 12% in wildtype mice, which occurred in association with onset of spontaneous seizures (32, 527).  734 

Hyaluronan, one of the principal GAGs in the brain, possesses several interesting properties that might 735 
modulate parenchymal fluid flow. Increased concentration and mean molecular weight of hyaluronan increases 736 
the viscosity and elasticity of an aqueous solution (372). This property makes hyaluronan an excellent 737 
mechanical lubricant at the junction of tissues like cartilage and muscle. The osmotic pressure of hyaluronan in 738 
solution is not ideal, i.e., does not follow the Van't Hoff equation relating osmotic pressure to molality, but 739 
rather increases exponentially much like in an albumin solution (137). This osmotic buffering property makes 740 
hyaluronan an excellent regulator of extracellular matrix water content. However, increasing the viscosity of 741 
extracellular fluid could potentially lead to slower extracellular fluid clearance. Interestingly, the concentration 742 
of hyaluronan in brain and CSF increases with healthy aging, and even more so in certain brain diseases (106, 743 
321, 373), which may be a factor in the age-related decline in glymphatic clearance (358, 557). There is limited 744 
evidence regarding the viscosity in the extracellular space of the living brain. One technical approach using 745 
super resolution imaging of self-assembling single carbon nanotubes indicated that the viscosity of extracellular 746 
fluid in neonatal mouse ranges between 1-50 mPa·s (246). This range of values overlaps but can also exceed the 747 
range for CSF (0.7-1 mPa·s) (70), suggesting that extracellular fluid solutes and the composition of  748 
extracellular matrix must play an important role in determining its value. The local viscosity of extracellular 749 
space is spatially inhomogeneous and does not seem to vary with the size of the fluid space in question (246). 750 
The large range in the measured viscosities in extracellular fluid also suggests that the flow rate within the 751 
tissue can vary considerably, as is indeed the case (~0.1-10 µm/s for a 35 nm quantum dot). Intriguingly, the 752 
local application of hyaluronidase enzyme caused an expansion of the extracellular space and increased the 753 
diffusion coefficient, indicating a global reduction in viscosity (246). In muscle fascia, this experimental 754 
treatment dramatically increased the flow rate through the tissue (167). The brain and the peripheral 755 
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extracellular matrix share the feature that they are in constant flux, with continuous production and breakdown 756 
of matrix components. These dynamics could contribute to diurnal or age-associated changes in flow. Integrins, 757 
for example, can switch between an active and inactive conformation, by a mechanism determined by the 758 
extracellular concentrations of Ca2+ and Mg2+ (761). Concentrations of these bivalent cations, which are known 759 
to maintain integrins in an inactive state, are higher during sleep than while awake (182), raising the possibility 760 
that cellular attachments to the extracellular matrix and basement membrane might change across the state of 761 
behavioral arousal. In summary, the fluid clearance in brain shares several similarities, but important 762 
differences compared to corresponding phenomena in peripheral tissues.  763 

 764 
M. Edema formation in brain. 765 

Cerebral ischemia activates MMP-2, -9, and several other extracellular proteases. The consequences of 766 
MMP-2 and -9 activation on brain edema are currently ascribed to degradation of the neurovascular unit and 767 
opening of the BBB, rather than a decrease in extracellular fluid pressure (36, 40, 106). However, it seems 768 
plausible that protease activation in brain might degrade matrix proteins and disrupt their connections with cell 769 
receptors, which, in conjunction with a breakdown of the actin cytoskeleton, would result in reduced tissue 770 
tension. This could permit a catastrophic increase in GAG hydration, as alluded to above. Certainly, injury of 771 
the BBB will facilitate fluid and solute influx, but this pathway cannot by itself explain the onset of edema in 772 
the setting of injury, since the prevailing pressure gradients between the capillary lumen and the tissue are too 773 
small. Recent evidence has further shown that rapid changes in arterial diameters can cause the perivascular 774 
space to increase in volume, thus driving more CSF flow into the ischemic tissue (451). The entry of Na+ and 775 
fluid from CSF was the primary contributor to the swelling of ischemic brain tissue (451). Thus, a decrease in 776 
extracellular fluid pressure or an increase in extracellular fluid colloid osmotic pressure in brain may contribute 777 
to edema in the setting of acute injury or inflammation, much as in peripheral tissues.  778 
 779 

N. Outstanding questions 
• Do mural cells (i.e., perivascular macrophages, perivascular fibroblasts, and pericytes), that have an 

established role in scavenger functions in the perivascular space, also have a role in fluid transport? 
• At what branch of the vascular tree does CSF enter the parenchyma? Does the undefined astrocytic 

glycocalyx play a role in filtering the inflowing CSF? 
• Is there an underlying organization to the extracellular space that is conducive to directional flow, in 

the manner of a glymphatic connectome? 
• Do the molecular constituents of the extracellular matrix in the CNS play a substantial role in the 

dynamic regulation of the extracellular space volume? How do regional differences in the 
extracellular matrix contribute to modulating flow? 

• The extracellular matrix suffers significant changes during aging and disease. How do differences in 
extracellular matrix composition (e.g., reactive astrocytosis and glial scar) affect flow? 

 780 
O. Interim summary section 781 
• Similar to peripheral tissues, neural tissue has a basic need for fluid-based delivery of energy 782 

metabolites and removal of solutes and waste products. The “in-house” production of CSF by the 783 
choroid plexus along with the existence of the unique perivascular spaces created by AQP4-enriched 784 
astrocytic endfeet can be viewed as an evolutionary adaption that is a prerequisite for tissue fluid 785 
transport within the confines of the BBB in the specialized CNS.  786 
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• The lymphatic system represents a highly efficient path for removal of excess fluid and protein waste in 787 
peripheral tissues. Emerging evidence suggests that the Starling principle of fluid homeostasis should be 788 
reevaluated: It is likely the lymphatic system that transport the greater part of extracellular fluid back to 789 
the venous system, rather than local osmotic forces driving fluid back into the postcapillary venules.  790 

• The lack of fibrous structures in the brain extracellular space, combined with its high content of 791 
hyaluronan and proteoglycans, grants the extracellular matrix the ability to rapidly expand or shrink 792 
depending on its water content. The hydraulic conductivity of the extracellular space is a function of the 793 
hydration state of the extracellular matrix. The unique viscoelastic properties of the brain’s extracellular 794 
matrix enables the brain to change its hydralic conductivity across the sleep-wake cycle, thereby 795 
ensuring that pressure waves generated by the cardiac or respiratory cycles drive parenchymal fluid 796 
transport more efficiently during sleep than in the awake state. 797 

 798 

VIII. The role of aquaporin-4 in fluid transport. 799 
 800 

A. Introduction 801 
Aquaporins are a class of water channels present on the plasma membrane of cells, where they facilitate 802 

water exchange between the intracellular milieu and the surrounding environment. Among many aquaporin 803 
isoforms, AQP4 is expressed in the basolateral membrane of principal cells of the kidney collecting duct, where 804 
it is believed to provide an efflux route for fluid after water reabsorption (496). Similarly, AQP4 is the most 805 
important isoform for brain fluid transport. In the brain, AQP4 is exclusively expressed by astrocytes, with a 806 
typical highly polarized and dense expression in the perivascular endfeet surrounding the brain vasculature. The 807 
unique distribution of AQP4 perivascular endfeet abutting the vascular wall subserves several vital functions in 808 
CNS physiology. Their proximity to the perivascular space positions AQP4 to dictate the degree of fluid influx 809 
and efflux, thus playing a critical role in regulating intra-axial fluid flow. Various tracer studies using global 810 
knockout mice have shown a dependence of intra-axial flow on AQP4 expression (452), but axial flow persists 811 
in mouse lines with specific disruption of the perivascular polarization of AQP4 (452). Therefore, we know that 812 
polarized AQP4 expression is fundamental for fluid transport, but it remains uncertain whether fluid enters 813 
directly through AQP4 or if the water channels facilitate an indirect process that enables water influx to occur. 814 
AQP4 expression exhibits a zonation pattern with higher polarization to pericapillary and perivenous spaces 815 
compared to periarterial spaces (315), but the degree to which this spatial distribution contributes to directional 816 
fluid transport has yet to be established. Nonetheless, we do know that fluid flow is significantly reduced in 817 
circumstances where there is absence of AQP4 polarization, and is highest when AQP4 polarization is maximal. 818 
Evidence suggests that AQP4 expression and its polarization are dynamically regulated, and that both 819 
conditions need to be met for effective fluid transport. Further work will aim to elucidate how exactly astrocytes 820 
and perivascular AQP4 expression facilitate fluid influx and whether pharmacologically blocking or enhancing 821 
transport through these water channels can serve for treating human disease. This chapter discusses in detail the 822 
role that AQP4 water channels play in intra-axial fluid transport, but we refer the reader to a review presenting a 823 
more general coverage of AQP4 in CNS physiology (479). 824 

 825 
B. Polarization of AQP4 on astrocytic endfeet. 826 

AQP4 water channels coat almost the entire cerebral vasculature and CSF barriers in the murine brain, 827 
and can also be found on some ependymal cells lining the ventricles (556). Clustering of AQP4 occurs within 828 
orthogonal arrays of intramembranous particles (OAPs), sometimes called square arrays (see section VII.J. for a 829 
description of OAPs). The endfoot membrane adjacent to the capillary has up to 60% coverage by arrays, but 830 
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this coverage declines virtually to nil proceeding towards the astrocytic soma (556). Endfeet often form multiple 831 
layers around blood vessels, but the presence of OAPs drops drastically after the first layer, which is indicative 832 
of their importance to the perivascular compartment (556). The degree of polarization is sometimes quantified 833 
as a polarization index, which is calculated as the proportion of perivascular AQP4 expression relative to the 834 
background expression at the soma (265, 358, 474). While this strict polarization is characteristic of the murine 835 
brain, polarization is less pronounced in human cortical tissue (204). The relatively lower polarization in human 836 
brain reflects the higher AQP4 expression in the astrocytic soma within the parenchyma. However, it is hard to 837 
determine if this is a true feature of healthy human brain or reflects the sampling conditions of patients 838 
undergoing neurosurgical intervention for diagnoses of epilepsy, intracranial neoplasms, or treatment for 839 
aneurysms, any of which pathologies might result in abnormal AQP4 expression. Thus, further evidence is 840 
required to evaluate if humans normally possess the same degree of vascular polarization of AQP4 as do 841 
rodents (see Chapter IV, evolution of the glymphatic pathway). Polarization seems tospecifically face towards 842 
the cerebral vasculature since AQP4 arrays are formed by the dystrophin-associated protein complex (DAPC), 843 
which depends on binding to laminins and agrin proteins that are found almost exclusively in the vascular BM. 844 
When components of the DAPC are knocked out, AQP4 polarization is lost. However, certain mutant mouse 845 
lines (e.g., α-syntrophin knockouts) retain some degree of polarization, suggesting a degree of  redundancy in 846 
the polarization mechanism, perhaps involving other components of the DAPC such as β-syntrophin and β1-847 
integrin (479). However, knockout lines that target the polarizing scaffolding for AQP4 display deficits in 848 
glymphatic function and K+ clearance, and are resistant to edema formation, which is a phenotype remarkably 849 
similar to that seen in global AQP4 knockouts (25, 26).  850 
 851 

C. Putative functions of polarized AQP4 expression to the endfoot. 852 
There are several hypotheses about the function of the highly organized AQP4 arrays. For example, 853 

polarized AQP4 expression has been proposed to play a role in astrocyte migration during development, K+ 854 
homeostasis, neuronal excitability, and extracellular space dynamics (689). Additionally, there is evidence that 855 
the arrays have a role in intracranial fluid homeostasis (479). As a member of the water selective subfamily of 856 
aquaporins(479), the positioning of AQP4 on the adluminal surface of the perivascular filopodia of astrocytes 857 
confers to them an ability to regulate the transport of water from the blood and the perivascular space into the 858 
neuropil. Indeed, global knockout of AQP4 in mice results in decreased influx of labeled water from plasma 859 
into brain (506, 764), which is further supported by the observation that these mice are protected from cerebral 860 
edema (689). However, the endfeet and their high density of square AQP4 arrays also form the outer wall of the 861 
perivascular space and are therefore poised to support CSF entry to the neuropil.  862 

 863 
D. Role of endfoot AQP4 square arrays on intraxial fluid transport. 864 

Global AQP4 knockout mice have reduced influx of CSF tracers compared to wildtype animals (315). 865 
However, the absolute dependence of CSF influx on AQP4 was recently challenged by a single study in which 866 
there was no discernible difference between the knockout line and wildtypes (454, 621). Nonetheless, a 867 
comprehensive replication study using four different global knockout lines confirmed the initial findings (452). 868 
Meta-analysis of over a dozen studies with a total of 144 animals showed a consistent dependence of CSF influx 869 
on AQP4 expression(452). Further evaluation suggested that results of the negative study could have been 870 
compromised by use of an unconventional anesthetic that suppresses glymphatic function (266), the wide age 871 
range of the experimental animals (12-24 weeks), and a non-standard tracer injection protocol (452).  872 

AQP4 has also been shown to play an important role in the efflux of extracellular fluid (315), and, 873 
indeed, global AQP4 knockout animals exhibit higher brain water content compared to wildtype controls, which 874 
might contribute to their slightly elevated extracellular space volume (64, 269). However, transgenic mice 875 
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lacking perivascular or ependymal AQP4 expression have normal brain water content, suggesting that it is 876 
specifically the subpial (glia limitans) AQP4 that determines extracellular fluid clearance (692). Infusion of 877 
artificial CSF into Aqp4-/- mice results in a supranormal increase in ICP compared to wildtype mice, supporting 878 
a role for AQP4 in the removal of extracellular fluid (520). Furthermore, the clearance of CSF tracers such as 879 
amyloid-β and mannitol injected into the brain parenchyma of Aqp4-/- mice is reduced by about 70% comparted 880 
to wildtype mice (315). That finding was contested by one study (621), but has since been confirmed by eight 881 
separate studies consisting of 87 Aqp4-/- rodents (452, 454). Again, the discordant findings in the one study 882 
might have resulted from variant methodologies (452).  883 

AQP4 might also play a role in the transport of oxygen into brain tissue (479). AQP4 knockout animals 884 
have slower O2 diffusion into brain (664), which might be a factor in the higher capillary density seen in these 885 
animals (764). However, the particular pathway followed by fluid en route to the neuropil, and whether it flows 886 
directly through AQP4 channels or follows an indirect route, remains unknown. In the following sections, we 887 
aim to explore the implications of the either transcellular (through astrocyte endfeet) or paracellular transport 888 
routes (between astrocyte endfeet) for intra-axial fluid flow.  889 

 890 
E. Transcellular transport routes.  891 

CSF water could enter directly into the endfeet via AQP4 water channels (transcellular routes, Figure 892 
17). For such a direct pathway to operate, certain physiological conditions would need to be met. Driving fluid 893 
into a cell under hydrostatic pressure (e.g. perivascular pumping) would encounter a high degree of hydraulic 894 
resistance, making it unlikely to be a primary driving mechanism for CSF influx (620). In addition, AQP4 is 895 
highly selective for solute-free water, so fluid entry would have to be accompanied by the co-transport of 896 
osmoles (e.g., Na+, K+, and Cl-) into the astrocyte. In astrocytes, this ionic transport could be primarily driven by 897 
the Na+/K+-ATPase, voltage-gated chloride channels (CIC-2), or volume-regulated anion channels (VRAC) 898 
(207). However, such a process would lead to the accumulation of intracellular osmoles, which would have to 899 
be removed from the astrocyte or through the syncytium out towards the extracellular space at a distal location, 900 
where egress of the excess intracellular fluid would also occur. Astrocytes possess the required transporters to 901 
support directional movement of intracellular Na+ and Cl- , but whether this mechanism actually suffices to 902 
drive intracellular fluid transport remains unknown  (218). In the kidney, AQP4 is thought to play a role in 903 
water efflux from the cell, and OAPs have a high density of Kir4.1 channels, which are primarily involved in K+ 904 
extrusion. Therefore, it is conceivable that AQP4 may play a dominant role in water outflow rather than inflow. 905 
It might be that water is transported at specific zones of the astrocyte (i.e., the endfeet), rather than transporting 906 
ions and fluid across the entire cell body.  While plausible, such a scenario would require the expression of 907 
AQP4 square arrays on the parenchymal side of the endfeet membranes, along with complementary ion 908 
channels to drive osmole efflux, a model that has not been systematically evaluated (759). In either scenario, 909 
intracellular fluid transport would be decoupled from solute transport, which is a distinct process. 910 
 911 

F. Paracellular transport routes. 912 
Alternately, AQP4 may play an indirect role in fluid transport allowing fluid flux across the glial 913 

basement membrane to enter the extracellular space through clefts formed between the endfeet (paracellular 914 
routes). This process would mirror fluid transport in peripheral tissues and would be governed by principles 915 
much as those specified in the Starling hypothesis. One possibility is that CSF inflow would be driven by a 916 
hydrostatic pressure gradient between the arterial perivascular space and the lower pressure venous perivascular 917 
space. Although this scenario seems plausible, given the presence of the arterio-venous pressure gradient, 918 
technical limitations have limited our ability to measure corresponding pressure gradients at the smaller scale 919 
between these parenchymal regions within the intracranial compartment. In support of this model, recent work 920 
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used immunohistochemical labeling of the protein megalencephalic leukoencephalopathy with subcortical 921 
cysts‐1 (MLC1) to outline the endfeet; results demonstrated that the size of endfeet is highly heterogenous, and 922 
is positively correlated with the diameter of proximal vessels (706). Results of modeling suggested that the 923 
decreasing size of the endfeett at microvascular branches and the declining pressure within the perivascular 924 
space ensures net CSF influx from the perivascular space into the parenchyma. In such a scenario, the 925 
decreasing endfoot-endfoot junction density would predict  that fluid flow may in fact take place within clefts. 926 
The second possible explanation is that a directional osmotic gradient due to specialized ionic fluxes in 927 
astrocytes (e.g., K+ spatial buffering) might generate osmotic gradients in the extracellular space, which could 928 
potentially drive flow through endfeett clefts and into the neuropil. Modeling studies have had some success in 929 
showing that this could indeed be a plausible mechanism (271). In this last scenario, flow into the parenchyma 930 
would only occur when the driving ionic fluxes are present, suggesting that transport would be highly 931 
dependent on tissue-level neuronal activity and functional state. 932 

 933 
G. Dynamic regulation of AQP4 polarization. 934 

The manner in which AQP4 facilitates the directional transport of fluid has not yet been elucidated. 935 
Zonation between the arterial and venous neurovascular units would necessarily be a fundamental aspect of 936 
such a system. However, polarization of AQP4 expression could be under dynamic regulation from various 937 
factors. Recent work showed that AQP4 polarization is under circadian regulation and appears to be particularly 938 
important for fluid transport during intervals of sleep and inactivity (265). Perivascular polarization of AQP4 is 939 
highest during the resting phase, and declining polarization during the active phase coincides with a loss in the 940 
day-night difference in glymphatic influx (265). AQP4 expression also changes rapidly after acute ischemic 941 
stroke, being strongly downregulated in the infarct and overexpressed in the penumbra (24, 233). We suppose 942 
that additional regulatory mechanisms for AQP4 polarization may emerge. In the principal cells of the 943 
collecting duct in the kidney, AQP2 serves to increase water permeability of the plasma membrane to allow for 944 
the reabsorption of free water (496). This process depends on intracellular signaling whereby antidiuretic 945 
hormone (ADH; vasopressin) binds to vasopressin-1 (V1) receptors, which causes the translocation of cytosolic 946 
AQP2 to the membrane, where it can aid in water reabsorption (496). It is unknown if an analogous process 947 
operates in the brain, perhaps under hormonal regulation. A recent paper showed a similar phenomenon for 948 
AQP4 in spinal cord vasculature, and that blocking translocation to the membrane decreased edema formation 949 
after injury (349). AQP4 clustering has also been shown to be regulated by vasopressin (496), but there may be 950 
a broader spectrum of peptide hormones or signaling pathways involved in the regulation of polarization.  951 
 952 
 953 
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 954 
Figure 17. Plausible fluid transport routes and their dependence on the polarized expression of AQP4 at 
perivascular astrocytic endfeet. 
Directional fluid transport from arterial to venous vasculature would require differential conditions at the site of 955 
influx (left column) and efflux (right column) of fluid. Possible flow pathways can be largely divided into 956 
transcellular or paracellular transport routes. Transcellular routes (top row) would consist of direct entry of 957 
fluid through AQP4 channels, and could be subdivided into: (1) Trans-astrocytic fluid transport, where fluid 958 
enters the astrocyte at the endfoot and continues through the soma and the greater glial syncytium following a 959 
largely intracellular pathway, or (2) Trans-endfoot fluid transport, where fluid enters into the endfoot and 960 
rapidly exits  into the extracellular space (ECS) without entering the soma, thus following a largely extracellular 961 
pathway interspersed with short segments of intracellular transport. Alternatively, fluid may also follow 962 
paracellular routes (bottom row), which would consist of fluid transport through the clefts formed by 963 
neighboring endfeet. This primarily extracellular transport route would rely indirectly on AQP4 water channel 964 
expression. (3) Hydrostatic pressure gradients, between the arterial and venous sides of the extracellular 965 
space could drive directional fluid flow towards the region of lower pressure (Partery >PECS >Pvein). (4) Osmotic 966 
pressure gradients could be generated by astrocytic ionic fluxes (e.g., K+ spatial buffering) that in part depend 967 
on AQP4 polarization. Directional transport of extracellular osmoles could potentially drive fluid entry between 968 
endfeet towards efflux sites (𝜎𝜋vein> 𝜎𝜋ECS> 𝜎𝜋artery). 969 
 970 
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H. Outstanding Questions 
• Does fluid flow follow a primarily transcellular or paracellular route?  
• Is fluid flow coupled to synchronous physiological processes within the 

neuropil that could enable directional fluid transport (e.g., neuronal activity or 
K+ spatial buffering)?  

• If fluid follows a transcellular route entering directly through AQP4, then do 
inward and outward flowing solutes follow a separate route? To what extent is 
fluid transport similar or different to solute transport? 

• Are any of the other aquaporin family isoforms important for intra-axial fluid 
transport in brain?  

• Does spatial zonation of AQP4 expression play a role in driving directional 
fluid transport? What factors (e.g., developmental, hormonal, circadian, etc.) 
regulate AQP4 polarization?  

 971 
I. Interim section summary. 972 
• Aquaporin-4 is expressed throughout the body, but in the brain, it is especially enriched in astrocytes, 973 

where its expression is notably polarized towards the  perivascular endfeet surrounding the brain 974 
vasculature. AQP4 clusters at the endfeet within orthogonal array of proteins (OAPs) or square arrays. 975 

•  AQP4 expression plays a critical role in regulating intra-axial fluid flow. Global AQP4 knockout mice 976 
have reduced influx of CSF tracers compared to wildtype animals. Likewise, CSF tracers injected into 977 
the brain parenchyma of Aqp4-/- mice have slower clearance than in wildtype mice. Adequate 978 
polarization to the endfeet seems to be critical for facilitating fluid transport, since knockout animals that 979 
have preserved AQP4 expression but lack polarization have reduced tracer transport.  980 

• AQP4 might regulate flow through either transcellular or paracellular transport routes. Transcellular 981 
routes would consist of direct entry of fluid through AQP4 channels. Paracellular routes would consist 982 
of fluid transport through the clefts formed by neighboring endfeet and would rely indirectly on AQP4 983 
water channel expression. Future work and new techniques are necessary to elucidate the exact pathway 984 
whereby AQP4 facilitates intra-axial fluid transport in the brain.  985 

 986 

IX. Physiological Drivers of the Glymphatic System 987 
A. Introduction 988 

How is fluid movement in the glymphatic system established? Thus far, multiple factors have been 989 
shown to drive fluid movement in the glymphatic system. Lying in close apposition to the vascular tree, the 990 
glymphatic system is driven by many of the same processes that ensure cerebral blood perfusion, namely 991 
pressure waves generated by the cardiac cycle, the arterial/venous pressure gradient, and autoregulation of 992 
blood vessel diameters. Blood flow in brain is furthermore affected by the respiratory cycle, whereby changes in 993 
intrathoracic pressure propagate to effects on the cardiac cycle, venous pressure, and intracranial pressure (ICP). 994 
These forces likely also act upon the glymphatic pathway. Whereas cardiorespiratory factors are probably very 995 
important for flow in perivascular spaces, other factors in the brain extracellular space also contribute to 996 
directing fluid flow e.g., the polarized expression of AQP4 expression on the vascular side of astrocytic endfeet 997 
and the extracellular space volume fraction. In this chapter we consider in detail the different physiological 998 
drivers that enable and drive flow in the glymphatic system. 999 
 000 
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 001 
Figure 18. Physiological drivers of the glymphatic system 
Flow in the glymphatic system is established by different physiological processes driving intracerebral pressure 002 
gradients. Upper left insert: Anterograde CSF flow in perivascular spaces of leptomeningeal surface arteries is 003 
driven by perivascular pumping. The distension of the arterial wall caused by the cardiac impulse wave pumps 004 
CSF forward in a pulsatile fashion, where increased CSF flow velocity occurs in phase with the R component of 005 
the ECG (systole) (455). Lower left insert: The respiratory cycle changes intrathoracic pressure, which affects 006 
central venous pressure and also the cardiac cycle (respiratory bradycardia). This in turn affects venous pressure 007 
in brain as well as intracranial pressure (ICP). Intraventricular CSF flow is thus highly dependent on the 008 
respiratory cycle, where inspiration leads to a drop in venous blood volume in brain, thus causing increased 009 
flow of CSF into the ventricular system. Forced inspiration can increase this CSF flow rate (188, 189). In the 010 
glymphatic system, the venous pressure changes caused by the respiratory cycle are believed to have earlier and 011 
greater effects on perivenous spaces than periarterial spaces (351). This might impose a pressure gradient 012 
facilitating extracellular fluid flow toward the venous compartment during each inspiration.  Upper right insert: 013 
Increased brain extracellular volume is associated with increased glymphatic function that occurs during sleep. 014 
The 60% increase in extracellular space volume that typically occurs during NREM sleep causes a drop in 015 
hydraulic resistance that promotes fluid flow through the parenchyma (740).  Lower right insert: Changes in 016 
arterial and arteriolar diameter caused by autoregulation of smooth muscle cell tone have been associated both 017 
with intraventricular CSF flow and brain clearance. In the 4th ventricle, increased CSF inflow deeper into the 018 
ventricular system has an anticorrelation with the blood oxygen level-dependent (BOLD) signal on functional 019 
MRI (fMRI). This suggests that loss of cerebral blood volume due to vasoconstriction following the hyperemia 020 
induced by global increases in neural activity during NREM sleep increases CSF flow (234). Brain fluid 021 
clearance in mice has also been associated with vasomotion, both in association with 0.1 Hz neuronal 022 
oscillations occurring during wakefulness, and during evoked functional hyperemia (680).  023 
 024 

B. Intracranial oscillations 025 
The brain, unlike other organs, is entirely encased by a protective bony structure, the skull.  The rigid 026 

walls of the cranium form the outermost barrier of the intracranial compartment, meaning that maximal 027 
intracranial volume cannot exceed a fixed quantity. The intracranial vault is filled with the brain, which 028 
occupies 80% of the space (intracellular compartment: 66% and extracellular compartment: 14%), blood 029 
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occupies 10% (arterial, capillary, venous compartment), and CSF occupies 10% of the volume (20% of which 030 
in the ventricles and the rest in the cranial and spinal subarachnoid space) (663). Seminal work by Monro and 031 
Kellie, and extended by Burrows, determined that, due to the intracranial volume being fixed, any increase in 032 
extracellular volume would require an accompanying and proportional decrease in an adjacent compartment to 033 
prevent a rise in ICP (728). Therefore, derangements in intracranial volume are measured clinically by using 034 
ICP as a surrogate of the effective equilibrium between compartments. The most dynamic of these 035 
compartments is the CSF space. In cases where the brain swells or blood volume increases, CSF exits  the 036 
intracranial compartment so as to maintain total volume. In disorders such as hydrocephalus, where this 037 
accommodation cannot be achieved, ICP rises to dangerous levels. The Monro-Kellie doctrine can also be 038 
extended to posit that even small changes in the volume of a compartment can cause CSF shifts. This turns out 039 
to be a quite important concept for in understanding fluid transport in the brain, since this process is a primary 040 
physiological driver of CSF flow.   041 

 042 
CSF volume is a passive contributor to intracranial volume, as can be seen in the circumstance of 043 

cortical atrophy due to aging or the formation of hydrocephalus ex vacuo. Therefore, the compartments that can 044 
exhibit fluctuations in volume driving CSF flow are the brain tissue itself and the cerebral blood volume. Under 045 
physiological conditions, it is believed that the brain tissue has limited potential to significantly change its 046 
volume within a short time scale (seconds to minutes). However, this volume constraint might not hold at 047 
longer timescales such as across the day, arousal and brain states, or periods of neurodevelopment (months to 048 
years). Since both compartments are primarily composed of water, it follows that any large volume change 049 
would most likely be driven by fluid shifts, since the macromolecular content (i.e., metabolites, amino acids, 050 
lipids, and nucleic acids) of the brain tissue is largely stable. If volume changes were to occur, these would have 051 
to be the net result of changes in either intracellular or extracellular space volume. Intracellular volume could 052 
increase or decrease by altering the total number of cells or by swelling/shrinking of the cellular compartment. 053 
On the other hand, extracellular volume might vary secondarily to intracellular volume shifts, or is perhaps 054 
independently regulated (e.g., by the extracellular matrix hydration state, see chapter VII). Yet, the most 055 
dynamic compartment at short timescales is definitely the cerebral blood volume (CBV), which consists of 056 
arterial, capillary, and venous vascular volumes. Thus,  arterial and venous CBV are the volume fractions with 057 
the most physiological variation. Arterial CBV constitutes 20-30% of the total vascular volume, while venous 058 
CBV accounts for 70-80% (307).  Much as with brain tissue, the length of the vascular network is unlikely to 059 
change within short time scales, but this parameter does vary significantly across development and disease 060 
states. However, the diameters of both the arteries and veins are highly dynamic, as is consequently their 061 
volume. This is particularly relevant since the volume fraction of perivascular spaces in certain brain regions 062 
have been shown with 7T magnetic resonance imaging to range from 0.22% in the basal ganglia to 0.74% in 063 
thalamus (767). This suggests that even a small change in CBV has enormous effects on the volume of fluid 064 
within perivascular spaces.  065 

 066 
A fluctuation in CBV can occur acutely, as when bending over to tie your shoelace, which evokes a 067 

sensation of pressure building up inside your head, or it can occur rhythmically, as when you feel your heart 068 
beating inside your head as you jog. The intracranial environment is continuously subjected to the cumulative 069 
effect of all the mechanical pressure waves introduced into the skull. These rhythmic oscillations are sometimes 070 
organized by their frequency range, into very high (0.6-2 Hz), high (0.15-0.6 Hz), low (0.05-0.15 Hz), very low 071 
(0.02-0.05 Hz), and still slower ranges, which we  denominate ultralow (0.01-0.02 Hz) and superlow (0.005-072 
0.01 Hz) for the purpose of the present description (Figure 19) (633). The nomenclature and frequencies 073 
encompassed by each frequency band vary broadly within the literature, and definitely require harmonization in 074 
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the years ahead (350, 351, 639). Several oscillations reported in the literature may actually refer to the same the 075 
process, but having been measured in different compartments using different techniques, they cannot be cross 076 
validated between studies. Moreover, the exact physiological underpinnings behind each oscillation band are 077 
still being worked out. For the purpose of this review, we shall organize the various oscillations into two 078 
categories: extracranial oscillators and intracranial oscillators. Extracranial oscillators like the cardiac and 079 
respiratory cycles introduce mechanical pressure waves into the skull and are primarily in the high and very 080 
high frequency ranges. However, an important caveat is that these higher frequencies have faster or slower 081 
cardiac and respiratory rates in different species. For example, a resting heart rate in humans is close  1 Hz, 082 
while mice can have heart rates of up to 12 Hz, suggesting that the physiological process underlying these 083 
oscillations must have species-specific frequency bands (296). On the other hand, intracranial oscillators are 084 
more numerous and much more complex. Intracranial oscillators can be further divided into neural and vascular 085 
oscillators. Neural oscillations, which are the most studied, are primarily driven by phasic activity within and 086 
between neural circuits. These oscillations are generally measured using scalp electroencephalogram (EEG) or 087 
local field potential recordings, and have frequency bands ranging from ultrafast (200-600 Hz), fast (80-200 088 
Hz), gamma (30-80 Hz), beta (10-30 Hz), theta (4-10 Hz), delta (1.5-4 Hz), slow 1 (0.5-1.5 Hz), slow 2 (0.2-0.5 089 
Hz), slow 3 (0.07-0.2 Hz), and slow 4 (0.025-0.07 Hz) (102). These frequency ranges reported are not 090 
universally accepted nomenclature and there is significant variability in the criteria used. We recommend that 091 
readers check the frequency ranges using in individual studies and also take into account species-specific 092 
considerations . The mechanism by which neural oscillators modify intracranial volume is not precisely known, 093 
but has recently become a significant research topic due to the role of CBV in the BOLD response recorded in 094 
fMRI (190). Neural activity has been shown to cause cells to swell and shrink, and the resultant changes in 095 
extracellular volume could cause flow changes (399). An alternative mechanism is that neural activity is 096 
coupled to hemodynamics via neurovascular coupling in a process known as functional hyperemia (290). 097 
Examples of neural oscillators that have been shown to change intracranial volume and drive CSF are described 098 
below. The second type of intracranial oscillators are vascular oscillators, which are driven intrinsically by the 099 
vasculature. Vascular oscillators are divided into three separate processes: myogenic, neurogenic, and 100 
endothelial (nitric oxide-dependent and independent) oscillations (633). Myogenic (low frequency) oscillations 101 
are generated by a process primarily known as vasomotion (1). This process is believed to be the cause of 102 
fluctuations in blood flow and mean arterial pressure, which are known as Traube-Hering-Mayer or Mayer 103 
waves, or simply M waves (1). Neurogenic (very low frequency) oscillations are primarily the result of 104 
innervation of the autonomic nervous system on the microvasculature. These neurogenic oscillators might play 105 
a role in entraining the various rhythms and are found in the same frequency band as the Lundberg B waves 106 
seen in ICP recordings (413, 639). Endothelial oscillations in the brain are less well known, but have in the 107 
periphery been shown to be either nitric oxide (NO)-dependent (ultralow) or NO-independent (superlow) (363, 108 
633). It is important to note that the CSF compartment will be exposed to the net effect of all these coinciding 109 
oscillations, such that CSF flow is best described by a system of coupled oscillators. The following sections will 110 
discuss several of the oscillatory rhythms that are known to drive CSF flow. 111 
 112 
 113 
 114 
 115 
 
Frequency Brain state Cause Physiological 

driver on CSF 
dynamics 

Effect on 
ventricular CSF 

Effect on glymphatics References 
 

Very high: 
0.8-1.2 Hz or 

Wakefulness 
and sleep 

Cardiovascular 
cycle 

Arterial 
pulsations 

Minor low 
amplitude 

Forward pumping of CSF 
in periarterial surface 

(Iliff, Wang 
et al. 2013, 
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every ~ 1 
second. 

contribution 
compared to 
respiratory forces 
(Human) 

vessels. (Mice) Dreha-
Kulaczewski, 
Joseph et al. 
2015, 
Kiviniemi, 
Wang et al. 
2016, Dreha-
Kulaczewski, 
Joseph et al. 
2017, 
Mestre, 
Tithof et al. 
2018) 

High: 
0.4-0.25 Hz or 
every ~4 
seconds. 

Wakefulness 
and sleep 

Respiratory cycle Venous 
pulsations, drop 
in venous blood 
volume and 
changes in ICP 

Inspiration causes 
largest amplitude 
changes during 
wakefulness in 
CSF flow leading 
to increased inward 
flow from 3rd to 4th 
ventricle. (Human) 

Venous pulsations are 
believed to drive 
extracellular fluid efflux 
from brain* 

(Dreha-
Kulaczewski, 
Joseph et al. 
2015, 
Kiviniemi, 
Wang et al. 
2016, Dreha-
Kulaczewski, 
Joseph et al. 
2017) 

Very low: 
0.05 Hz or 
every ~20 
seconds. 

NREM stage 2 
sleep 

Sleep spindles or K 
complexes 
oscillations trigger 
vasodilation 
followed by 
vasoconstriction  

Change in 
BOLD signal 
reflecting 
dynamic 
changes in 
vascular tone 

Largest changes in 
intraventricular 
CSF flow, also 
relative to 
wakefulness. Leads 
to increased inward 
flow from 3rd to 4th 
ventricle. (Human) 

A drop in arterial blood 
volume could lower 
perivascular space 
resistance to CSF flow 
and large oscillations in 
arterial blood volume 
could act as a pump.* 

(Fultz, 
Bonmassar et 
al. 2019, 
Mestre, Du 
et al. 2020) 

Low: 
0.1 Hz or 
every ~10 
seconds 

Wakefulness Increased neural 
activity in the γ-
band leading to 
vasodilation 
followed by 
vasoconstriction 

Arterial 
constriction that 
follows the 
neural activity 
driven dilation 

Little or no effect. 
(Human) 

Increased brain 
extracellular space 
clearance. Likely 
occurring by the same 
mechanisms as above, 
albeit with lower 
amplitude changes. 
(Mice) 

(Fultz, 
Bonmassar et 
al. 2019, van 
Veluw, Hou 
et al. 2020) 

* Hypothesis, not experimentally proven. 116 
 117 
Table 2. Cyclic changes in neural activity and cardiorespiratory forces that drives CSF flow and 118 
glymphatic activity during sleep and wakefulness.  119 
ICP: intracranial pressure, CSF: cerebrospinal fluid. 120 
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 121 
 122 
Figure 19. Intracranial oscillations as drivers for brain fluid transport. 
(A) Oscillations can be measured by different techniques in separate compartments, such as neural oscillations 123 
measured using EEG or LFP (102). They display important state-dependent changes such as the predominance 124 
of delta waves, K complexes, and sleep spindles during non-REM sleep (446). Vascular oscillations are divided 125 
into extracranial and intracranial oscillations. Extracranial oscillations are the cardiac (very high frequency) and 126 
respiratory (high frequency) cycles, while intracranial oscillations are divided into myogenic (low), neurogenic 127 
(very low), and endothelial components (351, 633). Endothelial oscillations consist of nitric oxide (NO)-128 
dependent (ultralow) and NO-independent (superlow) mechanisms (363). Several neural and vascular 129 
oscillations have been measured in CSF. Arterial pulsations from the very high frequency cardiac cycle drive 130 
perivascular flow (280, 316, 455). Flow changes are also driven by the respiratory cycle (189, 639). Myogenic 131 
oscillations, also known as vasomotion, have been measured in CSF (680). These myogenic oscillations are 132 
sometimes described as ultraslow, Mayer (M) waves, or Lundberg C waves (190, 639). (B) Diagram of coupled 133 
oscillators that drive CSF flow. Extracranial oscillators such as the cardiac and respiratory (Resp.) cycles 134 
transmit pressure waves into the intracranial compartment by modulating the amount of blood entering the 135 
vascular compartment, which is measured as cerebral blood flow (CBF) and cerebral blood volume (CBV). 136 
Neural processes like functional hyperemia in turn also modulate CBF and CBV. Changes in CBF and CBV can 137 
be evaluated from fMRI BOLD contrast signals (234). The direction of coupling between the various oscillators 138 
is an exciting and growing field to determine the multiple processes underlying CSF flow (476).   139 
 140 

C. Cardiac cycle 141 
Background: Blood flow in the brain 142 
Cerebral perfusion is higher than in most other organs, such that the brain receives 12-20% of cardiac 143 

output, despite accounting for only 2 % of total human body weight (348, 449, 741). Cardiac output, the volume 144 
of blood pumped by the heart in a minute, is defined as the product of the stroke volume (volume of blood 145 
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ejected with each beat) and the heart rate (the number of times the heart beats in a minute). As such, cardiac 146 
output depends on body size and changes in response to demand, increasing from perhaps 4 L/min at rest up to 147 
35 L/min in an elite athlete during exercise (345). Cerebral blood flow (CBF; ml 100 g-1 min-1) is the volume of 148 
blood that passes through the brain with each minute, which is defined by the cerebral perfusion pressure (CPP) 149 
and is inversely related to the cerebrovascular resistance (CVR) of the brain vasculature. CPP is determined as 150 
the pressure difference between mean arterial blood pressure (MAP) and intracranial pressure (CPP=MAP-151 
ICP), or rather the brain venous pressure, should that exceed the ICP. The CBF is then defined as the CPP 152 
divided by the cerebrovascular resistance (CBF = CPP/CVR). In other words, CBF theoretically increases with 153 
rising mean arterial pressure and decreases in response to lower MAP, elevations of ICP or venous pressure, or 154 
following increases in cerebrovascular resistance. Normally, cerebral autoregulation maintains CBF within a 155 
narrow range during physiological conditions, despite the huge variations in cardiac output across daily activity 156 
(449). The magnitude of CBF is generally kept within a two-fold range, which is maintained by the effectors of 157 
cerebral autoregulation that alter the resistance of the brain vasculature (449). The autoregulated change in 158 
resistance mainly occurs in arteries and arterioles, where modulation of vascular smooth muscle cell tone can 159 
cause either vessel dilation or constriction (348, 449). The role of cerebrovascular autoregulation is explained in 160 
further detail in the Vasodynamics section (see section IX.E).  161 

The total volume of blood within the brain is furthermore a dynamic quantity. Thus, CBV is defined as 162 
the product of CBF and mean transit time (MTT), which indicates the time taken for blood to pass through the 163 
brain (CBV = CBF x MTT). In healthy adults, the CBF is approximately 50 ml 100 g tissue-1 min-1 and the 164 
MTT about 12 seconds, such that the CBV is about 5 ml /100 cm3 tissue (5% v/v) (308). As mentioned above, 165 
under normal conditions, CBF is relatively stable; however, there are certain exceptions, such as during 166 
hypercapnia, where CBF can increase substantially. CBV is a direct function of CBF and is sometimes 167 
represented using Grubb’s exponent, which states that CBV = 0.8 x CBF0.38 in non-human primates (262). An 168 
interesting feature of this relationship is that at lower CBF values, the CBV changes are of much greater 169 
magnitude than those occurring during higher CBF states. The majority of the CBV is found on the venous side 170 
of the vascular tree. The total intracranial volume of an average young male person is about 1400 ml, of which 171 
blood represents 100-130 ml and CSF 75 ml (728). There is a profound difference between the total cerebral 172 
perfusion and the CSF production rate. While a brain may receive blood at a rate of approximately 700 ml/min, 173 
the CSF production rate is a relatively minuscule 0.3-0.7 mL/min (see chapter V.D regarding CSF production 174 
rates) (728). In other words, blood flow exceeds CSF production by a factor of 1000-2000. Given that the entire 175 
vascular tree in human brain encompasses more than 600 km of densely packed arteries, arterioles, capillaries, 176 
venules and veins, it is evident that flow through the cerebral blood vessels must exert substantial forces on the 177 
surrounding intracranial structures (348). Indeed, cardiovascular dynamics pump CSF in the perivascular spaces 178 
of leptomeningeal surface vessels, which thus ensures the supply of fresh CSF to the glymphatic system (455). 179 

 180 
Glymphatic flow and the cardiac cycle 181 

Ultrafast MR encephalography reveals that cardiovascular pulse waves in phase with the R-component of the 182 
electrocardiogram travel along the major cerebral arteries, descend downwards to the ventricles and proceed 183 
from there towards the brainstem and cerebellum (see  184 
Table 2) (351). In that study, cardiac cycle-induced pulse waves were also observed in the CSF, and the authors 185 
hypothesized that propagating pulse waves traversing the brain parenchyma could cyclically accelerate and 186 
deaccelerate CSF flow in the perivascular spaces of penetrating arterioles. The anterograde flow of CSF in 187 
perivascular spaces of leptomeningeal surface vessels has been studied microscopically in various animal 188 
models (Figure 18). The anterograde flow velocity in the perivascular spaces of the middle cerebral artery was 189 
around 18 μm/s and was faster in the center of the space and slower near the perivascular space wall, as well as 190 
around vessel bifurcations (49, 455). The blood flow in a neighboring artery was about 1,000 times faster than 191 
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the local CSF flow (582). The CSF flow speed in the perivascular space is similar to blood flow, meaning that 192 
its velocity periodically increases and decreases in synchrony with the cardiac cycle (455). The velocity peak 193 
matches that of the heartbeat, indicating that the cardiac pulse wave propagating along the artery is a main 194 
driving force of CSF inflow (455). In fact, the displacement of the artery wall during the cardiac pulse wave 195 
matches the dynamic movement of CSF both in velocity and timing, which strongly suggests CSF is pumped 196 
forward by the distension of the artery during systole (455). The importance of the cardiac cycle in pumping 197 
CSF forward into the periarterial spaces is also demonstrated by observations that pharmacological agents 198 
altering cardiovascular dynamics can impact CSF flow. Thus, treatment of rats with the β1-adrenoreceptor 199 
agonist dobutamine increases heart rate and cardiac output, and also stimulates CSF flow in the perivascular 200 
space proximal to the Circle of Willis, whereas angiotensin-II treatment induces hypertension and reduces the 201 
velocity of CSF flow (280, 455). In line with this, dobutamine treatment increases the inflow of CSF tracer to 202 
the brain parenchyma, thus confirming that raising the CSF flow rate in periarterial spaces leads to increased 203 
glymphatic influx (316). However, the relationship is more complicated than it might seem at first glance. The 204 
pulse wave pumping CSF forward is dependent not just on heart rate, but also on its various component 205 
features, including pulse pressure, blood pressure, and also ICP. Pharmacological studies of the relationship 206 
between pressure waves and CSF inflow have generally suffered from a lack of specificity for these various 207 
component factors, so there is still no clear understanding of how they separately determine the rate of CSF 208 
flow (29, 63, 267). This reflects the difficulties in dissecting out the different cardiac and vascular components 209 
affecting perivascular flow and glymphatic function in separate entities, which not only relate to drugs but also 210 
various physiological states. Thus, dynamic cardiac forces as well as arterial caliber changes affect influx rate 211 
by altering pumping efficacy and periarterial space resistance, and in similar ways, venous pulsations and 212 
venous blood volume changes likely affect efflux rate. It should also be noted that a reduction in CSF influx 213 
may be an indirect consequence of excess fluid accumulation and failure of fluid drainage out of the CNS 214 
compartments. Most of the efflux paths are difficult to access experimentally due to their deep location. Future 215 
studies must aim to disentangle the interconnection between the drivers of glymphatic influx and efflux. 216 
According to the terminology used in fluid mechanics, CSF inflow in the perivascular spaces is described by the 217 
Reynolds number (the ratio of inertial to viscous forces within a fluid), which describes the extent of turbulent 218 
flow, and the Peclet number, which is the ratio of advective to diffusive transport. For CSF flow in the 219 
perivascular space around the middle cerebral artery, the Reynolds number is typically 0.001, suggesting a 220 
strictly laminar flow, and the Peclet number is typically 1,000, implying that advective transport dominates over 221 
diffusion (455).   222 
 223 

D. Respiratory cycle 224 
Background: Respiratory cycle and changes in ICP and venous pressure 225 
Intracranial pressure has a close relationship with venous pressure. Due to the lack of physical valves in 226 

the brain and cranial veins, venous pressure in brain is quite sensitive to central venous pressure, which in turn 227 
tracks the changes in intrathoracic pressure across the respiratory cycle (728). Thus, the respiratory cycle 228 
evokes venous pressure pulsations in cerebral veins, which in turn provoke cyclic changes in ICP that reflect 229 
expiration and inspiration (270). Besides this respiratory component, the ICP pressure waveform has two other 230 
components, namely the cardiac cycle and slow wave vasomotion(M waves and B waves, see Figure 19) (270). 231 
The amplitude of the respiratory component is the largest among the three ICP pressure wave components (270, 232 
728). In other words, under physiological conditions the venous pulsations caused by the respiratory cycle 233 
provoke the largest changes in ICP. Furthermore, the respiratory cycle can affect CSF flow (189, 351), but 234 
exactly how cyclic ICP changes and respiration-induced changes in venous volume may each affect CSF is not 235 
known in detail. 236 

 237 
Glymphatic flow and respiration 238 

Intraventricular CSF flow is driven by inspiration-related intrathoracic pressure changes and can thus be 239 
increased by forced inspiration and decreased with breath holding (189). The intraventricular CSF flow during 240 
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inspiration is in an inward direction, thus causing CSF to move from the 4th ventricle to the cerebral aqueduct, 241 
and onwards to the 3rd and lateral ventricles (Figure 18 and  242 
Table 2) (188). The CSF flow during inspiration is driven by the loss of venous volume, such that the drop in 243 
intrathoracic pressure during inspiration causes increased venous blood outflow, and consequently increased 244 
CSF inflow to the ventricles (188). The respiratory-driven venous pulsations travel through the brain 245 
parenchyma in a centripetal manner, initiating in the perivenous area in cortical regions and propagating 246 
towards the center of the brain (351). The role of the respiratory cycle on microscale CSF and extracellular fluid 247 
flow is poorly understood (709). Histological evidence shows that CSF tracers entering the brain along the 248 
glymphatic pathway, or delivered intrathecally, find their efflux from the brain through white matter tracts and 249 
along perivenous spaces around large caliber draining veins including the transverse sinus (that drain 250 
subcortical white matter tracts), straight sinus, and inferior sagittal sinus (313, 315, 554). Venous pulsations and 251 
consequently increased pressure difference between arterial and venous compartments are believed to drive 252 
fluid efflux from the brain parenchyma by a mechanism resembling the process driving fluid influx in 253 
periarterial spaces on the brain surface during the cardiac cycle (351, 455). Compared to the wall distensions on 254 
the arterial side caused by the cardiac cycle, venous wall pulsations are likely of much larger amplitude due to 255 
the larger caliber of the veins, and show greater changes in blood volume relative to arterial blood volume. The 256 
more distensible venous wall compared to the rigid, smooth muscle cell-covered arterial walls likely permits  257 
bigger volume changes in the venous compartment than in the arterial compartment during changes in CPP, 258 
ICP, and respiratory rate. Unfortunately, in vivo studies investigating the nature of perivenous efflux of 259 
extracellular fluid are lacking, likely due to present technical limitations as well as a traditional focus placed on 260 
studying dynamics of the periarterial CSF spaces (709). In fact, the respiratory cycle has a modulatory effect on 261 
the arterial perivascular spaces, which has some consequences on the influx of CSF to the glymphatic system 262 
(455). This modulation is probably caused by a drop in MAP due to respiratory bradycardia, which in turn 263 
affects the CPP, and then modulates the amplitude of the arterial wall distension, a phenomenon thatis 264 
responsible for pumping CSF forward (455).  265 
 266 

E. Vasodynamics 267 
Background: Slow vasomotion and functional hyperemia in brain 268 
Dynamic changes in vessel diameter arise not only from the cardiac cycle, but also due to autoregulation 269 

of vessel tone. Thus, vasoconstriction and dilation result from changes in the tonus of vascular smooth muscle 270 
cells in the walls of brain arteries and arterioles (311). Slow vasomotion in the absence of external stimuli falls 271 
within a broad range of frequencies centered around 0.1 Hz in awake human, mouse, and rat (437). It is debated 272 
whether these low frequency fluctuations in vasomotion are caused by periodic changes in neuronal activity and 273 
smooth muscle contractility, but the rhythmic increases in arteriole diameter are phase-locked with increased 274 
electrical activity in the γ-band, which is the so-called ultra-slow electroencephalographic oscillation (437). The 275 
vasomotion occurs synchronously over multiple transhemispheric brain regions and is dependent in part on the 276 
cortical projections of the corpus callosum (437). Functional hyperemia represents another kind of slow 277 
vasomotion, but unlike the vasodilations driven by ultra-slow fluctuations in neuronal activity, functional 278 
hyperemia is dependent on external stimuli, and is not only temporally locked to the stimuli, but also spatially 279 
confined to just those cortical areas involved in processing the given stimulus (311, 582). Our understanding of 280 
vasomotion on intra-axial CSF flow is still limited, although there are reports of increased brain clearance 281 
associated with the cyclic ultra-slow oscillations of neuronal activity and also with functional hyperemia. 282 
However, the linking causal mechanisms have yet to be identified. At a macroscopic scale, vasomotion has been 283 
shown to produce pulsations that propagate over large parts of the brain; the associated intraventricular CSF 284 
flow seems to depend on changes in CBV probably caused by caliber changes in cerebral blood vessels that are 285 
coupled to oscillations in neuronal activity (234, 680). Thus, there is a strong association between intra-axial 286 
CSF flow and vasomotion, but finer details such as driving forces, directionality, and physiological function 287 
remain to be elucidated. 288 
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 289 
Glymphatic flow and vasomotion 290 
During NREM sleep, 0.05 Hz oscillations in neuronal activity are followed by increased inflow of CSF 291 

through the ventricular system in humans (234). fMRI studies of the BOLD signal showed anticorrelation with 292 
CSF inflow through the 4th ventricle (234).  Thus, whenever the intracerebral blood volume decreases, CSF 293 
flows into the ventricles (see  294 

Table 2).  Sleep spindles or K complexes oscillations during NREM stage 2 preceded both the drop in 295 
BOLD signal and the increase in ventricular CSF inflow. This increasing effect on intraventricular CSF flow 296 
indicates that slow waves in NREM sleep could be a driver of the increased glymphatic activity during sleep, 297 
conceivably by a mechanism whereby the arterial constriction following upon neurogenic vasodilation causes a 298 
drop in resistance for CSF flow in the perivascular space. In contrast, during wakefulness only small amplitude 299 
CSF oscillations were seen in the ventricular system, and these oscillations tracked the respiratory cycle at 0.25 300 
Hz as mentioned above. New ultrafast MR encephalography methods applied in humans have revealed 301 
parenchyma vasomotor waves propagating in a rhythmic fashion, also during wakefulness (351, 680). These 302 
waves were more temporally complex and spatially widespread than are cardiorespiratory waves, and a power 303 
spectrum analysis showed various frequency components centered around two main peaks. Changes in signal 304 
stemming from vascular changes were associated with oscillating neuronal activity occurring at 0.023-0.73 Hz, 305 
whereas signal changes at 0.001-0.023 Hz are believed to result from changes in vascular tone driven by 306 
sympathetic and parasympathetic activity from the autonomic innervations of the cerebral vasculature (351). 307 
Studies in mice support the notion that vasomotion associated with oscillations in neuronal activity during 308 
wakefulness is a driver of intra-axial fluid flow. Indeed, vasomotion during wakefulness driven by oscillating 309 
neural activity centered around 0.1 Hz has been associated with increased clearance of brain parenchymal 310 
tracers, as revealed by mouse studies with intravital 2-photon microscopy (680). That increased power of 311 
vasomotion can boost brain parenchymal clearance rates was furthermore corroborated in that study, which 312 
showed  that evoking functional hyperemia in mice by visual stimulation increased the clearance rate by about 313 
one third, compared to non-stimulated controls (Figure 18 and  314 

Table 2) (680). However, that study was confounded by artefactual BBB breakdown, resulting in 315 
leakage of blood components into the perivascular spaces. As such, further studies are needed to elucidate fully 316 
the mechanism of functional hyperemia and vasomotion in regulating brain clearance. The glymphatic 317 
inhibition that occurs during isoflurane anesthesia, when cerebral vessels are fully dilated, is thought to be due 318 
in part to loss of vasomotion during the full dilation (266, 680). A similar mechanism is likely responsible for 319 
the glymphatic inhibition seen during hypercapnia, although in both instances a reduction in perivascular space 320 
cross sectional area might also have been responsible for the attenuated glymphatic function (253). The 321 
difference in glymphatic activity that is seen between the awake and sleeping states can partly be explained by 322 
differences in hemodynamics between these two brain states. During deep sleep, oscillations in cerebral blood 323 
volume are of much larger amplitude than during wakefulness, with the largest amplitude occurring during 324 
REM sleep compared to NREM sleep (672). Somewhat surprisingly, neurovascular coupling is also stronger 325 
during sleep than in the awake state, meaning that sensory stimulations during sleep drives larger fluctuations in 326 
arterial diameters (672). Thus, the large displacements of blood that are seen during sleep, both as a response to 327 
cyclic electrophysiological changes in neural activity, as well as by sensory evoked functional hyperemia, 328 
would in turn cyclically allow greater volumes of CSF to enter the brain during sleep than during wakefulness.  329 
 330 

F.  Hydraulic Resistance 331 
As fluid flows through the glymphatic system, the greatest resistance and thus the slowest flow rate 332 

occurs through the tortuous brain extracellular space (see chapter VII, extracellular matrix). The volume 333 
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fraction of the brain extracellular space changes dynamically, typically varying between 14-24 % of the total 334 
brain volume, but can fall to 5 % during ischemia (645). The extracellular space is geometrically complex and 335 
harbors lengthy and tortuous paths that circumvent cells, along with other paths that terminate in a cul-de-sac. 336 
Furthermore, the extracellular space contains an extracellular matrix that increases the viscosity of the 337 
extracellular space fluid and also harbors receptors and negatively charged structures that can interact with and 338 
temporarily bind certain constituents of the extracellular space fluid, thus slowing the flow of fluid and its 339 
solutes through the extracellular space (645). The extracellular matrix of the brain differs from that of other 340 
organs with respect to its almost complete lack of fibrous components like collagen, and for its abundance of 341 
negatively charged chondroitin sulfate proteoglycans as well as aggrecan-hyaluronan complexes, which likely 342 
facilitate rapid water uptake of the brain extracellular space (see microscopic chapter) (288, 583). See chapter 343 
VII on extracellular matrix for more information on this subject. Perhaps due to this complexity, the 344 
extracellular space volume in brain can change dynamically to an extent greater than previously supposed, such 345 
that the resistance to extracellular fluid flow can be tuned up or down (740). Consequently, the fluid movement 346 
into and through the neuropil encounters several switching sites, where parenchymal glymphatic flow can 347 
increase or decrease depending on brain state (266). 348 
 349 

Brain State Dependent regulation 350 
The glymphatic pathway is primarily active during NREM sleep, when periarterial and parenchymal 351 

CSF inflow is several fold higher than during wakefulness (see Figure 20) (740). The increased glymphatic 352 
function during sleep is associated with a 60% increase in extracellular volume, and the resultant drop in 353 
resistance to flow likely facilitates the increased glymphatic influx observed during sleep (740). Noradrenergic 354 
signaling from the locus coeruleus is a critical factor in arousal and waking, and pharmacological blockade of 355 
this signaling in awake mice attenuated the loss in extracellular space volume compared to the sleep state, in 356 
association with increased glymphatic function, attaining an activity similar to that during normal sleep (740). 357 
Also in humans, sleep is crucial to brain clearance and one night of sleep deprivation leads to reduced clearance 358 
of intrathecally delivered MRI contrast agent from the brain parenchyma across multiple brain regions (203). In 359 
humans, extracellular space volume cannot easily be measured, but instead an indirect estimate can be obtained 360 
using diffusion weighted MRI. Sleep studies have shown that changes in the extracellular space volume in 361 
human brain are complex and show a regional pattern, with increases in diffusivity in cerebellum and temporal 362 
pole, and decreases in thalamus, insula, striatum and parahippocampus (173). Diffusivity in human brain 363 
decreases from morning to evening, suggesting that prolonged wakefulness shrinks the extracellular space 364 
volume (694). In one study, a night of sleep deprivation led to decreased extracellular measured in the morning, 365 
compared to that after a night with normal sleep (173, 693). However, a similar study did not find any such 366 
effect of sleep deprivation (173, 693). Overall, the expansion of the extracellular space that enables increased 367 
glymphatic activity in rodents likely also occurs in human brain, but the dynamics might be more complex and 368 
show regional variability. The enhancement of glymphatic function during sleep is associated with higher delta 369 
power on EEG recordings, which is typically observed during NREM sleep, and also occurs upon treatment 370 
with noradrenergic antagonists, as with certain anesthetic regiments (266, 740) (Figure 20) (266). Thus, mice 371 
anesthetized with ketamine/xylazine or isoflurane/dexmedetomidine show increases in glymphatic function that 372 
are comparable to those in natural sleep, whereas isoflurane anesthesia alone is less efficient in increasing 373 
glymphatic influx (266, 740). Besides correlating positively with increased delta power in the EEG band, 374 
glymphatic influx is also inversely correlated with heart rate during anesthesia, such that anesthetic agents that 375 
increase delta power and decrease heart rate are optimal for preserving glymphatic function (266, 518). The 376 
mechanism by which the extracellular space expands during sleep and anesthesia is currently unknown, but 377 
likely involves norepinephrine-regulated ion channels and transporters (500, 558). One potential mechanism 378 
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that could increase extracellular space volume is the declining blood volume that follows upon sleep spindles or 379 
K complexes oscillations during NREM stage 2, which drives CSF influx into the ventricular system (234). 380 
Such a loss of CBV would likely also provoke increased cross-sectional area of periarteriolar spaces, thus 381 
causing a drop in perivascular space resistance and increased inflow of CSF to the periarterial spaces of 382 
penetrating arterioles. This increased perivascular inflow could in turn result in increased inward flow of CSF to 383 
the neuropil, where negatively charged extracellular matrix proteins might readily absorb the additional water 384 
and thus expand the extracellular space. In a similar manner, the stimulation of glymphatic function by heart 385 
rate reductions during anesthesia could be explained by a reduction in CBF leading to reduced CBV, causing in 386 
turn an increased CSF inflow by lowering the resistance in periarterial and periarteriolar spaces.  However, this 387 
is a complex matter since different anesthetic drugs have distinct effects on heart rate, stroke volume, and blood 388 
vessel autoregulation depending on their mechanisms of action. This means that effects of anesthesia on CBF 389 
and CBV are difficult to predict. This also holds true for their effects on glymphatic function, and further 390 
studies are needed to pin down the relationship between brain state, cardiovascular components, and their 391 
impacts on glymphatic flow.  392 

Figure 20. Glymphatic activity and CSF egress during sleep and wakefulness. 
The glymphatic system is 3393 
primarily active during deep 3394 
sleep, when brain clearance 3395 
more than doubles compared to 3396 
wakefulness. This is likely due 3397 
to an increase in extracellular 3398 
volume fraction, which in rats is 3399 
about 14% during wakefulness, 3400 
but increases to 23% in a 3401 
process dependent on the loss of 3402 
noradrenergic signaling from the 3403 
locus coeruleus (740). This 3404 
could occur  by a mechanism 3405 

whereby perivascular space access is shut off during periods of  high noradrenergic tonus, but then opens up for 406 
fluid influx during the low noradrenergic tonus of sleep. The rate of CSF egress from the subarachnoid space 407 
shows an inverse relationship with glymphatic activity, thus increasing during wakefulness and decreasing 408 
during sleep (420). The top row illustrates the relationship between sleep and glymphatic activity. It is 409 
important to note that many details of the interconnection between the various stages of sleep and glymphatic 410 
flow remain to be determined. For example, the activity of the glymphatic system during REM sleep is 411 
unknown. The lower row depicts the critical importance of the extracellular volume fraction on glymphatic flow 412 
in the active state (left) and during inactivity (Non-REM sleep, right). See chapter XII.J for details on CSF 413 
egress. 414 
 415 

Permeability 416 
The fluid flow in the glymphatic system from periarterial spaces towards the neuropil and onwards into 417 

perivenous spaces depends on the polarized expression of AQP4 water channels in the plasma membrane of 418 
astrocytic endfeet facing the perivascular space (315). AQP4 knockout animals, animals treated with AQP4 419 
inhibitors, and animals treated with AQP4 antisense oligonucleotides all show attenuated CSF influx to the 420 
brain parenchyma and decreased clearance rates of extracellular tracer molecules (107, 279, 315, 452). The 421 
polarized expression of AQP4 to the astrocytic endfeet lining the perivascular space, as opposed to the soma 422 
and non-vascular processes, is critical for glymphatic function (358). With knockout of α-syntrophin, normal 423 
AQP4 polarization is lost, and AQP4 expression becomes diffusely spread throughout the glial cell. In mice 424 
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with α-syntrophin knock-out, inflow of CSF to the brain parenchyma is dramatically attenuated (452). Natural 425 
variations in the level of AQP4 polarization are found to be entrained by the circadian rhythm (265). Thus 426 
expression of the AQP4 gene and several other genes involved in the dystrophin-associated complex, which 427 
anchors AQP4 towards the adluminal site of the astrocytic endfeet, increase during the day, when mice are 428 
normally sleeping (265). The increased polarization of AQP4 during the day was associated  with increased 429 
CSF influx and higher brain clearance rate, thus highlighting the importance of the polarized AQP4 expression 430 
for facilitating glymphatic flow. Loss of perivascular localization of AQP4 water channels is seen during 431 
reactive astrogliosis, and has been associated with decreased glymphatic function in healthy aging and several 432 
disease models, and across species (198, 313, 358). The mechanism by which AQP4 drives water into the 433 
parenchyma remains to be elucidated (see AQP4 chapter).  434 
 435 

G. Outstanding questions 
• Arterial pulsations drive CSF influx, but modeling studies have concluded that these 

are not sufficient drivers. What additional pressure gradients generated during the 
cardiac cycle might contribute to driving directional CSF flow along periarterial 
spaces? 

• How do changes in intracranial pressure and venous pressure affect glymphatic 
influx and efflux? 

• Shrinkage of the extracellular space contributes in significant ways to the brain state 
control of glymphatic flow. However, it is likely that multiple other mechanisms 
suppress CSF influx in the awake state. CSF influx into the peri-arterial spaces 
surrounding the large caliber arteries in the basal cisterns are likely another site of 
regulation. This is plausible because the drivers of glymphatic flow, i.e., heart rate, 
respiration, and vasomotion, do not exhibit sufficiently pronounced diurnal changes 
to explain readily the dramatic increase in glymphatic flow during sleep, nor do 
diurnal changes in the rate of CSF production explain this difference.  

 436 
 437 

H. Interim summary section 438 
• With their close apposition to the vascular system of brain, cardiovascular pulse waves drive glymphatic 439 

pathway influx and potentially also efflux. Cardiac pulse waves generate anterograde flow in the 440 
periarterial spaces of surface arteries by a pumping mechanism. Changes in vessel diameter likely also 441 
contribute to changes in CSF flow, possibly by altering the resistance to flow in the perivascular space. 442 

• Respiratory cyclic changes in intrathoracic pressure drive intraventricular CSF flow, probably by 443 
inducing a transient loss of intracranial venous blood volume. Respiratory venous pulsations travelling 444 
in a centripetal fashion from cortical to deep brain regions are similarly believed to drive efflux of 445 
extracellular fluid from brain along the perivenous spaces of the glymphatic system, but this has yet to 446 
be experimentally proven. 447 

• Vasomotion driven by slow oscillations in neuronal activity as occurs during sleep drive flow of 448 
intraventricular CSF, which is likely due to changes in blood volume that affect CSF flow. Cyclic 449 
changes in vessel caliber occurs also during wakefulness and propagate over the brain parenchyma with 450 
very low frequency. These cyclic changes in arterial diameter likely also affect the CSF flow in 451 
periarterial spaces by adjusting the resistance of the periarterial channels. 452 
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• Flow in the extracellular space is facilitated by polarized astrocytic AQP4 expression and by dynamic 453 
changes in extracellular volume that may change across the sleep-wake cycle. Extracellular matrix 454 
proteins in the brain such as hyaluronan and proteoglycans can rapidly expand or shrink depending on 455 
their hydration state, which likely aids in rapid adjustment of extracellular space resistance. 456 

 457 

X. Physiological functions of glymphatic system 458 

A. Introduction 459 
The glymphatic system transports CSF into the brain and in equal measure removes extracellular fluid 460 

from the brain, carrying along with it dissolved metabolic waste products. As far as we know, the glymphatic 461 
system extends to every part of the brain, spinal cord, and retina. While mainly viewed as an efferent pathway 462 
to drive solutes and fluid out of the brain, the glymphatic systems also functions as an afferent pathway that can 463 
deliver molecules and fluid to the brain. The glymphatic pathway thus exists as a parallel circuit to the intrinsic 464 
brain vasculature and can perform functions similar to those of the blood and lymphatic vasculature in non-465 
neuronal organs, while remedying the obstacles to brain fluid clearance due the presence of the BBB and lack of 466 
lymphatic vessels. In this chapter we shall summarize the roles of the glymphatic system in brain fluid and 467 
metabolite clearance, delivery of nutrients, and finally in volume neurotransmission. 468 

 469 
B. Clearance 470 
Brain clearance is the designation for the brain’s ability to rid itself of excess extracellular fluid, metabolites, 471 

and waste products derived from the breakdown of intra- and extracellular proteins. In simple terms, brain 472 
clearance can take place by three different mechanisms, namely glymphatic efflux, local degradation, and 473 
export across the BBB (557, 643, 653). Local degradation can occur via  the intracellular processes of 474 
ubiquitination and by autophagy, which are discussed in detail elsewhere (293, 365, 627, 657).  Different brain 475 
proteins are apt to have their own preferential route of clearance/degradation, which would depend on molecular 476 
size and the likelihood of their cellular release. These processes are modulated by global factors such as age, 477 
arousal state, brain region, cellular location, and cardiovascular health (Figure 21). Furthermore, a given protein 478 
is not cleared exclusively by one solitary mechanism, but rather by the contributions of various possible 479 
clearance paths. As an example, immunoglobulins in the CSF are cleared by transport over the blood-CSF 480 
barrier (see chapter V) and by bulk flow of CSF (258, 638). The several clearance mechanisms can work in 481 
concert, for example when glymphatic transport carries a protein towards its efflux transporter expressed at the 482 
BBB. As such, dissecting out the precise contributions of distinct clearance mechanisms is difficult. However, 483 
the glymphatic pathway has been shown to be a substantial mediator of brain clearance, not only of solutes 484 
lacking a BBB transport mechanism, but also for clearance of molecules that are substrates for BBB 485 
transporters (315, 742). On the other hand, the clearance of proteins that are neither enzymatically degraded nor 486 
exported by specialized BBB transporters in the manner of amyloid-β might rely entirely on glymphatic efflux. 487 
Inert tracers such as inulin and mannitol, which have no putative receptors or BBB transporters, can thus be 488 
used to investigate the purely glymphatic clearance rates (453). In mice with impaired glymphatic efflux due to 489 
AQP4 knockout, the clearance rate of radiolabeled inulin injected into frontal cortex declined by about 25% 490 
after 30 minutes, and that of radiolabeled mannitol injected into striatum declined by about 70% after two hours 491 
compared to animals with normal AQP4 expression (315, 415). In awake mice, in which glymphatic transport is 492 
minimal, the clearance rate over four hours of inulin injected into frontal cortex was reduced by half relative to 493 
that in sleeping mice (740). The importance of the glymphatic system in brain clearance has also been shown 494 
using antisense oligonucleotides for mRNA interference. Thus, intraventricular injection of antisense 495 
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oligonucleotides that specifically target AQP4 mRNA provoked a 30% reduction in brain AQP4 protein 496 
expression over a 28 day period (107). In concert with this reduction, there was a 23% reduction in the washout 497 
of mutant huntingtin protein into the CSF and a 49% reduction of its washout into blood plasma in a mouse 498 
model of Huntington’s disease. This confirms that a subacute inhibition of the glymphatic system can have 499 
dramatic effects on the brain clearance of a neurotoxic protein. An even stronger effect was found after acute 500 
pharmacological glymphatic inhibition, which can be provoked with the AQP4 antagonist TGN-020 (310). In 501 
one study, wildtype mice were treated with an IP injection of TGN-020 and 15 minutes later received an 502 
intrastriatal injection of tau protein (279). Subsequent measurements of tau and phosphorylated tau in CSF 503 
indicated a 90% reduction in their clearance from brain after the pharmacological blockade of AQP4.  504 

Amyloid-β is a product of neuronal metabolism, which has been heavily implicated in the pathology of 505 
Alzheimer’s disease, and is a protein with more complex clearance pathways than most other proteins (see 506 
pathology chapter XIII) (627). Amyloid-β clearance is unique in that it occurs partly by specialized BBB 507 
transport, which heavily depends on glymphatic transport. This has been demonstrated in studies crossing 508 
APP/PS1 transgenic Alzheimer’s disease model mice, which have increased amyloid-β accumulation, with the 509 
glymphatic-deficient AQP4 knockout mouse (see chapter XIII for description of APP/PS1 mouse model). 510 
Offspring with increased amyloid-β deposition and glymphatic inhibition showed potentiation of amyloid-β 511 
deposition accumulation in hippocampus and cortical areas, as well as around leptomeningeal and cortical 512 
vessels compared to the APP/PS1 mice with an intact glymphatic system (742). The increased amyloid-β 513 
deposition was not due to augmented amyloid-β production or impaired amyloid-β degradation, but rather to a 514 
reduction in amyloid-β clearance by glymphatic efflux. Similar observations were made in APP/PS1 mice with 515 
an genetically intact glymphatic system, but with ligation of the cervical lymphatics (705). Thus, while mice 516 
normally have clearance of amyloid-β via a specific BBB transporter, this pathway greatly relies on the patency 517 
of glymphatic efflux to the downstream cervical lymphatic system. By extension, the glymphatic system is an 518 
important brain clearance mechanism for various substances in the brain extracellular space, potentially via 519 
coupling to BBB transport. Amyloid-β, along with tau and α-synuclein, are involved in the pathogenesis of 520 
neurodegenerative disorders, and are normally cleared at least in part by the glymphatic pathway (see chapter 521 
XIII for pathological processes in the glymphatic pathway) (313, 768). Furthermore, substrate transporter 522 
proteins such as apolipoprotein E that are abundantly secreted by the choroid plexus are ultimately transported 523 
from the brain parenchyma by glymphatic efflux, while small molecular weight metabolites are also cleared 524 
from the brain in part by glymphatic transport (5, 415).  525 
 526 
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 527 
Figure 21. Glymphatic system and its role in clearance, nourishment and volume transmission. 
The glymphatic system serves various physiological functions. By establishing extracellular fluid efflux, the 528 
glymphatic system clears the brain parenchyma of extracellular metabolites and waste products (315, 740). 529 
Furthermore, the influx of CSF to the brain along periarterial spaces also provides nourishment to the brain, 530 
whereby the glymphatic system distributes glucose to neurons and astrocytes, and delivers lipids and 531 
apolipoprotein E arising in the choroid plexus throughout the brain (5, 414, 554). Certain vitamins like folate 532 
and ascorbate are exclusively delivered to the brain parenchyma by CSF. Finally, the glymphatic system may 533 
play a role in local volume transmission, which refers to the transport of “spill-over” neurotransmitter from a 534 
synapse to neighboring non-postsynaptic cells. Glymphatic flow in the extracellular space would theoretically 535 
increase local volume transmission, as may occur during non-REM sleep, when large volumes of CSF wash 536 
through the neuropil. Interesting, non-REM sleep is characterized physiologically by large scale synchrony of 537 
neuronal activity, which fits with the notion of widespread humoral action supported volume transmission, as 538 
opposed to the tight spatio-temporal coupling of neurotransmission during wakefulness. Global volume 539 
transmission refers to the brain-wide delivery of neuropeptides or hormones with CSF, arising in 540 
circumventricular organs or from the choroid plexus. CVO: circumventricular organs.  541 

 542 
C. Nourishment 543 

While CSF is driven into the brain along perivascular spaces of penetrating arterioles, it carries solutes 544 
typical of CSF along with any further solutes that were transported into the perivascular spaces across the BBB. 545 
Many essential nutrients (like glucose, lactate, amino acids, ions, certain vitamins, and certain hormones, see 546 
review for details) (643) are transported by facilitated diffusion across the BBB, and are thus directly available 547 
to CNS cells via the capillary network. The glymphatic system might aid in transporting these nutrients by 548 
tissue fluid dispersion from the capillary to cells that are distal to a capillary (see chapter VII). However, CSF 549 
influx represents an alternative source of some of these nutrients, and indeed is the only source for substances 550 
lacking a specific transport mechanism in the BBB (Figure 21) (630). The glucose concentration in CSF is 551 
about one third of the plasma concentration, and this CSF glucose pool is available for transport into astrocytes 552 
and neurons (see Table 1 for CSF solute concentrations) (414). In addition, lipids and several isoforms of their 553 
transporter apolipoprotein E, which is produced by the choroid plexus and secreted into the CSF, obtain brain-554 
wide distribution by the glymphatic system (Figure 21) (5, 554). Certain vitamins (e.g., folate) are provided to 555 
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the brain almost exclusively by way of secretion from the choroid plexus into the CSF (256). The importance of 556 
CSF as a medium for brain nourishing is exemplified by the phenotype of a loss of function mutation of the 557 
folate receptor-α. Children with this mutation undergo neurodegeneration due to central folate deficiency 558 
resulting directly from impaired transcytosis of folate over the choroid plexus epithelium and into the CSF 559 
(256). Glymphatic transport is also critical for other vitamins, insulin-like growth factor I and II, transthyretin, 560 
and many other peptides and proteins that are transported from blood into CSF or produced and secreted from 561 
chroid plexus (630), although details remain to be elucidated.  However, the brain-wide glymphatic transport of 562 
sugars and lipid compounds by convection through the glymphatic system suggests an essential role in brain 563 
nourishment, and that all solutes within the CSF are likely dispersed throughout the brain by way of the 564 
glymphatic system.  565 
 566 

D. Volume transmission 567 
Volume transmission represents an elusive concept of uncertain physiological importance, despite its 568 

pervasive acceptance in the literature (645). Volume transmission can be strictly local in its scope, e.g., due to 569 
synaptic spill-over of ions or neurotransmitters into the adjacent extracellular space, where they can reach 570 
neighboring neurons to exert parasynaptic effects. The concept of volume transmission is popular in the field of 571 
dopamine research, since the range and duration of action of synaptically-released dopamine depends on the 572 
local patency of the reuptake process. Disturbances in striatal dopamine reuptake due to disease may shift 573 
dopamine signaling towards a larger, less selective sphere of influence, resulting in symptoms of movement 574 
disorder. In the absence of any significant dopamine reuptake sites in cerebral cortex, volume transmission may 575 
be essential for proper encoding of dopaminergic signals (236).Volume transmission is also believed to function 576 
at a brain-wide scale, whereby neurotransmitters or neurohormones contained in the CSF can affect the brain 577 
globally (645). The glymphatic system is poised to play an important role both in local and global volume 578 
transmission scenarios (Figure 21). In local volume transmission, the proposed advection in the extracellular 579 
space will increase the distance travelled by a neurotransmitter molecular form its point of release, and thus 580 
amplify its sphere of influence and duration of action. Thus, we hypothesize that the glymphatic system would 581 
tend to expand the local volume transmission, albeit in the face of increasing dilution in the CSF. The 582 
glymphatic system could maintain global volume transmission by ensuring brain-wide distribution of 583 
neuroactive peptides or hormones. Circumventricular organs can release neuroactive hormones into the CSF 584 
with global effects. Also, peptides and hormones that are synthesized in the choroid plexus (e.g. BDNF) (630) 585 
and are then released into CSF or transported via  the bloodstream into CSF (e.g. leptin) (630) could obtain 586 
widespread access to the brain parenchyma via the glymphatic system. Though not qualifying as volume 587 
transmission per se, hippocampal neurogenesis has been associated with signaling from CSF-born factors and 588 
their effects on the secretion of  of type I interferon from the choroid plexus (46). A more classical example of 589 
volume transmission is provided by the transport of tumor necrosis factor to distal sites after repetitive 590 
stimulation of peripheral C-fibers. The distal effects of the tumor necrosis factor on susceptible synapses causes 591 
widespread hypersensitivity to painful stimuli (360). In the case of the pineal gland, its release of melatonin into 592 
the bloodstream follows a circadian pattern, which could act globally to harmonize a brain-wide physiological 593 
state. Like some other circumventricular organs, the pituitary gland circumvents the need for brain-wide 594 
distribution of bioactive molecules by the glymphatic system by releasing hormones directly into the 595 
bloodstream (238). This is enabled  by its unique anatomical position  in the sella turcica, which is an 596 
indentation in the sphenoid bone at the base of the skull. Sitting within this indentation, the pituitary gland is 597 
sealed from the subarachnoid space by the diaphragma sellae, which is a specialized part of basal dura mater 598 
endowed with a slit-like aperture for the pituitary gland  (238). This intricate design has likely evolved to avoid 599 
direct distribution of pituitary hormones to CNS regions.  600 
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 601 
E. Outstanding questions 
• How much does cytosolic degradation (i.e., ubiquitination and autophagy) versus glymphatic efflux 

contribute to protein clearance? Is all protein waste eliminated both by cytosolic degradation and 
glymphatic efflux? Do the elimination characteristics differ with regard to cell types and brain 
regions? Do they change with age? 

• Does the glymphatic system actively contribute to delivery of nutrients, hormones and signaling 
molecules to the CNS? Would impaired glymphatic function interfere with brain metabolism and 
signaling by imposing a lack of nutrients and attenuated distribution of signaling molecules by volume 
transmission? 

• Are there regional variances in clearing efficacy of the glymphatic system? 
 602 

F. Interim summary section 603 
• The most important physiological function of the glymphatic system is the clearance of brain metabolic 604 

waste. Brain clearance occurs mainly during sleep and is of crucial importance even for the clearance of 605 
compounds that are also degraded locally or transported across the BBB, e.g., lactate and amyloid-β.  606 

• The glymphatic influx of CSF delivers glucose and other metabolites to neurons and glial cells within 607 
the tissue, and also conveys a multitude of signaling molecules, nutrients and vitamins within CSF. The 608 
importance of these glymphatic functions largely remains unexplored. 609 

• Volume transmission is a non-synaptic signaling mechanism that is believed to be important for brain 610 
function, but remains hypothetical. The architecture of the glymphatic pathway makes it a likely 611 
pathway for volume transmission of neuroactive substances distal to their source - both local and global.   612 

 613 

XI. Modeling intra-axial fluid transport 614 
A. Introduction 615 

Measuring fluid transport in the perivascular spaces that course deep into the neuropil or within the 616 
sheets and tunnels of the brain’s extracellular space is hindered by several technical limitations. Available 617 
imaging methods such as MRI lack the necessary spatial resolution to visualize flow in these microscopic 618 
compartments, while optical techniques rely on the invasive use of fluorescent tracers to label the fluid. The 619 
various technical limitations are further described in the Info box 5. Imaging of the glymphatic system. A 620 
potential solution to these problems would be to develop physiologically realistic models to evaluate fluid 621 
transport in the brain. Computational models of intra-axial fluid transport incorporate realistic geometries and 622 
known biomechanical properties of the tissue to inform us further on the processes that govern fluid flow. The 623 
models developed to date posess a high degree of variability in terms of their constituent parameters and the 624 
underlying hypotheses to be tested. The modeling attempts that have proven most relevant to understanding 625 
intra-axial (glymphatic) fluid transport can largely be divided into two types: (I) perivascular pumping, and (II) 626 
parenchymal transport models (Figure 23). The first type of model attempts to evaluate if arterial pulsations can 627 
generate a pumping mechanism in the perivascular space that can contribute to directional flow. The latter type 628 
of model seeks to determine what conditions may be necessary to support fluid flow within the microscopic and 629 
tortuous environment of the extracellular space. This chapter provides a bird’s eye view of the existing 630 
modeling studies and offers insight into how these models inform physiological experimentation and serve the 631 
goal of building more sophisticated models that would benefit from interdisciplinary input. However, for in-632 
depth coverage of the models themselves, we refer the reader to superb reviews (435, 658). Additionally, not all 633 
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of the comprehensive models of various aspects of ventricular and spinal CSF flow can be covered in this 634 
chapter; for further reading, please refer to (362, 398).  635 
 636 

B. Perivascular pumping 637 
The observation that the brain pulsates in synchrony with the heart beat was first recorded in the Edwin 638 

Smith papyrus from 1500 BC, which is believed to be a reproduction of an even older papyrus scroll authored 639 
by  Egyptian physician Imhotep around 3000 BC (678). The author stated that he felt the brain surface pulsate 640 
against his finger in a patient who had sustained open skull trauma, a common injury in those warlike times 641 
(80). Yet, the idea that arterial pulsations drive CSF flow inside the closed skull was more formally proposed by 642 
John O’Connell as recently as 1943 (502). That concept was naturally extended by Bradbury and Cserr to posit 643 
that arterial pulsations facilitate fluid transport within perivascular spaces, allowing for the exchange between 644 
extracellular fluid and the surrounding CSF (77). However, their contention was that pulsations contributed to  645 
back and forth mixing of CSF and extracellular fluid, rather than driving any directional flow (312). The 646 
concept of perivascular pumping gained purchase when Marshall Rennels and Patricia Grady experimentally 647 
confirmed  that arterial pulsations drove directional flow along perivascular spaces into the brain (567). Since 648 
then, compelling experimental evidence has consistently shown that arterial pulsations drive CSF flow within 649 
perivascular spaces around arteries in the anterograde direction of blood flow from large to smaller vessels (49, 650 
455). Nonetheless, some studies have shown that fluid transport occurs in the direction opposite to blood flow, 651 
proceeding from small to large vessels (retrograde), and that this flow occurs in the basement membrane of the 652 
arterial wall as opposed to the perivascular space proper (29, 680). These reports sparked a lively debate about 653 
the anatomical path and direction of fluid flow that is actually a continuation of a debate beginning in the late 654 
1800s. For instance, Rudolf Virchow’s definition differed from Charles Philippe Robin’s concept of what 655 
constituted the boundaries of the perivascular space; while Virchow’s space was “subadventitial” and in direct 656 
contact  with the subarachnoid CSF compartment, Robin’s space was “intradventitial” and closed off from the 657 
subarachnoid space (733). This varying terminology and seemingly conflicting definitions make their composite 658 
eponym (Virchow-Robin spaces) conceptually imperfect as a descriptor of these important spaces. The 659 
disagreement on the flow routes was clear, but there was also some dispute about the general direction of the 660 
flow. For example, Harvey Cushing criticized the experiments of Frederick Mott, considering his observations 661 
of anterograde flow of CSF towards capillaries to be an artefact of the high pressure injections of the dye (733). 662 
We can suppose that these luminaries would be gratified to know that we continue their tradition by debating 663 
the nature of CSF flow to this day (40, 41, 454). 664 

A primary reason for the conflicting experimental conclusions was –and remains– attributed to 665 
differences in methodological approaches. One potential solution to test theories about CSF flow without 666 
interference from confounding experimental variables is to use modelling techniques. Here, the system can be 667 
reduced to its simplest elements to establish if pulsations of the arterial wall are plausibly sufficient to drive 668 
directional flow. Two main ideologies about perivascular transport predominate today, and the prevalent models 669 
reflect these two ideas. The first model evaluates anterograde flow into the brain along perivascular spaces, 670 
while the second model would explain retrograde flow within the confines of the basement membrane. The  671 
overarching conclusion derived from most anterograde flow models suggests that arterial pulsations would not 672 
be sufficient to drive bulk flow without supplement from other drivers (435). However, recent work has shown 673 
that a departure from the traditional concentric annulus structure of the perivascular space and adopting a 674 
geometry informed by experiments significantly reduces hydraulic resistance (665). Perivascular spaces at the 675 
brain surface of live mice have an oval cross-section, which is bisected by the leptomeningeal artery to define 676 
separate flow pathways on either side of the artery (134, 135, 454, 665), while penetrating arteries lie 677 
eccentrically to the surrounding perivascular space (454, 665); both of these structural features seem to optimize 678 
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the spaces to facilitate flow (665). This highlights the vital importance of undertaking additional work to map 679 
out the shape and dimensions of the entire perivascular space network to support a complete model of flow. 680 
Recent endeavors have used geometries extracted from published experimental data, which is a very promising 681 
future direction (162, 339). Even so, almost all models consider a section of perivascular space in isolation, and 682 
do not consider the behavior when it is connected to the rest of the system. Therefore, defining the boundary 683 
conditions calls for special attention, since including in the model experimental values for intracranial 684 
compliance and CSF outflow resistance drastically changes the results from a scenario where pulsations alone 685 
cannot drive flow, to one more accurately reflecting the experimental data, through the use of realistic 686 
geometries (339, 366). Bradbury and Cserr’s initial conjecture that there is no net flow in perivascular spaces 687 
has also been supported by recent models stating that dispersion via a primarily diffusive mechanism aided by 688 
back-and-forth movement generated by arterial pulsations would suffice to support solute transport, without the 689 
need for net anterograde flow (33, 568). A recent revision of this concept suggests that an oscillatory dispersive 690 
clearance mechanism would be ineffective in the absence of a slow anterograde net flow (668). For retrograde 691 
transport models, the overall conclusion is that, despite the high hydraulic resistance presented by basement 692 
membrane, reverse transport remains possible, albeit at a much slower rate than what has been measured 693 
experimentally (29, 180, 214, 435). However, if arterial pulsations are the sole driving mechanism, the 694 
functional equivalent of a valve-like structure or mechanism (e.g., impedance pumping) or wave reflections are 695 
needed to explain transport in the opposing direction of the arterial pressure wave (136, 179, 600, 608). A 696 
proposed directional permeability of the basement membrane created by the extracellular matrix 697 
microarchitecture has not been experimentally confirmed (179). Such an arrangement seems prima facia to be 698 
unlikely, which probably led to authors of that study to speculate that arterial pulsations would be a weak driver 699 
of retrograde fluid transport. Recently, that hypothesis was revised to propose that the cyclic contraction and 700 
relaxation of smooth muscle cells as in vasomotion (see chapter IX on physiological drivers of intra-axial fluid 701 
flow) could contribute to retrograde fluid flow within basement membranes (16), a concept that has received 702 
some experimental validation (680). The high variability seen in the results obtained from existing models 703 
emphasizes their most notable pitfall, namely that models are necessarily bound by the assumptions made 704 
during their formulation. There remains a need to develop physiologically more complex and accurate models 705 
that could incorporate more of the relevant parameters. Until this is accomplished, the inferences to be drawn 706 
from existing models must remain of a provisional nature.  707 

Nevertheless, existing models can still provide the means to test simple hypotheses about CSF flow, or 708 
in some cases even aid in generating hypotheses. For example, one recurring result from perivascular pumping 709 
models is that a small pressure gradient of only about 0.02 mmHg/cm suffices to explain the perivascular bulk 710 
flow seen in experimental studies (162, 339). While some have attributed this gradient to the transient increase 711 
in intracranial pressure (ICP) during tracer injection (even for very small volumes), this rise is several orders of 712 
magnitude higher (2-3 mmHg) and relatively transient (5 min) compared to the tonic pressure gradient needed 713 
to drive flow (454). Moreover, recent work has shown that the tracer injection does not in fact drive net flow of 714 
perivascular fluid, and so seems unlikely to be the explanatory factor (549). A separate line of thinking holds 715 
that it is CSF production that sets up the pressure gradient (49), but this effect seems too large (162) and does 716 
not fit with experimental findings that CSF production rate can be high in states where perivascular flow is at its 717 
lowest (266, 400). Specifically, CSF production under isoflurane anesthesia is 33% higher than under ketamine-718 
xylazine anesthesia (400), but tracer influx is nonetheless severely restricted under isoflurane, suggesting that 719 
perivascular flow is not simply the servant of CSF production (55, 266). Therefore, some authors have 720 
concluded that the source of this minute pressure gradient remains to be discovered (162). Most experimental 721 
studies evaluating perivascular fluid transport have been performed in anesthetized rodents, so it crucial to take 722 
into consideration brain state, given that arterial pulsations are also present in awake conditions, when a 723 
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profound glymphatic inhibition prevails (539, 740). Therefore, as yet unknown features of state changes (e.g., 724 
perivascular space morphology) may need to be considered. For example, mean ICP in rats anesthetized with 725 
fentanyl/fluanisone and midazolam shows a slow decrease of about ~0.04-0.05 mmHg/min up to 75 min after 726 
the induction of anesthesia, which is in the range of pressures needed to drive flow (197). This declining ICP 727 
could be an effect of fluctuations in CBF, heart/respiratory rate, delta power, norepinephrine levels, or any 728 
combination of these factors. At 45 min after induction, a spectral component in the 8-6 Hz appears in the ICP 729 
waveform, which is consistent with the heart rate, despite being absent prior to anesthesia (197). Therefore, it is 730 
entirely plausible that arterial pulsations only contribute to flow during certain brain states, and that presently 731 
unknown pressure gradients could enable state-dependent bulk flow.  732 

 The clear conclusion to be drawn from the above consideration is that more experimental data is 733 
necessary to develop more robust models. For instance, it remains to be established whether the outer boundary 734 
of the perivascular space is rigid or deformable, which would determine if the brain tissue also pulsates along 735 
with the artery. Two-photon imaging in mice showed that the outer wall of the perivascular space deforms 736 
during arterial diameter changes, suggesting that pressure increases in the space can displace brain tissue, which 737 
is therefore likely to pulsate in synchrony with the artery (340). This deformable property of brain tissue can be 738 
studied using lubrication theory to evaluate if arterial pulsations might indeed induce steady streaming of CSF 739 
from the perivascular space and into the brain (576). This modelling approach shows that the peristaltic wave 740 
could potentially drive flow through the glial outer wall of the perivascular space, and that this process would 741 
be highly dependent on the permeability and rigidity of the brain tissue (576). Further modeling work has 742 
investigated how increased permeability from polarized expression of AQP4 on the astrocyte endfeet might 743 
facilitate the entry of CSF into the parenchyma (326). Imaging studies have also shown that the biomechanical 744 
properties of brain tissue can shape the degree of arterial diameter changes, suggesting that variable brain tissue 745 
rigidity along the vascular network can also influences the arterial vasodynamics (240). All these results beg the 746 
question of how changes in extracellular matrix properties, loss of AQP4 polarization, and astrogliosis as occur 747 
during aging and pathology might affect this exchange (see Chapter XIII on pathology).  748 

However, these considerations also raise additional questions about how the arterial pulsation 749 
propagates through the vasculature and whether it can indeed drive directional flow. One of the main critiques 750 
of perivascular pumping models follows from observations that the wavelength (= wavespeed/heart rate) of the 751 
arterial pulsation greatly exceeds the length of the perivascular space; in other words, the arterial pressure wave 752 
travels so fast (1-5 m/s) that the entire arterial wall essentially moves synchronously, rather than as a pulsation 753 
traveling along the vasculature like a peristaltic wave in the intestine (339, 658). Clinically and experimentally, 754 
the wavespeed can be measured as the pulse wave velocity using ultrasound imaging. Here, the wavespeed is 755 
computed as the temporal delay in the peak flow velocity between two locations separated by a known distance 756 
(e.g., pulse wave velocity between the brachial artery and the arteries in the ankle). This metric is useful for 757 
determining the degree of stiffening in the large elastic arteries (i.e., aorta) seen in aging and diseases like 758 
atherosclerosis or arterial hypertension. This is mainly because brain pressure waves travel faster through stiffer 759 
tissues, so findings of an increased pulse wave velocity generally correlate with cardiovascular risk factors. The 760 
converse also holds in healthy, compliant arteries, where the incoming wave is partly transmitted and partly 761 
reflected, resulting in a dampening of the pressure wave and a slowing of the pulse wave velocity (676). It is 762 
critical to note that these measurements are primarily derived from blood flow measurements (flowmotion) and 763 
do not necessarily measure vessel diameter changes (vasomotion) (1). As such, the exact relationship between 764 
intraluminal flow changes and the external vessel diameter changes –which is the relevant metric for 765 
perivascular flow– and needs further consideration, since these effects are not linearly related and might differ 766 
at certain segments of the vascular network, depending on the local biomechanical properties of the vessel wall 767 
(316, 676). While most modelling studies have used point estimates of pulse wave velocity from the aorta or 768 
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carotid artery in mice or humans (289, 339, 727), wave speed varies broadly throughout the vascular network 769 
(569). So, while it is appealing to consider the pressure wave as a uniform, non-decaying traveling wave, this 770 
could hardly be further from the truth. The wave speeds reported in the common carotid artery (~2500 mm/s) 771 
differs by two orders of magnitude from the pulse wave velocity calculated in the cortical capillary network of 772 
live mice (~25 mm/s) (591, 727). Therefore, the use of 1D and 2D models to simulate arterial pulsations might 773 
yield useful insight for the present, but await further integration of more realistic wave speeds. Nonetheless, 774 
computational fluid dynamical models that incorporate accurate 3D depictions of angioarchitecture are most 775 
likely needed to correctly evaluate how the pulse wave travels through the finely branching vasculature and how 776 
rigid arterial motions modify perivascular flow (162). 777 

 An additional outstanding question is whether perivascular spaces are open (658) or are porous 778 
(367, 534). This factor significantly alters how flows are modeled, since flow in open spaces is best described 779 
by the Navier–Stokes equation, while flow in a porous medium is best described by the Darcy–Brinkman 780 
equation (658). Prior work concluded that perivascular spaces at the brain surface and in the neuropil contain 781 
fibroblasts, collagen fibers, and structural elements of the extracellular matrix, which implies a porous medium 782 
(367, 534). Therefore, some early models included porous perivascular spaces and still predicted anterograde 783 
flow (707). However, the presence of a porous medium drastically reduces hydraulic conductivity (458). 784 
Particle tracking velocimetry experiments in surface perivascular spaces showed parabolic velocity profiles and 785 
predominantly smooth particle tracks, suggesting that these spaces might be empty (455, 658). Further analysis 786 
of the particle tracks showed that they were more consistent with ballistic transport suggestive of smooth 787 
motion within an open space, rather than the diffusive transport that might be expected within a porous medium 788 
(458). These conflicting findings might relate to histological processing artifacts, since surface perivascular 789 
spaces were much larger in live mice, and shrink to the point of disappearance during tissue fixation (41, 49, 790 
134, 454, 455, 597). The spatial dimensions of the perivascular space is most likely determined by the 791 
accompanying artery, and the loss of intravascular pressure during fixation causes the arteries to collapse, while 792 
fixation alone causes capillaries to shrink in diameter by 13% and penetrating vessels by 34% (635). Tissue 793 
shrinkage and chemical fixation plausibly causes cross-linking of the sparse collagen fibrils and other elements 794 
of the extracellular matrix, resulting in the appearance of a porous and small perivascular space. Indeed, the 795 
fixation artifact of perivascular spaces has remained an active research topic since the late 19th and early 20th 796 
century (733). Consequently, 3D models of the perivascular network should probably be informed by in vivo 797 
model systems, and caution should be taken in interpreting modelling results from the architecture of fixed 798 
specimens. 799 
 800 

C. Parenchymal transport 801 
 The parenchymal transport models are perhaps the most complex to organize and discuss. This is 802 

primarily due to the varying interpretations of where and how transparenchymal fluid transport occurs. In 1865, 803 
the famous anatomist Wilhelm His proposed that perivascular spaces play the role of lymphatic vasculature in 804 
the brain (733). Advection-dominated clearance of brain metabolites from the brain parenchyma has long been 805 
suspected and has been reliably demonstrated over decades of research using different techniques, thus 806 
withstanding the test of time (145, 146, 261, 294, 315, 358). This kind of bulk flow of extracellular fluid was 807 
measured in white matter (577) and emerged as an established feature of parenchymal fluid transport in 2004 808 
(3). Nonetheless, the nature of the driver behind this flow was never conclusively settled; some proposed that it 809 
was due to hydrostatic and osmotic pressure gradients (577), and others held that it resulted from secretion of 810 
extracellular fluid at the BBB (3). In contrast, seminal work by Charles Nicholson and others showed that fluid 811 
transport in gray matter was largely explicable by diffusion alone (577, 645). One of the main techniques used 812 
to evaluate this was real time iontophoresis, which entails measuring the recovery of a cell-impermeable cation 813 
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(tetramethylammonium, TMA+) upon its delivery into the extracellular space, and its subsequent transport 814 
towards an ion-selective microelectrode placed perhaps 100 µm away (645). The elapsed time for the TMA+ to 815 
arrive at the microelectrode and the amount that is recovered are used to compute the extracellular volume 816 
fraction (also known as alpha, α) and the tortuosity (also known as lamba, 𝛌) (645). This technique formed the 817 
basis for modern understanding of solute transport in the parenchyma, and was subsequently supplemented by 818 
imaging modalities like integrative optical imaging (IOI) (645) and fluorescence recovery after photo-bleacing 819 
(FRAP) (64, 621). Although these techniques provide useful information on tracer transport in the parenchyma, 820 
their spatial resolution is restricted to only a few microns, thus limiting their interpretations regarding brain-821 
wide transport.  822 

In 2012, our group used in vivo imaging to show that CSF enters the brain via bulk flow along arterial 823 
perivascular spaces, thus replicating results from Rennels and Grady (315, 567). Moreover, we also showed that 824 
this process is regulated by expression of AQP4 water channels on astroglial cells (315, 452), thus presenting a 825 
previously unknown function for the highly polarized expression of these channels. Bulk flow clearance of 826 
solutes from the brain primarily occurred along perivascular spaces of large draining veins, and was also 827 
dependent on AQP4 (315). Furthermore, we later found that this process is only active during sleep and 828 
anesthesia with certain compounds, which has been a common feature of all prior work evaluating bulk flow 829 
clearance (261, 740). Our analysis showed that the transport of amyloid-β was more prominent during sleep 830 
compared with wakefulness and was dependent on AQP4 (315, 740). These experimental findings provided a 831 
unifying explanation to processes that had previously seemed separate and unrelated, while placing astrocytes at 832 
center stage in the role of regulating solute clearance and parenchymal fluid transport in the brain. Although 833 
supporting a broad range of initial conclusions, little knowledge was garnered from these studies about the exact 834 
pathway followed by CSF from its entry in the periarterial spaces to its exit via the perivenous spaces (see 835 
Chapter VIII, The role of aquaporin-4 in fluid transport.) This gap in knowledge has unfortunately led various 836 
research groups to adopt multiple arbitrary definitions of what exactly comprises parenchymal glymphatic 837 
transport.  Modelling studies implement realistic geometries of the extracellular space, but have not yet 838 
incorporated the wide regional heterogeneity of that geometry or the known differences between fluid transport 839 
in gray and white matter (33, 299, 326, 347, 561) (for further discussion on the specific geometries and their 840 
potential pitfalls see Chapter VII).  841 

The “ground-truth” for the magnitudes of the extracellular space volume (α) and tortuosity (𝛌) are in all 842 
cases derived from real-time iontophoresis data (645). Although this technique is widely reproducible and 843 
yields results comparable to those obtained using radioisotopes, fluorescence methods, and from apparent 844 
diffusion coefficients of water measured by diffusion-weighted MRI, there are important assumptions made in 845 
their computation (645). Essentially, the transport of TMA+ is assumed to abide by Fick’s laws, such that its 846 
transport should be mediated exclusively by diffusion that occurs in a homogenous and isotropic manner. 847 
However, if bulk flow were present in the extracellular space, the transport of TMA+ would rather be governed 848 
by Darcy’s law, which calculates the superficial velocity of the fluid by accounting for the pressure gradient 849 
driving the flow and the hydraulic conductivity of the pore size. Ray and colleagues noticed that individual 850 
iontophoresis measurements vary widely in the range of 70-90% in a given experiment (561). Rather than 851 
concluding that this was due exclusively to inherent variability of the experimental technique, they reasoned 852 
that if a convective flow field were present between the two microelectrodes, the TMA+ concentration would 853 
vary depending on the direction of the flow. In such a scenario, if the TMA+ were diffusing in the same 854 
direction as the convective flow field, less of it would be available at the microelectrode, resulting in an 855 
artifactual overestimation of the volume (α). In contrast, if the TMA+ were diffusing against the direction of the 856 
convective flow field, the escaping solute would be returned to the microelectrode, thus resulting in greater 857 
accumulation and consequently a lower α measurement. Since it would be technically impossible to align the 858 
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microelectrodes with the orientation of the flow field, the authors decided to test if a random sampling of flow 859 
directions could explain the high variability in the experimental measurements (561). Surprisingly, their 860 
findings fit exceptionally well with the observed spread of the iontophoresis data from Cserr (147) and Kress 861 
(358), and was compatible with a diffusive transport mechanism with an underlying parenchymal bulk flow 862 
velocity of 50 µm/min (561). This also suggests that the flow direction in individual segments of the 863 
parenchyma need not always be in the same direction. This novel approach highlights that greater efforts are 864 
needed to define the geometry of the extracellular space using complementary techniques. See for example, 865 
MRI analysis of diffusion parameters (173, 693).. 866 

 The artery-to-vein segment is most commonly chosen for modelling of parenchymal transport 867 
(435). This segment is preferred for evaluating transport from periarterial spaces through the parenchyma and 868 
towards perivenous spaces. Jin and colleagues used the cortical vascular geometry from non-human primates, 869 
which consists of a quasi-hexagonal configuration with a ~2:1 ratio of arterioles to venules (9, 292, 326). This 870 
microvascular unit was further reduced into sixths and a computational domain consisting of two arterioles and 871 
one venule; which was justified by the symmetric nature of the domains and the need to lower computational 872 
cost (326). However, we note that there may be substantial interspecies variation in this organization. For 873 
example, the cortical microvascular unit is also quasi-hexagonal in mice, but the arterioles to venules ratio is 874 
reversed, with a value of 1:2 in a computational domain similar to that of Jin et al. (69). Mice have three times 875 
more ascending veins than penetrating arterioles, while in rats the ratio is 1.8-2.6:1 (69). While capillary 876 
networks have not been incorporated into these models, it seems that rodents and humans have topologically 877 
equivalent capillaries, which suggests that this component can be scaled interchangeably when these ratios are 878 
included in the model (619). The overwhelming majority of models have employed a simple 1:1 arteriole to 879 
venule ratio, with the intervening tissue’s width being of a spacing similar to the mean diameter of the vessels 880 
(34, 299, 568). However, the distance between the vessels in these models is 200-300 µm (299, 568), which is 881 
supported by measurements in non-human primates, and exceeds the <200 µm average distances seen in mouse 882 
cortex, while the rest of the parameters governing the arterial pulsation are from mice (69). This highlights the 883 
importance of using literature values from the same species (ideally the same strain) in modeling studies if one 884 
is to retain the most realistic relationships possible.  885 

Most parenchymal transport models have predicted that diffusion alone is most likely a sufficient driver 886 
for fluid transport in the extracellular space (435). There is also a general consensus that the hydrostatic and 887 
hydrodynamic pressure gradients between arteries and veins required to drive parenchymal bulk flow are 888 
implausibly high (>1 mmHg/mm) even at inflated extracellular space volumes (~32%) (299, 326). The main 889 
problem arising from most models is that these spatial pressure gradients have never been experimentally 890 
measured. This is due in part to the technical limitations imposed by most commercial pressure transducer 891 
systems, which have a resolution of 1 mmHg that is inadequate to measure such small pressure gradients. 892 
Certainly, future technical development should aim to enable better measurements, but for the present this 893 
limitation presents an important caveat for claims derived from these models. While parenchymal bulk flow 894 
appears to be improbable in models, the majority of human MRI studies evaluating the transport of intrathecal 895 
gadolinium-based contrast agent have surmised that tracer data does not fit a purely diffusive transport 896 
mechanism (140, 572, 674). Computational models predict that the estimated apparent diffusion coefficient for 897 
intrathecal tracer exceeds by 5-26% that obtained from diffusion tensor imaging alone, suggesting a greater 898 
potential for solute transport in the gray matter than was previously expected (674). A separate study showed 899 
that a stochastic glymphatic flow model considering the arterial-to-venous transport of fluid between randomly 900 
placed vessels did not suffice to explain the observed tracer distribution (140). However, upon addition to the 901 
model of a ‘glymphatic velocity field’ derived from the macroscopic traveling wave of the arterial pulsation 902 
through the skull, it matched the experimental data remarkably well (140, 351, 552). This latter point suggests 903 
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that there might be superimposed hydrodynamic pressure gradients at the macroscopic scale in addition to the 904 
arteriovenous gradients at the microscopic scale.  905 

 In conclusion, while models can attempt to address important gaps in knowledge arising from the 906 
present lack of data or technical limitations, it is still crucial to appreciate their pitfalls. Rather than changing or 907 
removing parameters, efforts should be directed towards developing more comprehensive models with the 908 
ultimate goal of increasing the degree of complexity to mirror more closely the in vivo condition. Although 909 
reduced and simplified models certainly have their use, the field as a whole should move towards multiscale 910 
modeling aiming to encompass more of what is known of microscopic flows into the realm of macroscopic flow 911 
modeling.  912 

 913 
D. Mechanisms of fluid transport within the CNS 914 

Evolution has optimized the transport of fluid and solute within living organisms over the course of 915 
billions of years. As life evolved from single cells to multicellular organisms these transport mechanisms had to 916 
similarly scale in complexity to assure the timely and low-cost delivery of nutrients from the environment to all 917 
organismal cells. Larger species evolved cardiovascular systems consisting of an intricate network of branching 918 
pipes to achieve this goal.  In biological systems, fluid transport can largely be driven by diffusion, advection 919 
(bulk flow), or a combination of these, termed dispersion. The nomenclature for these processes varies in the 920 
literature so when referring to fluid flow, the term used here is advection.  Convection is synonymous with 921 
advection and is sometimes misused in the literature to denote both advective and diffusive transport.  922 

The vascular system has harnessed the benefits of both advection and diffusion to deliver its contents. 923 
The flow of blood within arteries, capillaries, and veins driven by the heartbeat is predominantly advective in 924 
nature. This process aids the delivery of several liters of blood across meter-long distances over the course of a 925 
few minutes. As species evolved and became larger, so does the length and caliber of the flow channels and the 926 
size of the pump (i.e., heart). Employing advective transport has significantly reduced the time needed to 927 
distribute blood throughout the body and ensures a steady supply of life-sustaining compounds. However, once 928 
the vasculature reaches the capillary network it has branched several times, causing the flow to be reduced 929 
several orders of magnitude from meters per second in the ascending aorta to millimeters per second in the 930 
smallest capillaries. This unique branching pattern serves two large advantages: (I) it forms dense capillary 931 
networks that ensure that any cell is not too far from the nearest blood vessel reducing the time needed to 932 
deliver nutrients broadly throughout the body; and (II) the reduced flow speed increases the transit time of 933 
blood allowing for enough time to exchange molecules between the blood and the tissue. An example of this is 934 
the loading and unloading of O2 and CO2 to and from the red blood cell to the neighboring tissue outside the 935 
capillary (658). So while transport of hemoglobin inside the blood vessel is predominantly advective, transport 936 
across the capillary wall to the target cell is predominantly diffusive; highlighting that at short distances, 937 
diffusion can be equally effective to advective transport. 938 

The nervous and lymphatic systems mimic several strategies of the vascular system. In the periphery, 939 
blood vessels and nerves travel together in neurovascular bundles to reach their corresponding downstream 940 
targets, branching at exactly the same points and following parallel routes (369). While this peculiar 941 
organization might not hold true in the CNS, it seems logical to assume that CNS fluid flow might also share 942 
features with the other fluid systems in the body. The glymphatic pathway similarly is composed of large bore 943 
flow channels, i.e., perivascular spaces, that contain advective CSF transport that possess flow speeds between 944 
9.4-28 µm/s(455). As flow within these spaces branches, the volumetric flow rate (Qin, Figure 22A) is divided 945 
between each daughter branch, typically slowing down at each bifurcation due to attenuation of the systolic 946 
pressure wave. At the level of the smallest daughter branch, the flow is greatly reduced down to speeds on the 947 
order of nm/s(299). However, if all the daughter branches reconnect downstream, the slow flows begin to 948 
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combine together resulting in a final flow rate (Qout) that would roughly equal Qin. Assuming this is a closed 949 
system without leaks, the net transport through the system is primarily explained by the process that 950 
predominates over the majority of the pathway (i.e., advection). However, if one were to measure flow speeds at 951 
one segment at the level of the large arteries, we would obtain flow speeds compatible with bulk fluid flow 952 
(µm/s). Conversely, if one measures flow speeds at the level of the capillary these would be so slow (nm/s) that 953 
diffusive, isotropic transport might dominate over the flow. In neither situation, would the experiment provide 954 
true insight about net transport through the entirety of the system (Qin or Qout). Transport kinetics within 0.12 955 
µm3 of neuropil(299) can be primarily diffusive in nature, while on a global scale, clearance from the 956 
parenchyma is largely compatible with advection (Qout). This feature supports why experiments consisting of 957 
injecting labeled tracers into the parenchyma and measuring their elimination rate from the brain (large length 958 
scales) arrive at conclusions compatible with advective transport, while studies that evaluate local spatial 959 
distribution (small length scales) infer a primarily diffusive transport. The first method most likely provides a 960 
much better estimate of the biologically relevant process of brain clearance. However, technical advances in 961 
MR imaging and optimal mass transport modeling have improved evaluations of the contributions of advection-962 
diffusion within different brain regions (205, 206, 356). Future work will continue to determine to what extent 963 
the branching network of intra-axial flow is a closed system.   964 

In recent years, a lively debate in the field has focused on determining if solute clearance from the brain 965 
is dependent on advection or diffusion(454). While understanding the fluid dynamics is fruitful, it is important 966 
to note that practically no physiological fluid system relies exclusively on one or the other, but rather a finely 967 
tuned balance between both mechanisms. Therefore, perturbations to either advective or diffusive transport will 968 
impact the effectiveness of solute clearance. All available studies evaluating the relative contribution of 969 
advection-diffusion have consisted of a point estimate limited to a particular point in time and space and used 970 
different measurement techniques that possess unique methodological limitations. This inferential approach 971 
most likely results in an oversimplification of global intra-axial fluid flow properties across brain regions and 972 
brain states. Evidence from our group and others has shown that perivascular flow is highly dependent on 973 
arterial pulsations (455), blood pressure (455, 472), arterial diameter (451), among others; while the ECS is a 974 
highly dynamic environment across brain regions (645), levels of arousal (740), age (645), and disease (645, 975 
662). Therefore, it would seem counterintuitive to make definitive extrapolations about fluid transport from 976 
evaluating only one of these conditions. Rather we propose reframing the debate towards embracing and 977 
understanding this added complexity and heterogeneity.  978 

Global reductions in solute clearance from the brain are believed to be an important cause of 979 
neurological diseases. However, taking a lesson from renal physiology, reductions in the glomerular filtration 980 
rate (GFR) in the kidney can be caused by several things including decreases in renal blood flow or changes to 981 
Bowman’s capsule that lower the filtration fraction. Glymphatic solute clearance can also be reduced by similar 982 
mechanisms, mainly the slowing of perivascular fluid flow and restrictions in the exchange between the 983 
incoming CSF and the extracellular fluid. Therefore, fluctuations in CSF inflow speeds which are an advective 984 
mode of transport or restricted access to the extracellular space that can be governed by diffusive transport can 985 
both significantly affect clearance – either separately or synergistically. In a similar sense, the solute of interest 986 
will also determine which mechanism of transport is likely to be the most important for its clearance (Figure 987 
22B). Small molecules and ions (e.g., H2O, Na, O2, and K) can be transported quickly and efficiently across 988 
short distances via diffusion, while larger molecules (e.g., lactate and glucose), peptides and protein aggregates 989 
(e.g., Aβ, albumin, Aβ oligomers, and tau aggregates) might rely more on the advective modes of transport 990 
(Figure 22B). It is therefore helpful to use a similar framework to think about glymphatic dysfunction, while 991 
contributions from both modes of transport are required for clearance, modulation in one could potentially 992 
counteract a subtle deficit in the other (Figure 22C). Glymphatic disruption might be the result of a pathological 993 

Downloaded from journals.physiology.org/journal/physrev at Copenhagen Univ Lib (130.226.230.200) on January 12, 2022.



decrease in one or the other, or a combination of both. For example, Aqp4-/- animals have larger ECS volumes 994 
with increased diffusivity in the extracellular space compared to wildtype animals (64). A similar effect can be 995 
seen in wildtype animals that are treated with an AQP4-specific inhibitor, TGN-020 (21, 170). This should 996 
cause an expected increase in flow through the glymphatic pathway, as is seen in states such as sleep (740). 997 
Counterintuitively, glymphatic function is drastically reduced in both the global AQP4 knockout animals (315) 998 
and wildtype mice treated with TGN-020 (279). Indicating that perhaps both effective perivascular flow and 999 
access to the extracellular space is needed for optimal function. Potential disruptors of perivascular flow are 000 
arteriosclerosis, arterial hypertension, and occlusion of the space by red blood cells, fibrin/fibronectin deposits, 001 
or other aggregates. Pathological changes that might restrict access to the extracellular space are loss of AQP4 002 
polarization, reactive astrogliosis, β-amyloid deposition, changes in the ECM properties, or a loss in capillary 003 
density. Together, variations in these two separate processes could contribute to disrupting glymphatic function. 004 

More importantly, the relative contributions of both advection and diffusion are likely to be highly 005 
dynamic across time of day, brain state or development. This latter point further supports that inferring global 006 
transport from one cross-sectional measurement in time across a condition is less productive than understanding 007 
how both mechanisms cooperate to drive effective brain clearance.  008 
 009 

 010 
Figure 22. Reframing the contributions of advection and diffusion to glymphatic clearance. 
(A) Two-dimensional representation of the glymphatic pathway, composed of a brain-wide network of 011 
perivascular spaces that branch along the cerebral vasculature. CSF flows into the system (Qin) through the large 012 
surface perivascular spaces of the cerebral arteries flowing at several microns per second (µm/s) and transports 013 
solutes like oxygen and carbon dioxide by a primarily advective process. As the flow pathways bifurcate and 014 
divide into daughter branches, glymphatic fluid flow slows down perhaps up to several nanometers per second 015 
(nm/s) near the capillaries in the tissue where diffusion would dominate transport of most solutes. The flow 016 
continues along the closed system towards the outflow routes and coalesces increasing in speed. The total 017 
outflow rate (Qout) might not be exclusively composed of fluid coming from perivenous spaces but might also 018 
include white matter tracts and subependymal pathways. The sum of all these outflow pathways should 019 
theoretically equal the inflow rate (Qin = Qout). (B) Ions and small molecules (e.g., H2O: 18 Da, Na: 23 Da, O2: 020 
32 Da, and K: 39 Da) can be transported quickly and efficiently across short distances via diffusion, while 021 
larger molecules (e.g., lactate: 90 Da, and glucose: 180 Da), peptides and protein aggregates (e.g., Aβ1-40: 4.3 022 
kDa, Aβ1-42: 4.5 kDa, albumin: 66.5 kDa, Aβ oligomers: 100-200 kDa, and tau aggregates: 242 kDa) might rely 023 
more so on the advective modes of transport for clearance. (C) Glymphatic function is dependent on the 024 
interplay between effective advective transport via perivascular spaces and adequate access to the extracellular 025 
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space. Dysfunction in glymphatic clearance could be due to variations in either or both of these processes. 026 
RBCs: red blood cells.  027 

 028 
 029 
Table 3. Term Box: A physiologist’s guide to common terms used in fluid dynamics. 030 
Advection The transport of solute by bulk motion of fluid driven by a 

pressure gradient. The Peclet number, a dimensionless ratio, is 
greater than 1 when advection transports solute more quickly 
than diffusion. Since molecules of all sizes travel at the same 
rate and direction as the carrier fluid, this transport process is 
independent of the molecular size of the solute. This term is 
sometimes this term used synonymously with convection.  

Convection The transport of fluid by bulk motion, sometimes referred to as 
bulk flow. The term advection refers to the transport of a solute 
within the convective fluid. Thereby, the transport of the solute 
together with its fluid carrier also occurs by convection, but 
only the solute is advected by the fluid. Sometimes this term is 
erroneously used to refer to the combined effects of advection 
and diffusion. 

Diffusion The motion of solute or fluid from an area of high solute 
concentration to an area of low concentration. The rate at which 
diffusion occurs depends on the temperature, medium viscosity, 
and size of the molecules. The gradual movement of the solute 
is achieved by random walks (i.e., Brownian motion) and 
therefore occurs at the same rate in all directions, which is 
sometimes referred to as isotropic diffusion. The Peclet number 
is less than 1 when diffusion transports solute more quickly 
than advection. 

Dispersion The transport of a fluid that includes both advective and 
diffusive properties. There are specific types of dispersive 
transport, such as Taylor dispersion, where small concentration 
gradients are formed between the rapidly flowing fluid in the 
center of the perivascular space and the slower flow at the walls 
(shearing), causing diffusive transport to spread out the solute 
further and enhance its distribution. In some modelling studies, 
Taylor dispersion has been referred to as a primarily diffusive 
transport that is improved by the shearing forces caused by the 
arterial pulsations.  

Volume fraction (alpha, α 
) 

The proportion of tissue volume occupied by the extracellular 
space relative to the total tissue volume. The magnitude of α is 
calculated by fitting a function to data obtained from real time 
iontophoresis experiments and is reported as a fraction (α ≈ 0.2) 
that can be converted to a percentage (~20%).  

Tortuosity (lamba, 𝛌) The relative hindrance encountered by solute when moving 
through the extracellular space, compared to transport in a free 
and open environment. The magnitude of 𝛌 is computed by 
comparing the diffusion coefficients of a substance in brain 
(D*) and in a freely diffusible medium (D) such as agarose gel. 
This parameter is also estimated by fitting data from 
iontophoresis experiments, and is reported as the square root of 
the ratio between D and D* (𝛌 ≈ 1.6). 
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Peristalsis A radially symmetric contraction and dilation that travels along 
the length of a tube (e.g., gastrointestinal tract). To drive 
perivascular flow, the wavespeed of the arterial pulsation needs 
to be sufficiently slow that fluid in the proximal segments is 
propelled prior to fluid in the distal segments.  

Wavelength The quotient between the wave speed and the frequency of the 
wave. When referring to arterial pulsations, the wave speed is 
the rate at which the systolic pressure wave travels from the 
heart to the perivascular space (1-5 m/s) and the frequency is 
the heart rate (1 Hz in humans compared to 5-10 Hz in mice). 
The wavelength relative to the length of the perivascular space 
is critical for peristaltic pumping to be possible. If the 
wavelength is much longer than the length of the space, then 
the radial displacement of the wall occurs almost 
simultaneously along the entire length of the vessel and would 
then propel the fluid in either direction, thus being unable to 
generate net flow.  

 031 
 032 
‘Good’ modelling studies ‘Bad’ modelling studies 

• Use realistic geometries and 
dimensions collected from 
experimental datasets. 

• Account for inter-species and 
condition differences in physiological 
parameters and biomechanical 
properties of tissues. 

• Appreciate that their conclusions are 
limited by the assumptions included 
in the model.  

• Titles state that they are modeling 
studies when they do not include 
experimental evidence. 

• Are primarily hypothesis testing, but 
acknowledge that they are unable 
fully to confirm or reject a hypothesis 
pertaining to a complex biological 
process and are therefore mainly 
supportive evidence. 

• Generate hypotheses and provide 
constructive and insightful 
conclusions that can be 
experimentally tested. 

• Work towards building more complex 
and realistic models. 

• Include sensitivity testing. 

• Use simplified geometries and 
dimensions not derived from 
experimental datasets. 

• Use parameter values from different 
species, ages, conditions (e.g., awake, 
sleep, anesthesia, etc.), and live/fixed 
tissue interchangeably. 

• Overstate the level of confidence 
about their conclusions and consider 
them equal to results from 
experimental approaches. 

• Include confirmatory biological 
conclusions in their study titles, 
without stating that they are 
modeling studies despite the absence 
of experimental evidence. 

• Draw conclusions about biological 
phenomena without acknowledging 
the inherent assumptions of the 
model. 

• Are believed sufficient to confirm or 
reject hypotheses about complex 
biological phenomena. 

• Do not include sensitivity testing.  

Info box 3. The good, the bad, and the ugly of modeling studies. 
 033 
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E. Outstanding Questions 
• In vivo experiments have shown that perivascular space morphology changes significantly during 

tissue processing, and that these spatial distortions strongly influence the modelling results. 
Therefore, we pose the question; what is the geometry of the perivascular space network (in vivo) in 
its entirety, spanning from leptomeningeal arteries to draining veins, and how does it connect to 
parenchymal transport routes? 

• Much is known about pulse wave propagation in the arterial tree, but how can this knowledge be 
further implemented  into perivascular flow models? Are pulsations of the arterial wall the only 
contributor to flow or are pressure waves transmitted into the intracranial space from the Circle of 
Willis responsible for rigid motions of the arterial tree that could drive flow? 

• Attempts to generate 3D models of the extracellular space by reconstructing tissue sections have 
been restricted to micrometer-scaled volumes. Despite being a significant technical and 
computational undertaking, will larger volume reconstructions shed further insight into macroscale 
extracellular fluid transport (i.e., gray-white matter transition zones)?  

• Are there unknown or unrecognized pressure gradients within the perivascular space and the 
intracranial compartment that could drive flow? Will the development of more precise measurement 
techniques be able to detect gradients on the order of 0.02 mmHg?  

• What experimental evidence is needed for microscale models to be incorporated into the much more 
establish macroscale models of CSF flow?  

 034 
F. Interim section summary. 035 
• There are two main models of perivascular transport: those consisting of anterograde flow into the brain 036 

within the perivascular space and those evaluating retrograde flow out of the brain within basement 037 
membranes. In both cases, the general consensus is that arterial pulsations alone are not sufficient to 038 
drive net flow in any direction, thus contradicting experimental results that show bulk flow is in the 039 
direction of blood flow. Studies have proposed that an as yet unknown pressure gradient or the presence 040 
of a valve-like mechanism could explain these opposing results.  041 

• Models evaluating parenchymal fluid transport have relied on idealized geometries of the extracellular 042 
space (e.g., Voronoi diagrams) or have endeavored to simulate flow through a reduced subvolume 043 
reconstructed from only 180 µm3 of rat CA1 hippocampus using electron microscopy of fixed tissue. 044 
Such models have concluded that diffusive transport predominates in the extracellular space and that the 045 
pressure gradients required to drive bulk flow are implausibly high. This caveat holds even in the 046 
context of the inflated extracellular space volume fraction (~32%) that is believed to underlie the 047 
enhanced solute clearance observed during the sleep state.  048 

• Moreover, there is large heterogeneity in the parameters and geometries used in all existing models, 049 
which is likely responsible for certain disagreements between experimental and model results. Careful 050 
attention should be given to the morphology of the perivascular space, the characteristics of the arterial 051 
pulsation (shape, wavespeed, and wavelength), and the outflow boundary conditions (intracranial 052 
compliance and CSF outflow resistance). 053 

• There is a dire need for better modelling to further our understanding processes that are currently limited 054 
by our inability to measure certain physiological parameters. However, it is critical here to remain 055 
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cognizant of the potential pitfalls of insufficiently supported models. Future models should aim to 056 
adhere better to the true anatomy and physiology of the system to emulate properly the biological 057 
circumstances. Researchers should be aware that models can only present supportive evidence but are 058 
unable to decisively accept or reject a hypothesis without accompanying experimental validation. 059 
 060 
 061 

 062 
Figure 23. Overview of existing models evaluating intra-axial fluid transport 
The two main types of models are: perivascular pumping (left panel) and parenchymal fluid flow (right 063 
panel). Perivascular pumping models consist of an artery with a surrounding perivascular space (PVS). Most 064 
such models implement a concentric anulus in which the artery lies central to the larger PVS, but modifying the 065 
centricity and the shape of the PVS cross-section to better represent in vivo measurements greatly reduces the 066 
calculated hydraulic resistance (665). The size and porosity (or lack thereof) of the PVS also affect the 067 
hydraulic conductivity (455, 665). The velocity of the arterial pulsation (wave speed) divided by the frequency 068 
of the pulsation (heart rate) indicates the wavelength. Models have used wide ranges of wavelengths due to the 069 
difference in resting heart rates between mice and humans, and due to inconsistent use of pulse wave velocity 070 
measurements collected from different blood vessels and species (658). Including outflowing boundary 071 
conditions such as intracranial compliance (C) and cranial CSF outflow resistance (R) modifies the volume flow 072 
rate through the system (366). Few studies have evaluated how vascular branching and bifurcations affect wave 073 
speed transmission and arterial rigid motions (162, 214). The majority of perivascular pumping models have 074 
found that a static pressure gradient (∆P) across the PVS is required for arterial pulsations to drive net flow at a 075 
rate comparable to those measured in vivo (49, 162, 339, 455). Parenchymal fluid flow models primarily consist 076 
of a segment of brain tissue interposed between an artery and a vein. The majority of such models to date have 077 
not included the interposed capillary network, which could but present an interesting extension. The 078 
extracellular space (ECS) geometry can be idealized or reconstructed from serial electron microscopic images. 079 
The volume and tortuosity of the ECS is approximated using the alpha (α) and lambda (𝛌) terms measured from 080 
real time iontophoresis experiments. The viscosity and concentration of solutes in the extracellular fluid can 081 
also be defined in these models. Static pressure gradients from the arterial side to the venous side have been 082 
tested as possible drivers of parenchymal fluid flow. 083 

 084 
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XII. Clearance of intracranial solutes to the peripheral circulation   085 

A. Introduction 086 
The CSF surrounding the human brain is replenished at a rate of approximately 600 ml per day (see chapter XII 087 
for CSF production).  Normally, the efflux of CSF from the CNS closely matches the formation of new CSF; 088 
any excess accumulation of CSF or other fluids can significantly increase intracranial pressure, since the 089 
inflexible skull surrounding the brain leaves little room for expansion.  It is therefore unsurprising that there are 090 
abundant pathways for draining intracranial fluid from the CNS to the periphery, although elucidating their 091 
precise nature has proven difficult. Several studies have shown that blockage of intracranial fluid drainage 092 
pathways impairs fluid transport along the glymphatic system. Thus, net fluid clearance from the brain entails a 093 
functional glymphatic system to clear the parenchyma, in conjunction with effective drainage pathways that 094 
remove intracranial fluid and metabolic waste products to the peripheral circulatory systems. In this chapter, we 095 
shall provide anatomical details about the known egress paths draining CSF and extracellular fluid to the 096 
bloodstream and cervical lymphatics, and shed some light on the volumetric distribution of CSF egress along 097 
these different egress paths. Finally, we shall discuss the dynamic changes in CSF egress that occur within the 098 
normal range of physiology, brain state, and circadian rhythms. For more details on CSF egress and its history 099 
we refer to an excellent review (546), and for further details on dural lymphatics including their important role 100 
in the brain’s immune response we refer the reader to other valuable reviews (22, 155). 101 
 102 

B. The drainage of cerebrospinal fluid through blood or lymph 103 
When evaluating the fluid efflux pathways from CNS, it is important to consider the different 104 

anatomical pathways that extracellular fluid and its dissolved contents traverse as they travel from deep within 105 
the CNS parenchyma to reach peripheral lymphatics or the bloodstream. In gross terms, we divide the path into 106 
two components: (I) intra-axial efflux and (II) extra-axial CSF/extracellular fluid egress (see Info box 1. Efflux 107 
and egress.). The intra-axial path of extracellular fluid efflux includes peri-venous efflux, efflux in the spaces 108 
between fiber tracts in white matter, and subependymal flow beneath the ependymal membrane lining the 109 
cerebral ventricles (see chapter VI for intra-axial efflux) (77, 143, 146, 148, 315). These efflux pathways 110 
together constitute the routes whereby brain extracellular fluid exits the brain. The extra-axial CSF/extracellular 111 
fluid egress sites, which we shall describe in this chapter, include perineuronal sheets along cranial and spinal 112 
nerves (81, 354), dural lymphatics (35, 406), arachnoid villi/granulations(543), dural spaces along sinuses 113 
(344), and the adventitia of major cerebral vessels leaving and arteries entering the skull through the cranial 114 
foramina (330). These drainage pathways, whereby intracranial fluid finds its way to the extra-cranial 115 
circulation, are thus important for draining the subarachnoid space CSF, and likewise critical for removing from 116 
the intracranial compartment solutes that have been cleared from the neuropil by the glymphatic system. Certain 117 
solutes within the extracellular space, notably amyloid-β, are cleared in part by transport across the BBB of 118 
CNS capillaries and venules, or by choroid plexus epithelium cells (53, 378, 643).  119 

As can be inferred from the above summary, the outflow of intracranial fluid and its constituent solutes 120 
from the CNS is a complex and multifaceted process. Historically, the arachnoid granulations and the 121 
bloodstream of the superior sagittal sinus have been considered the main egress site for CSF, while cervical 122 
lymphatics were thought to be an accessory pathway (see chapter II). However, quantitative data suggest that 123 
equal proportions of CSF egress via the bloodstream and the cervical lymphatics (75). Moreover, there is a lack 124 
of observations in vivo showing that arachnoid granulations in fact drain CSF into blood, which calls into 125 
question their importance in this function (546). In fact, arachnoid granulations may play little to no role in CSF 126 
egress under physiological conditions, as suggested by observations that rodents and human children have 127 
patent CSF egress, despite their absence of arachnoid granulations and the sparseness of their arachnoid villi 128 
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(320, 343, 546). Nonetheless, it is too early to discount completely the arachnoid granulations as an egress path, 129 
since some fraction of CSF seems to egress directly to the bloodstream (74, 75, 78). Other, still unidentified 130 
egress sites may support egress of CSF to the bloodstream exist. Furthermore, the absolute volume of fluid 131 
leaving the CNS through any particular outflow path seems not to be static, but instead depends on dynamic 132 
physiological parameters including brain state, ICP and body position, as well as pathological changes (e.g. 133 
lymphatic vessel and neurodegeneration) and aging (78, 155, 265, 379, 420).  134 
 135 

Info box 1. Efflux and egress. 

 

Figure 24. Extracellular fluid efflux and intracranial fluid egress. 
To distinguish between outflow of fluid from the brain parenchyma and 
outflow from the intracranial and spinal compartments to the peripheral 
circulatory systems, we have defined the following terms that we shall 
use categorically to distinguish between these two serially connected 
fluid outflow systems.  
Efflux: Glymphatic efflux, also known as brain clearance, is the process 
by which extracellular fluid and its solutes in intra-axial compartments of 
the brain parenchyma transfers to CSF compartments or to egress sites. 
For example, glymphatic efflux includes the outflow of waste proteins in 
the brain extracellular space along major cerebral draining veins, 
possibly connecting with dural lymphatics and/or dural parasagittal 
spaces. 
Egress: This refers to the transport of CSF, extracellular fluid, solutes 
and cells from the CNS compartment to the periphery, e.g., the transport 
of CSF tracers from the subarachnoid space through dural lymphatics of 
the cervical lymphatic system. 

C. Perineuronal egress 136 
To evaluate properly the communication between subarachnoid space and peri-neuronal egress paths, it 137 

is important to consider first the potential pathways created by the macroscopic organization of the tissue (Info 138 
box 4. Cranial nerves and their fluid spaces.). Peripheral nerves are bundles of axon fascicles ensheathed by the 139 
epineurium (524). Under the epineurium, a membrane known as the perineurium enwraps individual fascicles of 140 
axons (Figure 25). Finally, each axon is supported within the fascicles by a connective tissue called the 141 
endoneurium, which defines a space filled with endoneurial fluid bathing the axons. Egress of tracers delivered 142 
to the subarachnoid space has been found in each of these different compartments of peripheral nerves. 143 
However, the volume fractions of egress along the epineurium, subepineurial space, and within the endoneurial 144 
fluid or intra-axonally is currently unknown (Figure 25) (251, 252, 343, 708, 757). The accumulation of 145 
subarachnoid space tracers around cranial nerves is similar across many different species, indicating this to be a 146 
major outflow route for CSF entering the cervical lymphatics (251, 252, 343, 419, 429, 480, 757). Indeed, 147 
perineuronal drainage of a tracer injected into the subarachnoid space has been described for cranial nerves I, II, 148 
V, VII, IX, X, and XII (343, 419, 429, 756).  Outflow of CSF along the olfactory nerves running through the 149 
cribriform plate seems to be volumetrically the largest perineuronal outflow path in man and in other species 150 
(78, 168, 331, 498). However, egress of CSF along other cranial nerves also contributes to the net outflow to the 151 
cervical lymphatics (419). Furthermore, specialized sensory organs such as the eye and inner ear are directly 152 
connected to perineuronal fluid pathways, and CSF serves as a source for endolymph in the inner ear (588, 153 
708). In the case of the optic nerve, there is a net flux of fluid from the retina and corpus vitreum into the 154 
subarachnoid space, thus suggesting that perineuronal fluid flow along cranial nerves is not necessarily 155 
unidirectional throughout the entire course of the nerve, and that drainage of fluid from the perineuronal space 156 
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towards the cervical lymphatics can occur at specific sites along the cranial nerve (429, 708, 757). The 157 
ultrastructure of these sites of communication between the perineuronal outflow pathways and the cervical 158 
lymphatics is currently unknown.  159 

 160 

 161 
Figure 25. CSF egress sites in the cranium. 
CSF can drain from the intracranial subarachnoid space via many different routes. In general, CSF egress 162 
proceeds either to the cervical lymphatic system or directly into the bloodstream. Drainage to the cervical 163 
lymphatic system can occur through several different structures. Perineuronal drainage, especially along the 164 
olfactory nerves, seems to be of the most important egress pathways. CSF egress along the perineuronal routes 165 
can occur within the nerve axons, in the endoneurial fluid or in a subepineurial space, or even in the epineurial 166 
connective tissue. The perineurium is an epithelial barrier membrane sealed by tight junctions. Lymphatics 167 
associated with the cranial nerves can also direct CSF out of the cranium, as can the dural lymphatics. Present in 168 
dorsal and basal dura mater, the dural lymphatics take up macromolecules from the CSF. Morphological 169 
characteristics of the lymphatics in the basal dura mater hint that these vessels might be better conduits for 170 
lymphatic drainage than are the dorsal dural lymphatics. Non-vessel like structures designated as the 171 
parasagittal dura spaces that drain CSF have also been identified in dura mater. These spaces can convey CSF to 172 
the lymphatics in dura mater, and also to the arachnoid granulations. The only structures known to drain CSF 173 
directly to blood are the arachnoid villi/granulations, which are protrusions of the arachnoidea through slits in 174 
the dura mater. CSF egress along this pathway may occur by transcellular and paracellular routes.   175 
 176 

Info box 4. Cranial nerves and their fluid spaces. 
The epineurial membrane is a connective tissue membrane of mesodermal origin that is considered the 
functional equivalent of the dura mater of the brain and spinal cord, and, as such, does not possess a barrier 
function (Figure 25, lower left insert) (607, 659). The perineurium forms a membrane of squamous 
epithelium of ectodermal origin, which tracks the nerve roots as they exit the spinal cord, appearing to be a 
fusion of the pia mater and arachnoid mater that enwraps the entire bundle of fascicles in each spinal nerve, 
as well as each individual fascicle. The perineurial membrane is a barrier membrane composed of tight 
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junctions between epithelial cells, such that peripheral nerves are protected by a blood-nerve barrier 
functionally similar to the BBB, endowed with specialized transporters for ions, glucose, and amino acids 
(231, 524).  Within the endoneurium compartment, the axons are bathed in an endoneurial fluid with a 
composition likely similar to that of CSF, thus with a low protein content but an ionic composition similar to 
that of plasma, though hypertonic concentrations have also been reported (462, 697). There is considerable 
evidence for the existence of a direct and open communication between the subarachnoid space and the 
endoneurial fluid compartment of peripheral nerves, and CSF is likely to be a source of endoneurial fluid 
(429, 462, 480, 650).  Thus, CSF flow from the subarachnoid space (and probably likewise from extracellular 
fluid in the CNS) into the endoneurium of peripheral nerves is a potential egress pathway. Conversely, tracers 
injected into the subarachnoid space have also been seen to occupy a space lying between the perineurium 
and epineurium (subepineurial space) of the extracranial portion of the olfactory nerves (251, 700).  This 
subepineurial space has been reported to communicate openly with the subarachnoid space, although the 
ultrastructural details of such a connection have not been described (251). As the perineuronal membrane is a 
selectively permeable continuation of the leptomeninges (which contains the arachnoid barrier layer), it is 
clear that some sort of communication between these compartments must exist if CSF is to reach the 
subepineurial space of the peripheral nerves. However, the anatomical location and histological and 
molecular organization of this communication remain unknown. Lymphatic vessels are embedded into the 
epineurium of the proximal parts of cranial nerves both intra- and extracranially, sometimes in very close 
proximity to the perineuronal membrane (35, 235).  Therefore, the available evidence indicates that the 
epineurium is a potentially important route for egress of CSF that is drained along the perineuronal pathway. 
 

 177 
 178 
Olfactory nerve fluid egress 179 

The magnitude of egress of CSF along the olfactory nerve exceeds that of the other cranial nerves (78, 180 
168, 354). The pathway by which the olfactory nerves leave the cranium is unique; whereas the other cranial 181 
nerves form bundles leaving the skull through a single macroscopic foramen, the olfactory nerves transverse the 182 
skull through about 20 bilateral foramina in the human cribriform plate, and, as such, do not form an actual 183 
nerve trunk, but instead an array of olfactory filaments (376). The cribriform plate is highly perforated, with 184 
foramina comprising some 20 % of its total surface area in the mouse (498). CSF from the subarachnoid space 185 
drains through the foramina of the cribriform plate and into the nasal cavity, eventually passing into the cervical 186 
lymphatics. This pathway was first identified more than 150 years ago by Quincke (1872), Schwalbe (1869) and 187 
Key and Retzius (1876) (78, 81, 251). The pathway by which CSF drains along the olfactory nerve to the 188 
lymphatic system includes at least three serially connected fluid conduits, namely the subarachnoid space, the 189 
perineuronal space, and the nasal lymphatic vessels. The flow pathway linking these three compartments is still 190 
not fully understood at an ultrastructural level. Movement of CSF from the subarachnoid space around the 191 
olfactory bulb into the perineuronal spaces of the olfactory nerves seem to occur in cul-de-sacs of the 192 
subarachnoid space surrounding the olfactory fila in the cribriform plate (209, 700). In the cribriform plate, the 193 
dura mater of the cranium fuses with the bone periosteum to create a dense connective tissue that binds the 194 
nerves to the bone. Intrathecally delivered CSF tracers crop up in this connective tissue, suggesting that CSF 195 
can egress through the arachnoid barrier membrane in the vicinity of the subarachnoid space evagination (209, 196 
700). In fact, the tight junction protein claudin-11, which is normally present in the arachnoid barrier 197 
membrane, is absent near the cribriform plate on the basal side of the olfactory bulb (718). There are some 198 
reports of the presence of subarachnoid space prolongations continuing along the path of the olfactory nerve 199 
through the cribriform plate (78, 318).  However, neither light nor electron microscopy have revealed an actual 200 
continuous and open space between the subarachnoid space and perineuronal fluid compartments of the 201 
olfactory nerve in the nasal cavity (700). The nature of the communication between perineuronal fluid of the 202 
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olfactory nerve and the nasal lymphatics also remains somewhat controversial, with evidence supporting either 203 
a direct flow into lymphatic vessels fused to the epineurium of the olfactory nerve, or CSF flow into the nasal 204 
submucosa, from whence it is taken up by lymphatics (209, 251, 331, 700, 756, 757). Many independent studies 205 
have shown that tracers injected into CSF compartments can be detected in the nasal submucosa, giving 206 
compelling evidence that CSF can leak from the perineuronal spaces into the mucosa (209, 251, 700). This 207 
claim is also supported by the histological finding that the connective tissue membrane of the epineurium has 208 
few or no tight junctions (209).  Other tracer studies, however, have shown that the lymphatics of the nasal 209 
submucosa might not drain to the deep cervical lymph nodes (406). Instead, there may be a direct flow pathway 210 
between the perineuronal space and cervical lymphatic, thus permitting more efficient CSF egress. Indeed, 211 
lymphatic vessels have been observed to be fused to the olfactory nerve epineurium, thus presenting a channel 212 
for draining CSF tracers directly from the perineuronal spaces, bypassing the nasal submucosa (757). The 213 
existence of this direct flow pathway is also corroborated by recent findings in humans, where intrathecally 214 
delivered MRI tracer was absent from the nasal mucosa, but in approximately one half of patients was detected 215 
in tubular structures around the proximal extracranial portion of the olfactory nerves (448). Finally, dural 216 
lymphatics present another potential outflow path into the cervical lymphatics through the cribriform plate. 217 
Lymphatics do exist in the dura mater around the olfactory bulb, and they traverse the cribriform plate (35, 218 
498). However, there is only minor uptake of CSF tracer into the dural lymphatic vessels compared to the main 219 
pathway along the perineuronal spaces (343). The existence of the perineuronal CSF drainage route along the 220 
olfactory nerve in human has been shown (1) in clinical studies finding egress of an IV delivered, BBB-221 
permeable positron emission tomography (PET) tracer into the nasal turbinates, (2) by histological post-mortem 222 
studies revealing congested blood in perineuronal spaces around the olfactory nerves within the nasal cavity, as 223 
well as in the nasal mucosa, and (3) by post-mortem tracer studies (168, 331, 408).  In summary, the olfactory 224 
nerve constitutes a substantial CSF drainage pathway that is conserved across species. The exact ultrastructural 225 
details of the flow pathway remain controversial, and detailed examinations of the egress path have hitherto 226 
been performed ex vivo and are thus likely to be confounded by various artefacts. Nonetheless, the olfactory 227 
nerve CSF egress pathway is certainly the largest contributor to CSF drainage among the cervical lymphatics. 228 
 229 
Fluid egress along other cranial nerves 230 

Though the olfactory nerve supports quantitatively the largest CSF egress amongst the cranial nerves, 231 
almost every cranial nerve likely makes some contribution. Thus, perineuronal drainage of tracer injected into 232 
the subarachnoid space has also been described for cranial nerves II, V, VII, VII, IX, X and XII (343, 419, 429, 233 
631, 756). In the case of the optic nerve (CNII), intracisternally injected CSF tracer was detected close to the 234 
junction where the nerve enters the orbit, both in the subarachnoid space around the optic nerve, as well as in 235 
the surrounding dura. This corroborates the observations from the olfactory nerve that tracers from the 236 
subarachnoid space enter a dural space in close proximity to the foramina of the skull, suggesting that the 237 
arachnoid barrier layer is locally leaky, thus permitting movement of fluid between the subarachnoid space and 238 
dura mater (756). In sheep injected intracisternally with CSF tracer, there was no evidence for communication 239 
between the optic nerve and lymphatic vessels in the orbit (756).  In fact, a recent study suggests that the site of 240 
egress along the optic nerve lies intracranially, anterior to the optic chiasm, and that the optic nerve primarily 241 
drains fluid retrogradely from the retina rather than CSF from the subarachnoid space (708). The fluid transport 242 
within the optic nerve has been seen to follow perivascular routes, as well as along the axons themselves and 243 
within the endoneurium (252, 708). The egress of tracer from the optic nerve to the peripheral circulation is 244 
most likely obtained through lymphatic vessels in the overlying dura mater anterior to the optic chiasm (35, 245 
419, 708).  However, horseradish peroxidase injected intrathecally in rabbits has also been noted to pass into 246 
veins within the subarachnoid space of the optic nerve, both by intercellular and intracellular mechanisms (252). 247 
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Drainage along the vestibulocochlear nerve (CNVIII) follows a similar pattern as for the olfactory and 248 
optic nerves, such that CSF tracers flow in a space between the epineurium and perineurium, as well as beneath 249 
the perineurium surrounding individual axons (i.e. in the endoneurial fluid) (429).  The outflow of fluid along 250 
the vestibulocochlear nerve seems to be in direct contact with the perilymph of the scala tympani (343, 429). In 251 
one study where horseradish peroxidase was injected intrathecally in rabbits, the tracer was found to drain to 252 
lymphatics in the modiolus (the bony core of cochlea) (429).  Another study with intrathecal injection of India 253 
ink did not indicate any flow to lymphatics of the inner ear (343). 254 

The specifics of CSF egress along other cranial nerves are known in considerably less detail. However, a 255 
general description of the path seems to be that the nerves are tracked to a certain extent by an extension of the 256 
subarachnoid space along its intracranial course, which ends in a cul-de-sac. Dural lymphatics are present in the 257 
surrounding dura mater of most cranial nerves, extending along their intracranial course, and thus providing a 258 
potential intracranial egress site (35, 235). However, it has also been observed that, despite abundant 259 
perineuronal localization of CSF tracers in the intracranial course of a cranial nerve, little or no CSF tracer is 260 
seen inside the lymphatic vessels of the surrounding dura mater (343, 419). Thus, it remains an open question 261 
whether egress sites along cranial nerves other than the olfactory and optic nerves are generally connected to 262 
intracranial dural lymphatics, or only after the nerves exit the skull.  263 

 264 
D. Dural lymphatics 265 

The presence of lymphatics of dura mater has been known for centuries, but has only recently been 266 
described in detail through the use of the lymphatic-specific antibodies LYVE1 and PROX1 to map out the 267 
anatomical distribution of lymphatics in the cranial dura mater, which importantly demonstrates a role in brain 268 
CSF clearance (13, 35, 225, 235, 330, 343, 406, 589). The dural lymphatic vessels are located in close 269 
proximity to the large vessels of the dura mater, namely those around the superior sagittal sinus, sinus of 270 
confluences, and the transverse sinuses, as well as along the branches of the middle meningeal artery in the 271 
dorsal dura mater, and along the petrosquamosal and sigmoid sinus in the basal dura mater (Figure 25) (13, 35, 272 
406). Morphologically, the lymphatic vessels in the dorsal dura mater are of smaller diameter and often 273 
discontinuous compared to the lymphatic vessels in the basal dura mater along the petrosquamosal and sigmoid 274 
sinus (13). These are of generally larger caliber and harbor valves, and show other morphological features 275 
making them more likely to serve as efficient drainage pathways (13). Thus, there is an ongoing discussion of 276 
whether dural lymphatics are important egress sites relative to other egress pathways, and whether lymphatic 277 
vessels of basal dura mater are more important CSF drainage pathways than those in the dorsal dura mater. 278 
Concerning the latter controversy, independent studies have reported that both dorsal and basal dural lymphatic 279 
vessels are able to take up intrathecally delivered tracers (13, 35, 406). However, several research groups have 280 
reported uptake exclusively in the basal lymphatics (13, 35, 419). Thus, morphological cues and evidence from 281 
the preponderance of tracer studies indicate a more important role for the basal dural lymphatics in CSF 282 
drainage. It has been postulated that the dorsal dural lymphatics could merely be draining the dural extracellular 283 
space, and studies in non-human primates and humans have shown that dorsal dural lymphatics running along 284 
the superior sagittal sinus take up extravasated MRI tracer delivered intravenously, thus indicating this to be at 285 
least in part a role of the dorsal lymphatic vasculature (4). However, other compelling lines of evidence indicate 286 
an important role of the dorsal dural lymphatics in brain clearance (156). Following injection of Visudyne into 287 
the CSF and its subsequent photoconversion into a compound with specific toxicity for the lymphatic 288 
endothelium, there occurs an  ablation of the dorsal dural lymphatics. Extirpating the lymphatics of the dorsal 289 
dura mater by this procedure leads to decreased drainage of CSF to cervical lymph nodes (156). Furthermore, 290 
the ablation also leads to decreased CSF inflow into the brain parenchyma, suggesting that the glymphatic 291 
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system is inhibited when dural lymphatics are ablated (156). That study thus shows an important role of dorsal 292 
dural lymphatics relative to basal lymphatics, and also reveals that dural lymphatics are a substantial contributor 293 
to CSF egress and brain clearance overall.  Whether the dorsal and basal dural lymphatics actually represent a 294 
continuation of the same lymphatic vascular system remains to be elucidated. Also, the precise site and 295 
ultrastructure of the drainage pathway that leads CSF and brain extracellular fluid from the CNS, through the 296 
impermeable arachnoid barrier, and into the dural lymphatics have not yet been identified. Studies with 297 
intrathecally delivered tracer have shown the flow to first enter dural lymphatic vessels lying over the olfactory 298 
bulb and sinus transversus in dorsal dura mater, and in the basal dura mater in close proximity to skull foramina, 299 
indicating that the arachnoid barrier layer might be permeable in these areas (13, 35, 404). Another important 300 
question for the future is why there is glymphatic inhibition after dural lymphatics ablation. Glymphatic efflux 301 
has been found to occur around the transverse sinus, straight sinus, and inferior sagittal sinus, and glymphatic 302 
perivenous efflux pathway might be directly linked to dural lymphatic vessels, which are present at some of 303 
these sites, at least (13, 35, 313, 315, 406, 554). Fluid spaces within the dura (see section below), which have 304 
been shown in humans to drain CSF borne tracers, could be the reservoirs or sinks for glymphatic efflux, from 305 
whence dural lymphatics drain CSF and brain extracellular fluid, although this conjecture has yet to be 306 
experimentally proven (571). Lastly, dural lymphatics are also seen in the dura mater lining the intracranial 307 
portions of many cranial nerves, which could thus also contribute to what is collectively designated as 308 
perineuronal CSF drainage (35, 235, 419).   309 

 310 
E. Arachnoid villi/granulations 311 

The arachnoid villi and granulations are invaginations of the arachnoid membrane passing through slits 312 
in the dura mater connective tissue, which protrude into the venous sinuses or the lateral lacunae of the dura 313 
mater (695). The distinction between arachnoid villi and granulations depends on their size; the arachnoid 314 
granulations are larger and can sometimes be seen by the naked eye. The arachnoid villi and granulations are 315 
especially prominent at the superior sagittal sinus, but are also seen at the transverse sinuses, confluence of 316 
sinuses, and cavernous sinus (543). The ultrastructure of the arachnoid villi/granulations has been outlined in 317 
many species, including humans (Figure 25). These structures consist of a central core in open communication 318 
with the subarachnoid space, in which there is a network of arachnoid cells, fibroblasts, and connective 319 
tissue(344). Around the core, the arachnoid barrier membrane lies as a continuation of the arachnoid barrier 320 
membrane of the subarachnoid space. In contact with this membrane lies a fibrous capsule formed by dural 321 
fibroblasts and connective tissue as well as endothelial cells from the venous sinus wall (344). In humans, the 322 
apical part of the granulation forms a cap cell layer, which is devoid of the fibrous capsule and endothelial 323 
lining, whereby the arachnoid barrier membrane is in direct contact both with CSF and blood (507). In primates 324 
and canines, the arachnoid villi/granulations are covered by endothelium in their entirety. The endothelial and 325 
arachnoid layers of the villi and granulations are both linked by tight junctions (344). Drainage through the 326 
arachnoid villi/granulations has been suggested to occur along two distinct paths. The first path consists of 327 
transcellular CSF transport across the membrane by transcytosis. Morphological features consistent with 328 
transcytosis have been observed in this structure, as indicated by the presence of numerous vacuoles in the 329 
endothelial cells (444, 667). The other drainage path is paracellular, and is believed to egress through 330 
extracellular cisternal spaces (245). Tracers injected into the CSF can accumulate within the arachnoid villi 331 
(343), but since any tracers proceeding to enter the bloodstream would not be revealed by histological methods, 332 
a quantitative measure of egress through arachnoid villi/granulations is still lacking. Ex vivo and in vitro studies 333 
have revealed that the arachnoid granulations favor flow in the physiological direction proceeding from 334 
subarachnoid space to the bloodstream, indicating that the histological structure and/or the molecular machinery 335 
responsible for egress must harbor a valve-like function that prevents retrograde flow from the bloodstream into 336 
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CSF (245, 264). That rodents and human children possess only sparse arachnoid granulations indirectly hints 337 
towards this egress pathway being less substantial than other egress paths, which are conserved amongst most 338 
mammals (e.g. olfactory nerve drainage or dural lymphatics) (320, 343). It has been postulated that the relative 339 
importance of arachnoid granulation egress might increase during pathological states, e.g., during raised ICP 340 
(543, 546).  341 

 342 
F. Dural spaces along venous sinuses 343 

A recent MRI study in humans used gadobutrol (605 Da) to monitor the egress pathways of CSF in man 344 
at 3, 6, 24 and 48 h after tracer administration. Gadobutrol is a non-ionic hydrophilic molecule, which does not 345 
cross the BBB and can therefore be used to trace efflux pathways (571). Surprisingly, gadobutrol was found to 346 
accumulate in a 2 mm-wide parasagittal space in the dorsal dura mater parallel to the superior sagittal sinus and 347 
posterior to middle segment, thus at the very location where cortical veins empty into the superior sagittal sinus 348 
(Figure 25) (571). Labelling in this space was observed in all study participants, with peak intensity seen at the 349 
24 h scan. A human cadaver study has described the parasagittal space as consisting of endothelial-lined 350 
channels within the dura (229). In the MRI study, the extent of gadobutrol influx to the parasagittal space 351 
exceeded what might have been expected from the anatomical descriptions of arachnoid granulations, 352 
suggesting that it may have arrived by alternate routes (571). One possible mechanism for this could be 353 
perivenous efflux of CSF along cortical veins, which has been described in rodents (315). The identity of the 354 
final egress pathway taken by fluid passing through the dural parasagittal space remains an open question. 355 
Among the potential routes are the dural lymphatics, fenestrated post-capillary venules, dural venous sinuses 356 
through arachnoid granulations and villi, or efflux along the adventitia of the jugular vein. The dural parasagittal 357 
spaces also take up intravenously delivered MRI contrast agent, thus indicating the presence of an open 358 
communication with the blood circulation (736). This space might be an important interface between CSF 359 
antigens and immune cells (584). 360 

 361 
G. Adventitia of major cerebral vessels 362 

Intracisternally-administered tracers have been found to accumulate in the connective tissue sheets of 363 
larger veins and arteries exiting the skull, from whence they drain into nearby lymphatic vessels (109, 313, 315, 364 
330, 703). Tracers injected into the brain parenchyma or subarachnoid space have been found to permeate the 365 
dura mater at the base of the skull in close proximity to the carotid artery, and also to infiltrate the adventitia of 366 
the internal carotid artery outside the cranial vault (109, 330). Other studies have found drainage of 367 
intracisternally-injected carbon particles to the adventitia of the cerebellar, basilar, and vertebral arteries (703). 368 
Thus, close to the foramina where major vessels traverse from the intracranial to extracranial compartment, CSF 369 
and brain extracellular fluid together exit the skull through spaces in the vascular adventitia. These adventitial 370 
egress spaces for CSF have not yet been studied in the same detail as other egress paths, and their relative 371 
importance is thus unknown.  372 

 373 
 374 

H. Spinal cord egress sites 375 
Cranial CSF also finds egress through outflow pathways associated with the spinal cord, especially 376 

around nerve roots. This pathway was first identified by Brierley and Field in rabbits injected with India ink in 377 
the lateral ventricles. The ink accumulated around the dorsal and anterior nerve roots of the spinal cord, as well 378 
as in the paravertebral lymph nodes and lymph nodes in the thorax, abdomen, and pelvis (81). Intrathecally 379 
delivered gadobutrol delivered at the lumbar subarachnoid space in human patients peak in blood levels much 380 
before they peak at cranial egress sites, showing that spinal CSF primarily leaves the intrathecal compartment at 381 
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the spinal level and not cranial level (199). Human PET studies with intrathecal administration of tracers by 382 
lumbar puncture also show signs of CSF egress along spinal cord nerve roots (690). The draining around the 383 
nerve roots could well be conducted via dural lymphatics, which richly cover the nerve roots (319, 461).  384 
Arachnoid granulations have also been observed in close proximity to the nerve roots, thus presenting an 385 
alternate clearance route (230). Others have reported relatively higher outflow to the lymphatic system at 386 
intervertebral segments of the sacral spine (418).  Overall, spinal cord CSF egress seems to occur primarily via 387 
invaginations of the subarachnoid space around the nerve roots through structures resembling those draining 388 
cranial CSF.  389 

 390 
I. Distribution along various egress paths  391 

Distribution of CSF egress to blood and cervical lymphatics 392 
Much research on the distribution of fluid egress from the subarachnoid space has focused on defining 393 

the relative proportion of CSF tracers that is cleared by the cervical lymphatics relative to clearance into the 394 
blood. Many such studies have employed injection of radiolabeled tracers into various CSF compartments, and 395 
then followed the recovery rates of the injected tracer in lymph and blood plasma (543). Other techniques used 396 
are fluorescent CSF tracers, with dynamic monitoring of fluorescence intensity at various extracranial sites 397 
(419). As described above, several different egress pathways exist, and their anatomical location and miniscule 398 
scale makes difficult the precise measurement of CSF egress. The most precise and accurate measurements such 399 
as radiotracer experiments are inherently invasive, whereas the less invasive fluorescent tracer assessments tend 400 
to be biased by differences in compartment volume, flow rate, and fractional CSF content between cervical 401 
lymphatic vessels and cranial blood vessels. Historically, the most precise measurements of the egress ratios to 402 
cranial lymphatics and to bloodstream have been done in awake sheep using a dual tracer method. Here, 403 
injections of different radiotracers into the CSF compartment and into the bloodstream are followed by dual-404 
channel monitoring of radioactivity in the blood and cervical lymph, while adjusting for the amount of tracer 405 
lost by plasma filtration and for the amount of tracer that recirculates into the lymphatics (75). Results of that 406 
complex study procedure indicated 48 % recovery of tracer in lymph, thus suggesting that approximately half of 407 
tracer clearance occurred through cervical lymphatics (75). This is most likely an underestimate of the true 408 
lymphatic contribution, since ligation of lymphatic vessels seems apt to increase resistance in this pathway and 409 
thus decrease flow rate, and furthermore, were any lymphatic vessel by error improperly cannulated or ligated, 410 
the resultant excess drainage would be misattributed as blood activity. Similar studies in rat have estimated that 411 
30 % of CSF tracer is drained through cervical lymphatics in rats, and 10–15 % in the cat, and that the drainage 412 
towards blood was 2-3 times higher in both species (76). Conversely, measurements of fluorescent CSF tracer 413 
egress in lymph and blood of mice have shown arrival of the tracer at the mandibular lymph nodes within 11 414 
minutes of administration, whereas appearance of tracer in the posterior facial veins (which drain the venous 415 
sinuses in mice) was delayed until 25 minutes, thus indicating that lymphatic drainage might be the only 416 
substantial egress site for CSF in mouse brain (419). The ratio between CSF egress to blood and cervical 417 
lymphatics in human is not known, however MRI studies showed that tracer accumulation in cervical lymph 418 
nodes occurs rather slowly, peaking at 24-48 hours after lumbar injection of gadobutrol (202).  The discrepant 419 
findings of relative efflux of CSF drainage to cervical lymphatics and to blood likely depend on several factors. 420 
First, tracer studies of CSF flow are actually monitoring the path taken by the tracer molecule, which might 421 
show a predilection for either lymphatic or blood egress. Indeed, sorting of flow of tracers along different paths 422 
might depend on their molecular weight and polarity. Second, species differences such as the lack of arachnoid 423 
granulations in rodents may be relevant. Finally, the available experimental methodologies do not afford 424 
absolute quantitation of dynamic tracer concentrations across all tissue compartments. Whole body 425 
PET/SPECT-CT may suffice for this purpose in animal models, and by extension in human studies. Overall, the 426 
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plethora of possible pathways makes it technically very challenging to attain absolute measurements of the 427 
various volumes CSF egress by all different channels.  428 
 429 

Distribution of CSF egress along paths leading to cervical lymphatics 430 
The perineuronal drainage of CSF along the olfactory nerve is a major egress site (78). The egress along 431 

the olfactory nerve pathway can be blocked by focal injection of fibrosis-inducing agent kaolin, by surgical 432 
removal of olfactory nerves, or by sealing the cribriform plate with glue (78, 498). Such experiments involving 433 
obstruction of egress along olfactory nerve pathways suggest that the pathway could normally account for about 434 
87 % of total CSF drainage to the cervical lymphatics in rabbit (78). In humans, the highest concentration of an 435 
intravenously-delivered and BBB permeable PET tracer detected in any extra-cerebral site was in the nasal 436 
turbinates, thus suggesting a major contribution of the olfactory nerve to the cervical lymphatics clearance 437 
pathway also in humans (168). Quantitative measurements of other egress paths are lacking. 438 
 439 

J. Physiological factors impacting intracranial fluid egress  440 
The egress of fluid from the cranial vault is a dynamic process. The diversity of parallel egress paths has 441 

likely developed to complement each other, thus ensuring continuous outflow of fluid during various 442 
conditions. Some egress paths might serve an accessory role, and thus may be recruited when the outflow 443 
requirement exceeds limits of the normally predominant egress pathway. Dynamic changes in egress volumes 444 
can be seen both in physiological and pathological conditions. Thus, normal postural changes (e.g., moving 445 
from a standing to a sitting position) provoke changes in ICP, which cause a compensatory increase in fluid 446 
egress rate (27, 85). The capacity of the egress system to cope with rapid ICP changes would likely be more 447 
important in bipedal animals than in quadrupeds, which have a horizontal body position. Another physiological 448 
variable impacting CSF egress is the production rate for CSF, as reviewed in chapter V. Interestingly, peak CSF 449 
production occurs in the middle of the night in humans, perhaps due to circadian rhythms in the activity of the 450 
choroid plexus epithelium (477, 494).  The lymphatic system has higher flow rates during wakefulness (likely 451 
due to movement), whereas glymphatic pathway activity increases dramatically during sleep (420, 740). The 452 
relative proportions of drainage into the cervical lymphatics and into blood may thus depend on various 453 
dynamically changing factors.  454 
 455 
Physiological modulators of CSF egress 456 

CSF outflow via cervical lymphatics and through arachnoid granulations increases during episodes of 457 
elevated ICP. Thus, experimentally increased ICP provoked by a ventriculo-cisternal perfusion system 458 
heightened the pressure recorded in cervical lymphatic vessels and stimulated the flow rate of lymph (612).  459 
This perfusion procedure increased lymphatic outflow 2.7-fold, while elevating clearance towards blood 3.9-460 
fold. This suggests a ceiling effect for the lymphatic pathway, or alternately that the arachnoid villi/granulations 461 
have a somewhat higher capacity for CSF outflow in response to transiently increased ICP (74). Another factor 462 
impacting fluid egress is head position. Upon tilting the head downwards by 20 degrees, there is increased 463 
tracer accumulation in the nasal submucosa, whereas tilting the head upwards by 20 degrees more than doubles 464 
the amount of CSF tracer reaching the spinal cord (78). Such differences could be driven by pressure 465 
differences between CSF in the cranium and spinal cord that vary with head position (352). The glymphatic 466 
system have is also affected by body position in mice, being more efficient in the supine position (379). The 467 
interplay between up and downregulation of CSF egress and glymphatic activity has yet to be elucidated, 468 
although it is known that glymphatic activity is inversely related with CSF egress to the cervical lymphatics 469 
(265, 420). Furthermore, anesthetics such as ketamine-xylazine that favor glymphatic activity increase CSF 470 
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egress by the olfactory route, whereas isoflurane anesthesia, which inhibits glymphatic function, leads to 471 
increased CSF egress through the basal part of the skull around the vagus nerve (54, 631).  472 

Increased outflow of CSF tracers through cervical lymphatics has furthermore been observed during 473 
wakefulness relative to an anesthetized state in mice (420). Similarly, increased clearance of CSF tracer from 474 
the spinal cord in humans was seen in the aftermath of physical activity as compared to rest, again perhaps in 475 
relation to effects of bipedal posture (194). Such flow changes could arise either from increased CSF flow rate 476 
in the subarachnoid space or in lymphatic vessels, or from both in combination. CSF flow in the subarachnoid 477 
space and ventricles is largely driven by respiration and to a lesser extent by hemodynamics, such that the 478 
increased amplitude and rate of respiratory and cardiac activity during wakefulness and physical activity are 479 
likely to be contributing factors (see chapter IX for driving factors of brain fluid transport) (189). Flow in 480 
lymphatic vessels depends on the pumping actions of intrinsic smooth muscle cell, changes in body position, 481 
and the activity of surrounding skeletal muscle. However, hemodynamic variables such as cardiac output and 482 
central venous pressure are certainly contributing factors. Both will affect the local pressure in the tissues they 483 
drain, as well as the pressure gradient between lymphatic vessels and the venous structures into which they 484 
drain (see review for details) (595). Certain anesthetics reduce the contractility of lymphatic vessels (38), and 485 
the reduced skeletal muscle activity and hemodynamic changes during sleep likely also contribute to the 486 
nocturnally decreased CSF egress. Finally, there is an established link between activity brain state and 487 
intraventricular CSF flow in the cerebral aqueduct, thus suggesting that neuronal activity could play an intrinsic 488 
role in the rate of CSF egress (234, 265). On the other hand, one night of sleep deprivation in human patients 489 
did not affect the clearance rate of the subarachnoid space of intrathecally delivered MRI contrast agent 490 
gadobutrol, suggesting that circadian rhythm and behavioral factors might be more important than brain state in 491 
governing egress of CSF (203). 492 
 493 

K. Outstanding questions 
• How is the intersection of  the subarachnoid space and the egress paths structurally organized? 

Elucidating the ultrastructure of the meningeal membranes and the molecular organization of junction 
proteins in these areas represents an exciting topic with implications for the pathogenesis of various 
diseases. Is there a functional equivalent of directional valves, and do potential bottleneck for egress 
arise in the aged or diseased brain that present targets for therapeutic interventions to alleviate 
glymphatic dysfunction?  

• Perineuronal egress represents the one of the most important egress pathways, having been described 
in all compartments along the cranial nerves (intraaxonal, endoneurial, perineurial, subepineurial and 
epineurial). Are all of these paths real, or do some represent postmortem/histological artefacts?   

• CSF is also transported directly into venous blood, but the only known egress site is the arachnoid 
villi/granulations, which are not well characterized in all species, and develop in human only during 
childhood. Thus, there might be other unknown structures draining CSF to the blood compartment. 
Could the rich network of postcapillary venules in the dura mater take up CSF from parasagittal dural 
spaces?  

• Besides changes in CSF production rate, are egress rates altered by changes in glymphatic activity, 
and/or by other gating mechanisms within the egress pathway itself? 

 494 
L. Interim summary section 495 
• CSF egress is a complex and dynamic outflow process with multiple pathways, some of which serve as 496 

main egress sites and others are seemingly accessorial and operate only under certain physiological 497 
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conditions. Such a multifaceted egress system is likely to have developed to ensure continued drainage 498 
of fluid from the cranial vault under diverse physiological conditions. The alternating drainage pathways 499 
do not likely function to maintain a constant ICP. Even under physiological conditions the ICP is highly 500 
dynamic and can fluctuate within a range of (-2 mmHg to 12 mmHg) in mice under physiological 501 
challenges such as Valsalva and postural changes. 502 

• CSF and extracellular fluid egress occur by perineuronal drainage, through dural lymphatics, through 503 
arachnoid granulations, through parasagittal spaces in dura, and within the adventitia of major cerebral 504 
blood vessels.  505 

• CSF and extracellular fluid are drained into the bloodstream and also the cervical lymphatic system. The 506 
exact branching ratio is debated. Older studies using radiolabeled tracers suggest an approximately a 507 
50:50 partitioning, but  those studies were invasive and most likely underestimated the contribution of 508 
cervical lymphatic drainage. Newer studies based on fluorescence microscopy suggest that the cervical 509 
lymphatics play a dominant role in draining CSF. Yet, the experimental approaches in these studies also 510 
harbor their own confounding factors, and it remains an important task to quantify the drainage and how 511 
it is regulated along the different egress pathways.  512 

• Drainage of CSF along the olfactory nerve has been reported as a major drainage pathway across several 513 
species including human. Yet other studies have questioned the importance of CSF drainage along the 514 
olfactory nerve and suggest a greater role for  dural lymphatics or parasagittal dural spaces. The 515 
ultrastructure of the flow pathway within the peripheral nerve compartments and their communication 516 
with the cervical lymphatics remains to be elucidated. The relative importance of other drainage 517 
pathways remains less clear, and evidence for an important role of arachnoid granulations is weak 518 

 519 

XIII. Pathology in brain fluid transport systems 520 
A. Introduction 521 

Dysfunction of the glymphatic system and brain fluid transport in general has been implicated in the 522 
pathology of many neurological disorders. The intricate organization of the glymphatic system and the CSF 523 
egress pathways harbor multiple sites where pathological processes can impair the fluid flow, which in turn 524 
reduces the brain’s capability for clearance and homeostasis. In this chapter we review the pathological 525 
processes that have been found to occur in the glymphatic system with healthy aging, as well as in conditions 526 
such as Alzheimer’s disease, traumatic brain injury (TBI), and ischemic stroke, amongst others. The 527 
pathophysiological processes in which the glymphatic system has been implicated can be roughly grouped into 528 
acute and chronic glymphatic pathologies. Acute glymphatic pathology is mainly seen during ischemic stroke, 529 
subarachnoid hemorrhage, and acute traumatic brain injury, any of which events can either up- or down-530 
regulate perivascular CSF flow to a harmful extent. Chronic glymphatic pathology are chronic changes that 531 
attenuate glymphatic system drivers such as cardiovascular pumping or AQP4 polarization, wherein long-term 532 
impairments in brain clearance can lead to the harmful buildup of proteinaceous waste. We shall describe the 533 
pathophysiology within the various disorders that instigate glymphatic failure and hypothesize how these 534 
perturbations can explain clinical phenotypes, while also providing promising targets for future clinical 535 
prognostic, diagnostic, and therapeutic tools. We refer to reader to reviews for detailed information regarding 536 
glymphatic system pathology (56, 57, 483, 540, 557), but emphasize that the rapid development in our 537 
understanding of pathological processes in the glymphatic system makes it important to stay abreast of the 538 
newest original literature.   539 

 540 
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 541 
Figure 26. Pathological processes in the glymphatic system. 
A reduction in glymphatic fluid transport has been demonstrated to occur in many neurological disorders as 542 
well as healthy aging. In healthy aging of mice, impaired brain clearance arises to due to loss of AQP4 543 
polarization, which abrogates the removal of extracellular amyloid-β (358). In neurodegenerative disorders such 544 
as Alzheimer’s disease and Parkinson’s disease, reduced glymphatic function has been linked to build-up of 545 
amyloid-β (525, 742) and α-synuclein, respectively (303, 768). In an ischemic stroke model in mice, spreading 546 
ischemic depolarizations cause massive vasoconstriction as well as an ionic shift that leads to increased CSF 547 
influx to brain, resulting in edema (451). In mouse and non-human primate models of subarachnoid 548 
hemorrhage, blood components including fibrin and fibrinogen occlude periarterial spaces and impair CSF 549 
influx (237). Both mild and moderate traumatic brain injury (TBI) have been associated with reduced 550 
glymphatic function in rodents. In human TBI, there is a pathological buildup of hyperphosphorylated tau, 551 
typically seen in perivascular areas (131, 249, 313). Potential biomarkers for TBI (S100-B, for example) are 552 
washed out of the brain parenchyma by the glymphatic system predominantly during sleep. As such, sleep 553 
disruption due to the standard clinical practice of administering repeated neurological exams could thus be 554 
impairing glymphatic function and interfering with the detection of blood-based biomarkers in TBI (537).  A 555 
rodent model of non-communicating hydrocephalus and human cases of normal pressure hydrocephalus have 556 
been associated with impaired glymphatic clearance of brain parenchyma (198, 202, 208, 572, 573). RBC: red 557 
blood cells. SAH: subarachnoid hemorrhage. PVS: Perivascular space. 558 
 559 

B. Acute pathological processes in the glymphatic pathway 560 
Stroke 561 

Early studies of the glymphatic system in stroke focused on the hemorrhagic variants such as 562 
subarachnoid hemorrhage (SAH), which was shown to significantly reduce glymphatic influx of CSF in rats and 563 
non-human primates (237, 247, 255). The glymphatic defect in SAH was caused by occlusion of the 564 
perivascular space due to extracellular deposition of fibrin and fibrinogen derived from the extravasated blood 565 
plasma (237, 255). Treatment by delivering tissue plasminogen activator (tPA) through the glymphatic pathway 566 
was able to rescue CSF clearance and glymphatic influx in a preclinical model in non-human primates (237, 567 
255). tPA is a specific serine protease that breaks down components of the extracellular matrix such as 568 
fibronectin and laminins, so it is possible that intracisternal tPA may also alter the geometry of CSF inflow 569 
pathways, independently of its role in fibrinolysis. However, it remains unknown if this strategy could be used 570 
to enhance glymphatic function in settings other than in SAH  (441). Glymphatic inhibition after SAH may also 571 
be a consequence of the rapid activation of astrocytes and a loss of their AQP4 polarization, ultimately resulting 572 
in accumulation of tau protein and helper and cytotoxic T-cells in the parenchyma (547). Loss of capillary 573 
pulsatility could also play a role in the glymphatic inhibition after SAH (445). The transfer of blood breakdown 574 
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products into the arterial perivascular space via glymphatic flow may  contribute to the vasospasm arising from 575 
perivasculitis (417, 547). Accumulating evidence shows that erythrocytes in subarachnoid space are cleared via 576 
cervical and meningeal lymphatics, suggesting that these pathways play a role in resolving the bleed, but 577 
conversely it is also plausible that perturbation of these same pathways can cause faulty CSF drainage and thus 578 
be a driver for post-SAH hydrocephalus (120, 547).  579 

The role of glymphatic function in the pathophysiology of intracerebral hemorrhage is less clear. In a 580 
rodent model of intracerebral hemorrhage induced by the injection of collagenase into striatum there was no 581 
effect on glymphatic clearance compared to sham treatment (237). However, other data suggests that cranial 582 
burr holes and intraparenchymal injections (e.g., for delivery of collagenase) can by themselves affect 583 
glymphatic inflow of CSF tracers (453). Therefore, it is still unknown if the sham and intracerebral hemorrhage 584 
groups in (28) both exhibited global unnoted reductions in glymphatic function, perhaps due to artifactual 585 
reactive gliosis that obscured the intrinsic effect of hematoma formation on glymphatic function. Future studies 586 
should focus on isolating the glymphatic clearance of the hematoma and the role that this process plays in 587 
resolving intracerebral hemorrhage.  588 

The continuous inflow of CSF into the parenchyma also drives edema formation after acute ischemic 589 
stroke (451). Within minutes after a middle cerebral artery occlusion (MCAO) in mice there is a rapid entry of 590 
CSF into the ischemic hemisphere. This inrush of fluid is the first contributor to tissue swelling, rather than the 591 
previously emphasized vascular sources (451). The normal polarized expression of astrocytic AQP4 facilitated 592 
the formation of edema, whereas AQP4 knockout animals were protected from edema after MCAO (451). In a 593 
model of ischemic edema in spinal cord, the primary driver of swelling seemed to be the translocation of AQP4 594 
to the astrocyte endfeet, which was blocked by the typical antipsychotic trifluoperazine, which has anti-595 
dopaminergic and anti-adrenergic actions (349). In later stages of stroke (three h after infarct), glymphatic 596 
influx is reduced; it is unclear what causes this early inhibition of influx prior to BBB opening, but it could be a 597 
consequence of the onset of edema formation (237). The later stages of edema (i.e., vasogenic edema) beings to 598 
form several hours after the insult. Vasogenic edema also seems to interfere with CSF inflow (67), but more 599 
work is required to evaluate if a reduction in extracellular fluid volume contributes to the progression of this 600 
delayed type of edema. The previously described bulk flow of edematous fluid along white matter tracts may 601 
prove to be an important factor in edema resolution. CSF egress along cervical and meningeal lymphatics might 602 
also contribute to the maturation of the infarct core by aiding in the presentation of CNS antigens, but the data 603 
are conflicting in this regard. Mice lacking lymphatic vasculature due to genetic interference in VEGF-C 604 
signaling have shown both increased and decreased infarct volumes after MCAO (211, 747). There are several 605 
methodological differences between the latter two studies that could contribute to the discrepant results, so more 606 
work is needed to elucidate the role of impaired CSF egress in driving stroke severity and recovery. 607 
 608 

C. Chronic pathological changes in the glymphatic pathway 609 
Proteostasis is the dynamic balance between production and degradation of proteins within the cell. The 610 

degradation  process includes both intracellular (i.e., proteasomal degradation and autophagy) and extracellular 611 
protein clearance mechanisms. Disordered proteostasis promotes the abnormal deposition of proteins such as 612 
occurs during healthy aging and in neurodegenerative diseases. Proteopathic disorders (a.k.a. proteinopathies, 613 
protein conformational disorders, and protein misfolding diseases) are a group of diseases caused by structurally 614 
abnormal proteins that accumulate and deposit in cells and their surrounding extracellular matrix, which 615 
disrupts proteostasis and leads to cellular degeneration. 616 

While the glymphatic system aids in the extracellular clearance of toxic proteins, it also plays a crucial 617 
role in the removal of other macromolecules and excess fluid. Dysfunction in these clearance processes 618 
contributes to the pathogenesis of a broad array of diseases, extending from edema to pure proteopathic 619 
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disorders like Huntington’s disease. Therefore, it is imperative to determine the manner whereby glymphatic 620 
pathology (glymphopathy) might contribute to abnormal proteostasis and promote the progression of 621 
proteopathies. However, proteopathies are a subset of the broader class of glymphopathies, which are 622 
characterized by the abnormal accumulation of fluid and its various solutes within the CNS. 623 

 624 
D. Variation in glymphatic system efficacy and their potential role as risk factors for developing 625 
neurodegenerative disease 626 

 627 
Aging 628 

Glymphatic function initiates in infancy, reaches a peak in young adulthood, and declines throughout the 629 
remaining lifespan (358). In humans, this is experimentally demonstrated in MRI-contrast studies, where the 630 
intrathecally-administered agent is cleared from the brain parenchyma at a much slower rate in older patients 631 
than in the young. The same age-dependent decline was seen for clearance of CSF within the ventricular system 632 
(766). In aging rodents, there is likewise a reduction in the inflow of CSF in perivascular spaces and reduced 633 
trans-pial CSF flow in middle-aged and aged animals compared to the young, occurring in association with a 634 
40% reduction in the amyloid-β clearance rate from the aged brain (358). Among the various factors resulting in 635 
the age-related decline in glymphatic function, the two primary instigators are: (1) AQP4 mislocalization in the 636 
course of astrogliosis, and (2) reduced arterial wall compliance due to arteriosclerosis (Figure 26) (358). These 637 
two processes independently lead to decreased transport of fluid across the astrocytic endfeet and into the brain 638 
extracellular space, and reduce the efficacy of periarterial space CSF pumping due to attenuation of vasomotion 639 
and arterial wall pulsatility (316, 358, 455). Altered astroglial AQP4 expression has also been identified in the 640 
aging human brain (758). Increased total AQP4 expression but not AQP4 mislocalization was found to be a 641 
feature of the cognitively intact aging human brain (758). Drainage pathways are also affected in aging human 642 
brain, which is accompanied by an increase in CSF outflow resistance (15). Consequently, elderly individuals 643 
show greater ICP increases after constant infusion of artificial CSF into the subarachnoid space by lumbar 644 
puncture. This age-dependent effect on ICP reflects, at least in part, the declining patency of the CSF egress 645 
routes, such that the infusion cannot be accommodated (15). In mice, aging has been associated with slowed 646 
outflow of CSF solutes to blood and cervical lymphatics, as well as with the reduced accumulation of CSF 647 
solutes in cervical lymph nodes (156, 419). This is likely due to decreased coverage and reduced vessel 648 
diameter of meningeal lymphatics in the aged mouse (156). These morphological changes were associated with 649 
differential expression patterns of 607 genes compared to young mice, which included genes involved in 650 
immune and inflammatory responses, extracellular matrix organization, and endothelial tube morphogenesis, 651 
among many other functions (156). The altered lymphatic vessel distribution associated with aging occurs in 652 
concert with decreased glymphatic function as well as cognitive decline. Treatment of aged mice with vascular 653 
endothelial growth factor-C (VEGF-C) reversed the decreases in lymphatic vessel diameter, which was 654 
associated with improved drainage of CSF tracers to the deep cervical lymph nodes, improved glymphatic 655 
function, and rescue of cognitive function (156). It is difficult to assess the causal relationship between the 656 
factors associated with declining brain fluid transport during aging such as decreased CSF production, 657 
glymphatic inhibition, and dural lymphatics degeneration. Furthermore, other clearance mechanisms are also 658 
affected by aging and thus contribute to the net drop in clearance efficacy. For example, the abundance of 659 
perivascular macrophages doubles in aging rodent brain, but their phagocytic ability declines, suggesting 660 
decreased clearance efficacy by this pathway (353, 402). 661 
 662 
Sleep 663 
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Clearance of the brain extracellular space primarily occurs during sleep, when upregulation of 664 
glymphatic drivers such as increased extracellular space volume, larger fluctuations in blood volume, and larger 665 
amplitudes in vasomotion-driven vessel caliber changes result in increased glymphatic activity and enhanced 666 
CSF flow into the ventricular system (see chapter IX, physiological drivers) (234, 672, 740). Sleep disturbances 667 
are associated with diverse chronic diseases including Alzheimer’s disease, Parkinson’s disease, multiple 668 
sclerosis, and TBI (112, 632, 683, 719). The causal relationship between sleep disturbance and many of these 669 
disorders is not fully understood. Although it is likely in many cases that neurodegenerative disease debut 670 
predates the occurrence of sleep problems, poor sleep is nonetheless a risk factor for developing Alzheimer’s 671 
disease (719). Reduced duration and quality of sleep is seen with aging, and could also contribute to the 672 
glymphatic inhibition seen in the elderly (358, 426). Thus, glymphatic inhibition due to poor sleep quality is a 673 
potential risk factor for certain neurodegenerative diseases and could also be implicated in the causality chain 674 
whereby aging is a risk factor for many neurological disorders. We propose that glymphatic inhibition as a 675 
result of sleep disturbances could be a common pathway leading to cognitive impairment in the elderly and 676 
promoting the progression of the aforementioned neurodegenerative disorders. 677 

One night of sleep deprivation in human patients leads to decreased clearance of the brain parenchyma 678 
of the MRI tracer gadobutrol, and even after one night of normal sleep, sleep deprived patients still show higher 679 
levels of gadobutrol in brain compared to patients not exposed to sleep deprivation (203).   An episode of sleep 680 
reduces the levels of amyloid-β and tau protein in extracellular fluid and in CSF, both in humans and in 681 
preclinical studies in mice (300, 335, 409). During wakefulness in mice, the tau concentration in extracellular 682 
fluid doubles relative to that in the sleeping state, and amyloid-β levels increase by about a third, probably due 683 
to reduced clearance and high norepinephrine levels (300, 335, 454). The cleansing effect of sleep has been 684 
shown in mice, where the clearance rate of intracortically-injected amyloid-β more than doubled during sleep, 685 
whereas in humans, a single night of sleep deprivation leads to a 30% increase in amyloid-β and a 50% increase 686 
in tau concentration in the CSF in healthy young volunteers (300, 409, 740). Preclinical studies furthermore 687 
showed that sleep deprivation leads to a reduced washout of metabolites from the brain parenchyma (415). 688 
Single nucleotide polymorphisms (SNPs) of the AQP4 gene have been associated with altered NREM sleep in 689 
humans, and with the ability of coping with prolonged sleep deprivation, thus suggesting a possible link 690 
between glymphatic function during sleep and the preservation of cognitive function (673). In conclusion, sleep 691 
enhances glymphatic function and sleep disruption is associated with reduced brain and CSF clearance of 692 
potentially harmful proteins. Genetic variation in the efficiency of sleep and reduced sleep quality with aging 693 
are potential risk factors for sporadic neurodegenerative diseases and for increased progression of these 694 
disorders in the elderly. Finally, sleep disturbances arising after disease onset could contribute to a facilitation 695 
of the cognitive decline in neurodegenerative diseases. 696 

 697 
Small vessel disease and hypertension 698 

As described in the chapter Physiological Drivers of the Glymphatic System (see chapter IX), 699 
glymphatic flow relies upon pulsatile changes in arterial diameter to pump CSF forward along the periarterial 700 
spaces of leptomeningeal arteries. Furthermore, intra-axial clearance has been associated with vasomotion (455, 701 
680). Thus, the occurrence of anterograde flow in the glymphatic system depends on arterial distensions that 702 
pump fluid into the brain. In several animal models of cardiovascular disease, glymphatic dysfunction have 703 
been associated with the reduced vessel pulsatility, that is to say a reduced deflection of the arterial wall in 704 
response to systolic pulses in the arterial blood pressure (122, 316, 538). Diseases that impair compliance and 705 
reactivity of the arterial wall will likely reduce vessel pulsatility and thus decrease CSF pumping in the 706 
periarterial spaces. Small vessel disease and hypertension are associated with thickening of the vascular wall of 707 
small vessels, along with fibrinoid necrosis and lipohyalinosis, inflammation, white matter hyperintensities, and 708 
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microinfarcts (94, 453). Though the underlying mechanisms remain to be fully elucidated, decreased 709 
glymphatic function occurs in several animal models of small vessel disease including diabetes (324). Such 710 
findings support the prediction that vascular pathologies reduce vessel pulsatility and impair CSF pumping into 711 
the glymphatic system (453, 709). Acute induction of hypertension in mice upon intravenous injection of 712 
angiotensin-II altered the waveform and propagation velocity of pulsatile waves in cerebral arterial walls, 713 
probably triggered by contraction of smooth muscle cells secondary to the raised intraluminal pressure (455). 714 
The acute hypertension also provoked a 40% reduction in perivascular CSF flow velocity in the same mice. In 715 
rats with chronic hypertension (spontaneously hypertensive rats, SHR), dynamic contrast-enhanced MRI 716 
showed a global decrease in glymphatic function at age 7-9 weeks (just prior to the onset of the hypertension), 717 
which persisted in the now hypertensive rats aged 19-21 weeks (472). In the immunohistochemical arm of that 718 
study, there were no observed differences in glial fibrillary acidic protein (GFAP) and AQP4 expression 719 
between the hyper- and normotensive rats, suggesting that vascular pathology was the primary factor 720 
responsible for suppression of CSF inflow in that model. A recent study showed that SHRs aged 8-9 months 721 
also exhibited a significant reduction in glymphatic function, now associated with loss of AQP4 polarity and 722 
widening of the perivascular space. Together, the two studies suggest that vascular pathology alone suffices to 723 
reduce glymphatic function in young SHR, but that this early pathology sets the stage for later progression of 724 
astroglial changes in the neuropil that contribute to further glymphatic dysfunction (743). Glymphatic 725 
dysfunction or AQP4 mislocalization have also been reported in several conditions and diseases that overlap 726 
with aspects of small vessel disease, including healthy aging, cerebral amyloid angiopathy, microinfarcts, 727 
chronic kidney disease and stroke (237, 358, 684, 691, 704, 749). Another aspect of vascular status with 728 
relevance for glymphatic function is the BBB. Though experimental details are lacking, it seems plausible that 729 
BBB defects could be harmful to glymphatic flow, since even small changes in fluid influx over the vascular 730 
endothelium likely exert substantial changes in flow dynamics and perhaps directionality.    731 
 732 

E. Neurodegenerative disorders  733 
 734 

Alzheimer’s disease 735 
Alzheimer’s disease is the most common neurodegenerative disorder, and the ongoing demographic 736 

shift is placing an ever-greater socioeconomic burden from this illness on many countries (704). Although the 737 
pathologic processes leading to the development of Alzheimer’s disease are complex, the hallmark 738 
neuropathological features of Alzheimer’s disease are altered turnover and increased deposition of amyloid-β, 739 
tau hyperphosphorylation, oxidative stress, microglial proliferation and reactive gliosis (704).  740 

In the healthy brain, the glymphatic system efficiently clears amyloid-β from the extracellular space (see 741 
chapter X, Physiological functions of brain fluid transport) (315). Any prolonged attenuation of glymphatic 742 
function increases amyloid-β deposition rates. This has been shown in the APP/PS1 mouse model of 743 
Alzheimer’s disease, where cortical amyloid-β deposition increases with age due to expression of chimeric 744 
mouse-human mutant amyloid precursor protein (APP) and human mutant presenilin (PS1). In one study of 745 
APP/PS1 mice, knockout of AQP4 led to a 25-50 % increase in the brain levels of soluble and insoluble 746 
amyloid-β at 12 months of age, and accelerated the formation of amyloid plaques compared to animals with an 747 
intact glymphatic system. In another study in animals aged three months, AQP4 knockout increased the levels 748 
of intraneuronal amyloid-β aggregates, but did not alter the extracellular concentrations (Figure 26) (219, 742). 749 
Thus, glymphatic efflux is important in clearing the neuropil of amyloid-β in these models. The clearance 750 
mechanism is likely due to the concerted effects of direct glymphatic efflux to the cervical lymphatics, transport 751 
of amyloid-β to efflux transporters at the BBB, and delivery and efflux of ApoE (see chapter X, glymphatic 752 
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functions) (5, 219). Similar observations have been made for the pathogenic tau protein, such that the levels of 753 
total and phosphorylated tau cleared to the CSF compartment were almost completely abolished in AQP4 754 
knockout animals and in wildtype mice treated with the AQP4 inhibitor TGN-020 (279). Where these animal 755 
models of glymphatic inhibition represent an all or none condition, glymphatic system dysfunction in humans 756 
shows more graded variations. Indeed, intrathecally delivered gadobutrol to human patients manifests in 757 
substantial interindividual variability in terms of glymphatic delivery of the tracer to different brain regions 758 
(573). It is an important question for the future whether individual differences in glymphatic function could be a 759 
risk factor for developing Alzheimer’s disease, and whether the natural decrease in glymphatic function 760 
described in studies of aging could explain why Alzheimer’s disease usually debuts in the aged population. In 761 
APP/PS1 mice with no genetic modification of glymphatic function, the glymphatic attenuation associated with 762 
astrogliosis caused by natural aging precedes the onset of amyloid-β deposition (525). The loss of AQP4 763 
polarization associated with normal aging, by setting the stage of glymphatic failure, may thus be a risk factor 764 
for developing Alzheimer’s disease (279, 637, 749, 758).  Furthermore, interindividual genetic variation in the 765 
AQP4 gene could potentially impose either loss or gain of function in the glymphatic pathway, although direct 766 
evidence linking SNPs in the AQP4 gene with glymphatic function is lacking. However, two SNPs in the AQP4 767 
gene have been shown to correlate with levels of amyloid-β in the temporal lobe of patients in the Alzheimer’s 768 
disease spectrum: rs72878794 was associated with decreased levels, while rs151244 was associated with greater 769 
amyloid-β burden (116). SNPs within the AQP4 gene have also been associated both with increased and 770 
reduced rates of cognitive decline in patients with Alzheimer’s disease (100, 116). Obtaining a better 771 
understanding of the functional implications of these SNPs on the AQP4 channel and its expression pattern, as 772 
well as their effect on glymphatic function, could aid our understanding of the pathology of sporadic 773 
Alzheimer’s disease and potentially lead to new biomarkers and therapeutic targets. While interindividual 774 
variation in glymphatic function may pose a risk for developing sporadic Alzheimer’s disease, it is also evident 775 
from rodent studies that, after onset of the disease, glymphatic function deteriorates quickly. Thus, Alzheimer’s 776 
disease pathologies such as deposition of amyloid-β plaques and hyperphosphorylated tau are inherently 777 
harmful to glymphatic function, implying a feed-forward mechanism in disease progression. Reactive 778 
astrogliosis and associated AQP4 mislocalization are observed in several mouse models of Alzheimer’s disease, 779 
and are also evident in autopsy samples from human Alzheimer’s disease patients. AQP4 mislocalization 780 
proved to be a predictor of the extent of amyloid-β burden and Braak staging at time of death (279, 749, 758). 781 
Other factors may also contribute to the glymphatic inhibition after disease onset. For example, Alzheimer’s 782 
disease patients had a weakened negative coupling between the BOLD signal on fMRI and CSF influx in the 4th 783 
ventricle, which was associated with increasing cortical amyloid-β levels asserted with PET scans, suggesting 784 
that cardiovascular pumping of CSF might be impaired in these patients (273). A general impairment in the 785 
clearing of solutes from CSF seems to be a feature of the Alzheimer’s disease brain. In a PET tracer study, there 786 
was a 33% reduction in the CSF clearance rate of tracer from the ventricles of patients compared to healthy 787 
controls (168). The ventricular clearance rate was inversely correlated with the level of amyloid-β deposition in 788 
cortex (168). Also, a recent MRI study in human brain based on ultrafast 10 Hz scanning found pulse 789 
propagation generated by the drivers of glymphatic flow (cardiac, respiration and slow vasomotion) differed 790 
with regard to arrival latency and propagation speed in Alzheimer's disease patients (551, 669). Thus, human 791 
clinical studies are in agreement with the preclinical findings of reduced glymphatic function in Alzheimer’s 792 
disease models. Overall, several of the physiological drivers that ensure flow through the glymphatic system 793 
seem to be affected in Alzheimer’s disease after clinical onset (see chapter IX, Physiological drivers). 794 
 CSF drainage pathways are also affected in Alzheimer’s disease (see chapter XII, CSF egress). In 795 
humans, the drainage of an intravenously administered PET tracer that is able to cross the BBB towards the 796 
nasal cavity was reduced by 66% in patients with Alzheimer’s disease relative to age-matched controls (168). 797 
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This is an indication that reduced CSF drainage along the olfactory nerves could play a pathophysiological role 798 
in the reduced CSF turnover in patients with Alzheimer’s disease, a proposition that is supported by autopsy 799 
studies of patients showing degeneration of the olfactory epithelium and abnormal olfactory nerve morphology 800 
(651). Furthermore, development of anosmia in the elderly is a risk factor for the development of Alzheimer’s 801 
disease and other neurodegenerative disorders (575). Rodent studies have confirmed that degeneration of 802 
olfactory nerves diminishes CSF outflow into the nasal cavity, thus supporting the idea that attenuated outflow 803 
along this pathway could promote Alzheimer’s disease pathology (498, 575).  804 
 Dural lymphatics is another important CSF egress pathway that has been implicated in Alzheimer’s 805 
disease pathology. In rodents, increased lymphatic coverage improves brain clearance, whereas knockout of 806 
meningeal lymphatics impairs the clearance of amyloid-β from brain (156). In two transgenic mouse models 807 
with increased rates of amyloid-β deposition, the coverage and morphology of lymphatic vessels in dorsal dura 808 
mater are unaffected, and drainage to the cervical lymph nodes appeared normal (156). Thus, amyloidosis does 809 
not seem itself to promote pathological changes to dural lymphatics. However, ablation of dorsal dural 810 
lymphatics or ligation of deep cervical lymph nodes in Alzheimer’s disease mouse models leads to increased 811 
amyloid-β and tau burden both in brain and the meninges (105, 156). Conversely, increased coverage and size 812 
of lymphatic vasculature by VEGF-C treatment did not decrease levels of amyloid-β in mouse models of 813 
Alzheimer’s disease (156). As such, dural lymphatics and CSF egress towards cervical lymphatics are important 814 
for normal amyloid-β clearance, and the interconnected impairment of these egress pathways d could act as a 815 
risk factor for amyloid-β accumulation in brain, perhaps leading to an earlier onset or accelerated course of the 816 
disease.  817 
 818 
Parkinson’s disease 819 

Parkinson’s disease, the second most common neurodegenerative disease, is characterized 820 
pathologically by intracellular and intra-axonal inclusion bodies consisting of aggregated  α-synuclein protein 821 
(Lewy bodies), and degeneration of the nigrostriatal dopamine neurons (652). Striatal dopamine depletion 822 
accounts for the cardinal motor symptoms of Parkinson’s disease, but damage to multiple other neuronal 823 
populations contributes to the complex clinical presentation, which includes cognitive impairment, sleep 824 
disturbances, anosmia, depression, autonomic failure, and constipation (150, 542).  825 

Under physiological conditions, the glymphatic pathway aids in clearing α-synuclein from brain 826 
parenchyma (768). As such, AQP4 knockout mice show reduced ability to clear human recombinant α-827 
synuclein after intrastriatal injection (149, 768). The α-synuclein accumulation seen in Parkinson’s disease is 828 
directly harmful to glymphatic function. In the A53T transgenic mouse, which bears a mutant human α-829 
synuclein variant associated with Parkinson’s disease, overexpression of the protein leads to intraneuronal 830 
accumulation of α-synuclein. The glymphatic system is inhibited via loss of AQP4 polarization occurring in 831 
this model of Parkinson’s disease (768). AQP4 seems to accumulate on the astrocytic membranes facing α-832 
synuclein-positive neurons, which, together with increased levels of AQP4 and neuroinflammation, is likely 833 
driving the loss of AQP4 polarization (768). Glymphatic system impairment seem to aggravate the disease 834 
course, since AQP4 +/- mice receiving intrastriatal injections of α-synuclein show increased loss of 835 
dopaminergic neurons in substantia nigra, and more severe loss of motor function (149). The preclinical 836 
findings of glymphatic impairment in Parkinson’s disease have been corroborated by diffusion tensor imaging 837 
of perivascular spaces in human patients. Here it was found that lower diffusivity in the perivascular spaces was 838 
a feature of Parkinson’s Disease patients compared to healthy controls (119). The drainage of CSF and 839 
extracellular fluid from brain towards dural lymphatics and into the cervical lymphatic system is also perturbed 840 
in Parkinson’s disease. In a clinical study where participants received intravenous injections of the MRI tracer 841 
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gadobutrol which subsequently leaks into the dural extracellular space, the flow of tracer through dural 842 
lymphatics was slower in Parkinson’s disease patients compared to healthy controls (183). There was no sign of 843 
gross morphological differences in cross sectional area estimated by MRI in lymphatic vasculature either 844 
around superior sagittal sinus or the sigmoid sinus (183). Rather, the reduction in dural lymphatic flow may  845 
result from changes in the structural integrity of the lymphatic endothelium, since a mouse model of 846 
Parkinson’s disease showed a reduction in the expression of the tight junction proteins occludin and zonula 847 
ocludens-1 in the dural lymphatic vasculature (183). Reduced flow through dural lymphatics and into cervical 848 
lymphatics seems to play a role in Parkinson’s disease pathology; cervical lymphatic vessel ligation exacerbated 849 
α-synuclein aggregation in mouse models of Parkinson’s disease (183, 768). In A53T mice with ligated cervical 850 
lymph nodes, the attenuation of glymphatic function was further reduced compared to that in A53T mice with 851 
intact lymphatics. In addition, there was increased astrogliosis and further loss of polarization of AQP4 852 
expression towards the astrocytic endfeet in the ligated animals (768). These findings suggest that perturbed 853 
drainage towards the cervical lymphatic system leads to increased brain levels of α-synuclein aggregates, 854 
occurring at least in part via glymphatic inhibition. Other factors at play in reducing flow in dural lymphatics 855 
might include inhibition of autophagy of α-synuclein in brain and the occurrence of meningeal inflammation 856 
(183, 768). Post-mortem samples of temporal lobe from patients who had died with Parkinson’s disease showed 857 
increased AQP4 immunoreactivity, with an inverse relationship between local AQP4 expression and α-858 
synuclein levels in cortical layers V-VI (i.e., the location of corticofugal projection neurons) (303). These 859 
observations suggest a brain-wide disturbance in glymphatic function in sporadic Parkinson’s disease, as 860 
distinct from localized effects in the nigrostriatal pathway. Such global effects could play a role in the cognitive 861 
impairment often seen in these patients.  862 
 863 
Traumatic brain injury 864 

TBI is a risk factor for developing dementia later in life, despite a seemingly uneventful recovery from 865 
the initial injury (622). TBI is categorized in terms of its severity as mild, moderate, and severe (68). Repetitive 866 
events of mild TBI have been associated with chronic traumatic encephalopathy (CTE), especially in players of 867 
certain contact sports and in military veterans exposed to explosive shockwaves. Symptoms of CTE include 868 
emotional lability, aggression, depression as well as memory and cognitive impairment (622). The chronic 869 
neuropathological changes associated with single TBI of moderate or severe intensity or repetitive mild TBI 870 
include brain atrophy and accumulation of neurofibrillary tangles of hyperphosphorylated tau, as well as 871 
amyloid-β plaques (68, 622) –although in a spatial pattern distinct from the distributions typically seen in 872 
Alzheimer’s disease. Abnormal tau deposition can be seen up to five decades after battle-related trauma in non-873 
demented Vietnam war veterans (463).  874 

The accumulation of hyperphosphorylated tau in CTE patients is especially evident in perivascular areas 875 
of neocortex and also in the depths of cortical sulci and in superficial cortical layers (249, 317). These preferred 876 
locations for tauopathy overlap with the distribution of leptomeningeal surface vessels, and components of the 877 
neurovascular unit (i.e., capillary endothelial cells, smooth muscle cells, basal lamina and astroglial endfeet), 878 
which constitute key elements of the glymphatic system. Normally, intracortical tau is washed out of the brain 879 
parenchyma by glymphatic efflux along a subset of large caliber veins, including the caudal rhinal veins, 880 
internal cerebral veins, and inferior sagittal sinus (313), but this process seems to be impaired after TBI (131, 881 
313, 389). In a model of repetitive mild TBI in rats, injury led to perturbation of glymphatic flow, with 882 
increased influx and decreased efflux of intrathecally-administered CSF tracer in amygdala and olfactory bulb 883 
after three mild impacts to the left temporal lobe (131). In a model of moderate TBI in mice, there was evidence 884 
of glymphatic pathway failure due to AQP4 mislocalization in astrocytes of the ipsilateral hemisphere one day 885 
after the injury, which spread to both hemispheres at seven days post-injury, and persisted for at least 28 days 886 
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(313). The importance of glymphatic clearance of excess tau protein after TBI is highlighted by the finding that 887 
a moderate injury in AQP4 knockout mice provoked higher phosphorylated tau concentration in brain, and 888 
exacerbated the delayed axonal degeneration and neuroinflammation compared to animals with normal AQP4 889 
expression (313). 890 

CSF egress pathways are also involved in the pathological changes following TBI. Reduced drainage of 891 
intracisternally-delivered microscopic beads to the deep cervical lymph nodes was seen as soon as two hours 892 
after a single mild closed-skull TBI to the right inferior temporal lobe (73). This reduction in drainage seems to 893 
be due at least in part to inhibition of dural lymphatics. Thus, reduced uptake of intrathecally delivered LYVE-1 894 
antibodies was found in the dural lymphatics around the transverse sinus after a TBI injury (73). Morphologic 895 
changes of dural lymphatics consistent with active lymphangiogenesis ensued from the first week after TBI, 896 
which could plausibly contribute to the normalization of drainage towards the deep cervical lymph nodes that 897 
was seen two months post-injury. The same study showed that increases in ICP, which are often seen after TBI, 898 
lead to reduced transport of CSF tracers to the deep cervical lymph nodes after three hours and reduced uptake 899 
to the dorsal dural lymphatics at three and 24 hours after the injury (73). Thus, increases in ICP seem to 900 
diminish the egress of CSF to the cervical lymphatics in the hours after the TBI event. Interestingly, pre-901 
existing dural lymphatic dysfunction provoked by Visudyne injection and subsequent photoablation of dural 902 
lymphatic vessels resulted in aggravation of the  TBI, with increased neuroinflammation and more pronounced 903 
deficits in memory and motor learning at two weeks after the injury (73). Attenuated functioning of dural 904 
lymphatic vessels is seen in natural aging, and rescuing lymphatic vessel degeneration with VEGF-C treatment 905 
reduced the level of gliosis occurring post-TBI to that seen in  younger animals (73). 906 

The transport of conventional biomarkers of TBI such as GFAP and S100B in the bloodstream is 907 
mediated by the glymphatic pathway, at least in rodents (Figure 26). In a mouse model of closed-head TBI, four 908 
different measures that inhibit glymphatic function (i.e., sleep deprivation, CSF drainage via cisternotomy, 909 
AQP4 knockout, and acetazolamide) were all shown to decrease the efflux of the trauma biomarkers S100B, 910 
GFAP and neuron-specific enolase to serum (537). We contend  that aspects of common clinical practice in the 911 
treatment of TBI patients, which include sleep deprivation due to frequent neurological testing, along with 912 
ventriculotomy after severe injury traumatic brain, may well interfere in the egress of biomarkers to the blood, 913 
as well as compounding the resultant brain pathology (537, 541). Sleep or rest immediately after TBI is 914 
emerging as a critical factor for removal of cellular debris by the glymphatic system, thereby improving long-915 
term recovery.  916 
 917 
Other neurodegenerative disorders 918 

Brain fluid transport is also involved in or affected by other neurodegenerative disorders. In 919 
Huntington’s disease a CAG trinucleotide repeat expansion in the gene encoding the protein huntingtin leads to 920 
a mutant variant of the protein, which causes neuronal dysfunction and ultimately leads to apoptosis (627, 648). 921 
Aggregates of mutant huntingtin protein are typically found inside the affected cell nuclei but can also be 922 
detected extracellularly in the CSF compartment (627, 628). The CSF level of mutant huntingtin has a 923 
correlation with the disease state both in clinical and preclinical studies, and reduction of mutant huntingtin 924 
production with antisense therapy leads to reduced CSF protein levels (628, 648). The transport of the normally 925 
intracellular mutant huntingtin protein to CSF was facilitated both leakage from dying cells but also via active 926 
secretion from non-apoptotic cells, followed by spreading through the brain extracellular space via glymphatic 927 
system efflux (107). It remains to be studied whether glymphatic inhibition leads to an aggravated phenotype of 928 
Huntington’s disease. 929 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder affecting motor neurons in the 930 
spinal cord, brainstem, and motor cortex, and leading to progressive paralysis (627). The disease can result from  931 
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mutations in various genes, including TAR DNA-binding protein-43 (TDP-43), superoxide dismutase-1 (SOD-932 
1), and fused-in-sarcoma (FUS), and is recognized by cytoplasmic inclusion bodies composed of proteins 933 
encoded by the mutated gene (490). In preclinical models of ALS, the glymphatic system aids in promoting 934 
efflux of disease-related proteins, and inhibition of the glymphatic system by knocking out AQP4 results in 935 
increased extracellular levels of toxic variants of superoxide dismutase-1 in cervical and lumbar spinal cord, 936 
without an increase in total tissue levels (291). The glymphatic system is positioned to remove harmful proteins 937 
accumulating in ALS. Indeed, evidence points towards abnormal glymphatic function in mouse models of the 938 
disease, thus suggesting that fluid clearance could play a role in its pathophysiology. As such, increased 939 
glymphatic influx was found at the cervical level of the spinal cord, whereas the clearance rates of tracer 940 
injected into lumbar spinal cord was reduced in an animal model of the disease (291). In several mouse models 941 
of ALS,  there is loss of astrocyte AQP4 polarization,  together with an overall increase in total AQP4 and 942 
GFAP concentrations, with these changes seemingly being more prominent in the ventral horn of the spinal 943 
cord compared to the dorsal horn (711). There was no loss of AQP4 polarization in post mortem samples from a 944 
small group of human patients with ALS, but several patients showed signs of abnormally high levels of AQP4 945 
expression (711). Knocking out AQP4 in an animal model of ALS led to earlier and more rapid disease onset, 946 
reduced life span, and greater loss of motor strength (711). Thus, preclinical evidence points towards 947 
glymphatic inhibition being part of the disease pathophysiology, and suggest that the degree of glymphatic 948 
inhibition could affect the overall course of ALS. 949 
 950 

F. Hydrocephalus and intracranial expansive processes 951 
Neonatal hydrocephalus 952 
A rat model of neonatal hydrocephalus is caused by a genetic mutation in the Ccdc39 gene, which 953 

impairs cilia function in choroid plexus and ependymal cells, thus diminishing intraventricular CSF flow and 954 
associated glymphatic function (208). In these mice, diminished inflow of CSF to the perivascular spaces of 955 
leptomeningeal surface arteries was first seen from postnatal day five, coinciding with the first signs of 956 
ventricular enlargement. At later developmental stages, when hydrocephalus becomes more prominent, there is 957 
a complete absence of CSF inflow to the brain. Interestingly, the hydrocephalus that can develop after germinal 958 
matrix hemorrhage is preventable by inhibiting astrogliosis and AQP4 mislocalization, which also rescued 959 
glymphatic function (Figure 26) (184). 960 

 961 
Idiopathic normal pressure hydrocephalus 962 
Idiopathic normal pressure hydrocephalus (iNPH) affects 1-3 % of all patients aged over 65 years, and is 963 

recognized by progressive ventriculomegaly and a triad of neurological symptoms including gait ataxia, urinary 964 
incontinence, and dementia (565). Such patients suffer from impaired glymphatic influx and efflux, as indicated 965 
by monitoring the dynamics of signal enhancement and clearance of the MRI contrast agent gadobutrol 966 
delivered by lumbar puncture (572, 573). CSF flow is also affected in iNPH patients and shows reflux of CSF 967 
from the subarachnoid space into the ventricular system (573). Brain biopsies of iNPH patients have revealed 968 
AQP4 delocalization away from astrocytic endfeet, thus presenting a likely mechanism for the glymphatic 969 
dysfunction observed in this group of patients (198). Timely diversion of CSF via a surgical shunting procedure 970 
can arrest or alleviate the progression of symptoms, making iNPH one of the few treatable forms of dementia.  971 

 972 
Glioma 973 
The outflow of CSF tracer in leptomeningeal vessels was dramatically reduced in a mouse model of 974 

glioma, which is indicative of reduced glymphatic function (421). Similarly, efflux along cranial nerves was 975 
severely diminished, with an aberrant flow of CSF from cisterna magna towards the spinal cord rather than 976 
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through the more proximal glymphatic pathway and cranial egress sites. Expanding intracranial masses like 977 
gliomas are likely to cause alterations in tissue organization and also elevate ICP, which can prevent CSF flow 978 
into otherwise healthy regions of the brain parenchyma. Though it remains to be studied in animal models, we 979 
speculate that similar symptoms and manifestation should be seen in non-neoplastic conditions with localized 980 
tissue expansion, e.g., non-communicating hydrocephalus. VEGF-C driven increase in dural lymphatic drainage 981 
have been shown to improve the immune response against glioblastoma (626).  982 
 983 

G. Depression and other psychiatric disorders 984 
Major depressive disorder (MDD) has a yearly prevalence of 6% and likely affects 20% of all people at 985 

some point during their lifetime, thus creating an enormous socioeconomic burden and loss of well-being (516). 986 
The chief symptoms of MDD include persistently depressed mood, weight loss or gain, insomnia or 987 
hypersomnia, anhedonia, extreme guilt, and cognitive and memory difficulties (516). MDD tends to have 988 
episodes of relapse and recurrence, and especially late-life depression is further associated with increased risk of 989 
developing cognitive impairment and Alzheimer’s disease, as well as many other disorders. The 990 
pathophysiology behind MDD remains elusive, but hyperactivity in the hypothalamic-pituitary-adrenal axis and 991 
an aggravated stress response are consistent findings. The chronic unavoidable stress model in mice leads to 992 
depression-like symptoms including weight loss, immobility, and higher scores in behavioral tests of anxiety 993 
and anhedonia. In studies of glymphatic function in this mouse model, there was globally reduced glymphatic 994 
influx to the brain, with the largest decline relative to controls in the rostral of dorsal, lateral and ventral cortex 995 
(716, 739). A reduced glymphatic efflux rate was also observed, manifesting as delayed clearance of exogenous 996 
CSF solutes such as amyloid-β from the brain parenchyma, with notably increased levels of endogenous 997 
amyloid-β1-42 found in the hippocampus and neocortex (716, 739). Glymphatic dysfunction was linked to 998 
reduced astrocytic expression of AQP4 and loss of its polarization in MDD mice. Furthermore, there were 999 
decreased levels of the AQP4 anchoring protein dystrophin-associated complex, and lower expression of 000 
extracellular matrix proteins such as laminin and agrin, probably contributing to the loss of AQP4 polarization. 001 
Interestingly, similar patterns of abnormal AQP4 expression have been found in human autopsy samples of 002 
patients with a history of MDD, namely decreased endfeet AQP4 expression in orbitofrontal cortex, and lower 003 
expression levels of AQP4 mRNA in hippocampus and the noradrenergic locus coeruleus (59, 447, 550).  004 

The typical hyperactivity in the hypothalamic-pituitary-adrenal axis occurring in MDD entails 005 
overproduction of glucocorticoid stress hormones, which may contribute to the cerebral atrophy reported in 006 
imaging studies. Produced in the adrenal glands, glucocorticoids are suspected of contributing to aspects of 007 
MDD, notably the cognitive symptoms (649). Treatment of naïve mice with the glucocorticoid receptor agonist, 008 
dexamethasone, produced glymphatic inhibition and AQP4 mislocalization similar to that seen in the mouse 009 
model of depression, whereas treatment with the glucocorticoid receptor antagonist, mifepristone, rectified the 010 
AQP4 mislocalization and glymphatic dysfunction (716). Moreover, treatment with the antidepressant drug 011 
fluoxetine, a serotonin selective reuptake inhibitor, attenuated the glymphatic dysfunction in this model of 012 
depression (739). 013 
 014 

H. Multiple sclerosis and inflammation 015 
Multiple sclerosis is a disorder with focal demyelination in grey matter and white matter tracts 016 

throughout the nervous system caused by autoimmune neuroinflammation. In a mouse model of multiple 017 
sclerosis (experimental autoimmune encephalomyelitis, EAE), there was a loss of AQP4 localization and 018 
glymphatic dysfunction in the spinal cord but not in brain (228). This atypical presentation was attributed to the 019 
greater susceptibility of the mouse spinal cord to the demyelination occurring after immunization with myelin 020 
basic protein. It seems plausible that involvement of the brain in EAE would likewise cause widespread AQP4 021 
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Info box 5. Imaging of the glymphatic system. 

delocalization and impaired glymphatic function. The dural lymphatics, which have a close functional linkage 022 
with the glymphatic system, have been implicated in the same mouse model of multiple sclerosis (404). 023 
Lymphangiogenesis is not seen in the dorsal dural lymphatics in EAE, although they are considered important 024 
for trafficking immune cells to the brain parenchyma (305, 404). Indeed, ablation of dorsal dural lymphatics and 025 
inhibition of lymphangiogenesis were both associated with an attenuated inflammatory response, suggesting an 026 
important role of these vessels in neuroinflammation (305, 404). The dural sinuses are important immune 027 
interfaces between CNS derived antigens transported with the CSF and T-cells circulating in the bloodstream 028 
(584). In the EAE model, increased numbers  of T-cells reactive to myelin oligodendrocyte glycoprotein are 029 
found in the dura mater (584).  In the special case of inflammation associated with insertion of foreign bodies 030 
into the brain (e.g., EEG electrodes), the dorsal dura mater shows some lymphangiogenesis, which was 031 
functionally associated with increased inflow to the brain through the glymphatic system (283). Systemic 032 
inflammation caused by intraperitoneal injections of bacterial lipopolysaccharide (LPS) causes reduced 033 
glymphatic influx at three hours after the injection (428). The increased heart rate occurring at three hours post 034 
LPS injection could contribute to the reduction in glymphatic function, whereas cerebral blood flow measured 035 
with Laser Doppler, AQP4 polarization, astrocytic GFAP, BBB integrity, and brain levels of inflammatory 036 
cytokines were all normal in this model of systemic inflammation (266, 428). Overall, inflammatory conditions 037 
affect both intra- and extraaxial fluid transport, but the mechanisms are not fully understood. The effect of 038 
neuroinfectious disease on brain fluid transport represent and exciting topic for future studies.  039 

 040 

 
Figure 27. Technological approaches to imaging of 
glymphatic system. 
Different techniques used to image the glymphatic 5041 
system plotted in a 3D plot depicting the typical 5042 
qualities of each imaging modality in three different 5043 
measures, namely temporal resolution, spatial 5044 
resolution, and volume imaging. It should be noted 5045 
that any of these imaging modalities can be adjusted 5046 
in a manner changing their parameters. For example, 5047 
increasing temporal resolution of fMRI brings a loss 5048 
in spatial resolution, as occurs in ultrafast magnetic 5049 
encephalography, or is at the expense of limiting the 5050 
brain volume imaged (280, 351). Histology provides 5051 
the highest spatial resolution and affords brain wide 5052 
imaging, albeit with a loss of precise temporal 5053 
control, and at a cost of considerable workload. 5054 
Furthermore, histological preparations all suffer from 5055 

postmortem changes such as loss of extracellular volume, as well as preparation artifacts (shrinkage) that might 056 
confound the results. Tracers are traditionally delivered into cisterna magna or intrathecally (553, 642, 738, 057 
750), but non-invasive approaches to imaging fluid transport are under fast development.  058 
 059 
Two-photon microscopy  060 
The discovery of the glymphatic pathway was largely enabled by the use of two-photon laser microscopy, 061 
which constitutes a unique tool to image in vivo processes in cortex in a relatively non-invasive rodent 062 
preparation. Here, optical access to cortex is provided through a craniotomy or thinned skull window, which, 063 
when correctly undertaken, causes minimal stress in the underlying cortex (315). Two-photon laser microscopy 064 
allows for super-fast multichannel imaging (30 Hz and more), and, with the use of fluorescent tracers/particles 065 
injected into the fluid compartments of the brain (bloodstream, CSF and/or extracellular fluid), enables the 066 
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monitoring of fluid dynamics with high temporal and spatial resolution under various physiological and 067 
pathological conditions (455). When combined with transgenic mouse lines in which fluorescent proteins are 068 
expressed under the control of specific genes to label different cell lines, two-photon laser microscopy also 069 
works as a tool to define the anatomical pathways of fluid dynamics. When  combined with the calcium ion 070 
sensitive protein GCaMP, cellular activity can be related to the fluid flow patterns (315, 451). Shortcomings of 071 
two-photon microscopy include the small field of view, limited penetrance into the parenchyma to a maximum 072 
depth less than a 1000 μm, and the somewhat invasive procedure. 073 
 074 
Dorsal cortex macroscopic transcranial epifluorescence imaging  075 
Transcranial macroscopic imaging is an increasingly used technique to study fluid flow in the brain. This 076 
technique entails  epifluorescence imaging through a low magnification objective with a wide field of view, 077 
which affords imaging of the entire dorsal cortex all at once, through an intact cranium (451, 539). The benefits 078 
of this technique include the wide field of view in the dorsal cortex, which allows for quantification and 079 
comparison of flow in different brain regions, between hemispheres, and in different vascular compartments. 080 
This technique can also be used with transgenic mice expressing GCaMP, such that regional cortical activity 081 
can be related to CSF flow patterns. Limitations of mesoscopic epifluorescence imaging include the inability to 082 
separate emittance stemming from cortex from that of the subarachnoid space, and the restricted optical 083 
penetrance of epifluorescence light, such that the deeper cortical layers and subcortical structures evade 084 
imaging.   085 
 086 
MRI imaging.  087 
MRI provides brain-wide imaging of the living brain that is applicable in animal models and clinical studies. 088 
Multiple imaging sequences can provide information about vascular conformation (angiography), diffusion 089 
(diffusion-weighted MRI) and anatomy in one session. MRI imaging of the CSF compartment can be contrast-090 
enhanced or contrast free. In contrast-enhanced MRI, a paramagnetic tracer is delivered intrathecally to the CSF 091 
compartment, usually through the cisterna magna in rodents or by lumbar puncture in humans (104, 201, 202, 092 
451, 472, 572, 573). Alternately, a BBB-permeable agent can be delivered to the CSF or brain compartment by 093 
intravascular administration. With contrast-enhanced MRI, whole brain CSF flow can be imaged with high 094 
specificity, this providing good options for quantification and comparison of tracer distribution between 095 
subjects and conditions. The contrast agent can also be injected prior to imaging and its distribution in brain  096 
and lymphatic system visualized later (744). In humans, where the process of CSF inflow to the neuropil and 097 
tracer clearance occurs over at least 24 h, contrast enhanced MRI is also applicable as a tool to monitor CSF 098 
clearance, without requiring repeated injections of contrast agent (572, 573). In rodents, where CSF tracer 099 
turnover is more rapid, contrast-enhanced MRI is less useful. Rather, contrast-free MRI techniques have been 100 
developed for rodent studies, which can visualize CSF compartments including the ventricles, subarachnoid 101 
space and basal cisterns, and perivascular spaces without requiring a contrast agent (280). Though having lower 102 
specificity and less fitness for quantitation than contrast-enhanced MRI, the contrast-free MRI methods provide 103 
the option of imaging at multiple timepoints separated by days or weeks, and as such is ideal for monitoring 104 
CSF compartment dynamics in the same individual over time without requiring multiple invasive procedures. 105 
Overall limitations of MRI are the low temporal and spatial resolution. However, new techniques are being 106 
developed that improve the sampling rate by reducing spatial resolution, such as ultra-fast magnetic resonance 107 
encephalography. That procedure can image the entire brain at 1 Hz, and thus provide information about effects 108 
of pulsatory waves in the brain parenchyma that drive fluid flow in the glymphatic pathway (351). 109 
 110 
PET and SPECT imaging 111 
Positron emission tomography (PET) and single photon emission computer tomography (SPECT) allow for 112 
whole body dynamic imaging of intrathecally delivered radioisotopes. Quantitation of radioisotope 113 
concentration in PET and SPECT imaging is superior to the contrast quantification in contrast-enhanced MRI, 114 
thus providing better  information on regional tracer concentration differences and the clearance rate of CSF 115 
from the neuropil. Furthermore, whole body PET or SPECT imaging provides simultaneous information about 116 
radiotracer concentrations  at various CSF egress pathways (168, 690). Limitations of these methods include 117 
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their enormous expense, as well poor spatial resolution (2-4 mm) and short half-life of PET radionuclides, 118 
which often require access to a nearby cyclotron/radiopharmaceutical laboratory. 119 
 120 
CT scanning 121 
CT scanning provides whole brain and body imaging at very high (100 µm) resolution in vivo. Temporal 122 
resolution is relatively low, and available CT tracers have poor penetration into neuropil. Radiation dosimetry is 123 
an issue in human experimentation.  124 
 125 
Histological methods 126 
Histological analysis of brain sections from animals infused with fluorescent, fixable tracers can reveal uptake 127 
in brain fluid compartments, which can be combined with histochemical and immunohistochemical staining and 128 
imaging with epifluorescence or confocal microscopy. These techniques allow for brain-wide imaging of tracer 129 
distribution, as well as providing high magnification of cells and extracellular matrix components involved in 130 
fluid dynamics in brain. Electron microscopy provide even higher magnification of subcellular components, but 131 
is particularly prone to fixation artefacts (313, 315). Novel whole skull clearing techniques such as uDISCO 132 
allow for immunohistochemical staining of skull and brain in toto, and can thus be used to image connections 133 
between the CSF compartment, dural lymphatics, and other canals and compartments, for example the skull in 134 
relation with the CSF space, with only some loss of resolution compared to ordinary microscopic techniques 135 
such as  confocal imaging of brain sections (103). Histological methods have the major limitation presented by 136 
postmortem and fixation artifacts, which can result in non-physiological distribution of CSF tracers and the 137 
spurious formation of tissue pseudo-compartments that do not exist in vivo.  138 
 139 

I. Environmental factors 140 
Substance use disorders  141 
Excessive alcohol use places a major burden on public health and is a risk factor for developing several 142 

chronic diseases including dementia (260). Acute alcohol consumption affects glymphatic fluid influx and 143 
efflux, as does chronic heavy use. However, the mechanisms leading to impaired glymphatic function differ 144 
between the acute and chronic alcohol settings (401). In a mouse model of acute moderate alcohol intake, 145 
reduced influx and efflux in the glymphatic pathway was likely caused by reduced pulsatility of surface and 146 
penetrating arteries, as well as of ascending veins (401). The effect was likely a consequence of ethanol-induced 147 
release of β-endorphin, and, as such, the transient glymphatic inhibition could largely be prevented by co-148 
administration of the opioid antagonist naloxone (401). In that study, the acute administration of ethanol did not 149 
affect AQP4 expression or polarization, and glymphatic inhibition recovered within 24 h. Conversely, chronic 150 
moderate or high alcohol administration in rats led to irreversible inhibition of glymphatic influx and efflux, 151 
which was likely mediated by astrogliosis and AQP4 delocalization (401, 416). Surprisingly, acute and chronic 152 
low doses of alcohol both served to boost glymphatic influx (125, 416). This potential beneficial effect of low 153 
dose ethanol was associated with decreased expression of the astroglial marker GFAP, and increased vessel 154 
pulsatility due to induction of endothelial nitric oxide synthase by ethanol. Similar to chronic moderate alcohol 155 
use, repeated cocaine administration for five days led to inhibition of glymphatic influx and efflux (122). The 156 
impairment was associated with reduced pulsatility of surface and penetrating arteries as well as in ascending 157 
veins, along with AQP4 delocalization away from the astrocytic endfeet (122).  158 
 159 

J. Iatrogenic conditions 160 
Craniotomy  161 
Unilateral craniotomy acutely inhibits glymphatic influx bilaterally and is associated with decreasing 162 

pulsatility in penetrating arteries in mice (538). The inhibition of pulsatility lasts at least two weeks after 163 
craniotomy, but spontaneously improves to control levels after 28 days in all brain regions except the 164 
subcortical white matter. Fifty-six days after the craniotomy, glymphatic function in white matter was fully 165 
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restored to baseline levels (538). The persistent glymphatic inhibition after craniotomy was associated with 166 
astrogliosis and AQP4 delocalization. Surprisingly, cranioplasty did not significantly accelerate the restoration 167 
of glymphatic function, although it did reduce the level of astrogliosis and attenuated the locomotor and 168 
cognitive impairment otherwise seen post-craniotomy. These latter observations may reflect that mice are 169 
capable of quickly generating a rather rigid membrane on top of the dura that may in part take over the function 170 
of the skull to e.g. restore ICP (538). 171 
 172 

Anesthesia 173 
The activity in the glymphatic pathway is state dependent, being highest during deep sleep or under 174 

ketamine-xylazine anesthesia and lowest during wakefulness (740), and is further reduced by active running, as 175 
has been shown in mice (696). However, the activity of the glymphatic pathway during anesthesia is highly 176 
dependent on the type of anesthetic used, possibly related to differing pharmacological effects on noradrenergic 177 
signaling in brain (266); use of noradrenergic agonists in anesthetic regimens is apt to suppress glymphatic 178 
function. Electroencephalography showed increased delta band power in association with increased glymphatic 179 
influx, such that anesthetics with specific effects on the delta band would alter glymphatic function in 180 
predictable ways. There is a report that certain anesthetics can improve glymphatic function by increasing the 181 
polarized expression of AQP4 (239). For further details on what increases or decreases glymphatic function 182 
during different anesthetic agents see chapter IX, Physiological Drivers of the Glymphatic System. 183 
 184 

K.  Therapeutic options 185 
Intrathecal therapy by way of glymphatic system 186 
The glymphatic system’s role in driving the brain wide distribution of CSF and its solutes has the 187 

potential to be used for administration of drugs and gene therapy. Several types of drugs are administered 188 
intrathecally, including anesthetics, antineoplastics, and antibiotics, while intrathecal antisense RNA therapy is 189 
also in rapid development and showing promising results, for example in the treatment of Huntington’s disease 190 
(648). Manipulating the glymphatic system with drugs or intravenous infusion of hypertonic saline can boost 191 
delivery to brain of intrathecally delivered drugs like immunoglobulins, oxycodone, and naloxone (392, 539).  192 

 193 
Vagus nerve stimulation 194 
Electrical stimulation of the vagus nerve is an FDA-approved treatment for several neurological 195 

disorders including migraine and refractory epilepsy, as well as MDD (124). Stimulation of the vagal nerve in 196 
mice led to substantial increase in glymphatic influx globally, and an especially pronounced increase in the 197 
more rostral parts of the brain (124). Vagal stimulation is naturally associated with declining heart and 198 
respiratory rates, suggesting that the parasympathetic cardiorespiratory response could play a role in the 199 
increased glymphatic influx (124). 200 

 201 
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L. Outstanding questions 
• How do openings in the BBB affect glymphatic flow? 
• Does reactive gliosis always impair glymphatic clearance due to loss of AQP4 polarization? Do other 

pathologic changes of astrocytes contribute to the impairment in glymphatic flow that is a hallmark of 
most, if not all, neurodegenerative disorders? 

• How does microglial cell activation affect glymphatic flow? 
• Does vascular amyloidosis suppress or even reverse the direction of CSF influx along the periarterial 

spaces? 
• How do chronic derangements in glymphatic function (glymphopathies) contribute to the 

development of neurodegenerative diseases of ageing (e.g., Alzheimer’s and Parkinson’s disease) that 
are characterized by abnormal proteostasis and deposition of neurotoxic proteins? 

 202 
M. Interim summary section 203 
• Healthy aging leads to a decline in function of the glymphatic pathway. This attenuation is a likely 204 

multifactorial in nature. Astrogliosis is linked to a loss of AQP4 polarization towards astrocytic endfeet, 205 
and reduced arterial wall compliance leads to less efficient CSF pumping in the perivascular space. 206 
Many other factors, including impaired sleep and a lower CSF production rate might also be in play. 207 

• Amyloid-β accumulates in brain as a function of natural aging, lack of sleep, mechanical obstruction of 208 
efflux and in genetic knockout models. Amyloid-β itself suppresses glymphatic fluid transport, which 209 
may be a feed-forward process in Alzheimer’s disease progression.  210 

• Astrogliosis and loss of AQP4 polarization towards astrocytic endfeet is a common denominator of all 211 
neurological disorders studied so far that inflict perturbations in the glymphatic pathway. Loss of 212 
glymphatic pathway function as a result of astrogliosis or  loss of AQP4 polarity has been documented 213 
in experimental models of Alzheimer’s disease, Parkinson’s disease, TBI, subarachnoid hemorrhage, 214 
iNPH and small vessel disease. 215 

• Edema formation after acute ischemic stroke is the result of a rapid increase in influx of CSF through the 216 
glymphatic system facilitated by AQP4. Thus, early tissue swelling after stroke is caused by fluid influx 217 
from the CSF compartment rather than the vascular compartment, questioning the traditional models of 218 
edema formation.   219 

  220 
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 221 

XIV. Summary 222 
This review addresses the functional roles of brain fluid transport and its underlying structural organization. Our 223 
main thesis is that brain tissue, much like peripheral tissues, has a basic homeostatic requirement  for fluid flow 224 
to disperse metabolites and export waste products. Due to the specialized properties of nervous tissue, fluid 225 
transport has accommodated the physiological requirements of an electrically active organ that is suspended in 226 
fluid within a closed cavity. Other complicating factors for brain fluid transport include the existence of a tight 227 
BBB that largely eliminates capillary filtration, and the lack of a parenchymal lymphatic system. The 228 
restrictions placed on fluid transport within neural tissue have demanded the evolution of the sophisticated 229 
network of extra-axial and intra-axial fluid transport systems described in this review. The specific adaptions of 230 
this network include the elaborate  structure of the choroid plexus, the perivascular spaces, and the polarized 231 
expression of AQP4 water channels on astrocytes aligned with the capillary bed. Together this arrangement 232 
enables unidirectional fluid transport and recapitulates the simple organization of capillary filtration and 233 
extracellular tissue flow in peripheral tissues (Fig. 1). Following this logic, the ongoing explorations of brain 234 
fluid flow have a firm basis in the established knowledge about  blood perfusion and lymphatic flow in 235 
peripheral tissue. For excellent reviews, see (387, 595, 641, 725). 236 

Yet, the most important difference from peripheral tissue is that the brain possesses the unique ability to 237 
modulate  tissue fluid transport dynamically. During wakefulness, extracellular fluid flow falls almost to zero, 238 
likely reflecting the requirement of higher brain function for absolute precision of neural transmission that 239 
precludes the broad dispersion of neuroactive substances by active fluid transport. For example, synaptic 240 
spillover of glutamate reduces the temporal and spatial specificity of glutamatergic signaling. The expansion of 241 
the extracellular space that supports glymphatic flow may preclude the neurocomputional demands of the 242 
waking state. Sleep, on the other hand, is a state in which the brain is uncoupled from its surroundings and local 243 
synapses fire in synchrony, thus presenting the brain an opportunity to clean up the metabolic mess that 244 
accumulated during wakefulness. In fact, the biological necessity for sleep may reflect the brain’s needs to 245 
reestablish homeostasis and clear certain toxic proteins such as amyloid-β as well as small molecules like 246 
adenosine and lactate that had accumulated in the awake state.  247 

We have in each section of this review highlighted some of the most pertinent and interesting  questions 248 
to be addressed in the near future, but our  list is by no means comprehensive. We also expect that equally novel 249 
and interesting aspects of brain fluid transport will be revealed and explored over the next few years. Of 250 
particular interest is how fluid transport interacts with neural circuits and whether a dysregulation of fluid 251 
transport and ion homeostasis can contribute to abnormal brain states such as psychosis or sun-downing, the 252 
late-day confusion often plaguing patients with Alzheimer’s disease. 253 

We give an account of the history of thinking about the fluid content in brain, beginning with the 254 
description in the Edwin Smith papyrus from ancient Egypt. The ventricular system came to be described in the 255 
renaissance times, and details of its anatomy were established in the 19th century. We stress that many aspects 256 
of brain fluid transport remain to be discovered, and this exploration is driven by methodological innovations in 257 
physiology, microscopy, and brain imaging techniques. The glymphatic/lymphatic systems represent a new 258 
biological concept that likely participates in most, if not all, physiological and pathological processes in the 259 
CNS. As such, the field of research about the glymphatic system is rapidly  evolving and presents an enormous 260 
opportunity for young researchers viewing a fresh topic with a fresh mind. Novel discoveries about the 261 
glymphatic system run the full gamut of neurobiology,  spanning from evolutionary and developmental biology, 262 
the sleep-wake cycle, glia and vascular research, normal brain aging, and acute and chronic neurological 263 
disorders. 264 
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Figure 1. Comparison of fluid and solute flow in peripheral tissues and brain. 139 
The source of fluid in peripheral tissue is the porous capillaries, which are permeable to plasma and globular 140 
proteins like albumin (gray circles). In addition, endothelial cells express aquaporin-1 (AQP1) water channels. 141 
A hydrostatic pressure gradient drives an ultrafiltrate of plasma and globular proteins into the tissue at the 142 
arterial end of the capillary bed, while most of the fluid and extracellular proteins, including waste products 143 
(black circles) are transported out of peripheral tissues by lymphatic vessels. In the brain, the blood brain barrier 144 
(BBB) formed by capillary endothelial cell tight junctions largely prevents influx of vascular fluid and proteins. 145 
Instead, the brain produces its own fluid, cerebrospinal fluid (CSF). CSF is transported into deep parts of the 146 
brain along the periarterial spaces.  The unique perivascular spaces of the CNS are annular CSF-filled tunnels 147 
with low resistance to fluid flow, which are created by a convoluted surface of loosely interconnected astrocytic 148 
endfeet plastering the entire cerebral vasculature, including arteries, capillaries and veins.  The arterial wall 149 
pulsatility drives CSF influx into the neuropil, facilitated by the aquaporin-4 (AQP4) water channels on the 150 
astrocytic endfeet.  AQP4 channels form square arrays that occupy up to 60% of the surface of astrocytic 151 
endfeet facing the perivascular space (John Rash, personal communication). In contrast, brain endothelial cells 152 
express few or no water channels. The extracellular fluid and protein waste produced during neural activity are 153 
transported to and leave the brain along perivenous spaces, for ultimate export by meningeal lymphatic vessels 154 
and along cranial and spinal nerve sheaths.   155 
 156 
Figure 2. Timeline of important discoveries in brain fluid transport. 
Timeline of significant events and discoveries pertaining to brain fluid transport. The black arrow superimposed 157 
over the cerebral artery illustrates the passage of time. The timeline spans over millenniums and includes the 158 
first clinical description of CSF in ancient Egypt found in the Edwin Smith papyrus scroll from 1500 BC, the 159 
first morphologically correct drawing of the ventricular system by Leonardo da Vinci in 15th century, and the 160 
description of CSF flow as the third circulation by Harvey Cushing in the 20th century. Many other substantial 161 
discoveries extending beyond those illustrated in the figure established  the foundation to our modern 162 
understanding of brain fluid transport, but due to space limitations cannot be included in the figure. 163 
 164 
Figure 3. Schematic of brain fluid transport. 
CSF is produced primarily in the choroid plexus which sits in the lateral, 3rd and 4th ventricles, but it has been 165 
suggested that a substantial contribution from extrachoroidal sources contributes to the overall production of 166 
CSF. CSF produced within the ventricles flows into the subarachnoid space through the lateral and median 167 
apertures and into the basal cisterns (see chapter V) (135, 426). The subarachnoid space contains around 80% of 168 
the total CSF volume, compared to 20% within the ventricles (566). Subarachnoid CSF extends all over the 169 
brain and spinal cord and keeps the nervous system buoyant and thus allows it to maintain its shape, despite the 170 
lack of a fibrous extracellular matrix. From the subarachnoid space, CSF can either flow into the glymphatic 171 
system or egress from the intracranial or intraspinal space directly into the peripheral circulation (see chapter VI 172 
for intra-axial fluid dynamics, and chapter XII for CSF egress). The CSF that enters the periarterial spaces is 173 
pumped forward in an anterograde manner along the major cerebral arteries and from there it enters the brain 174 
through the perivascular spaces of the thousands of penetrating arteries that perforate the brain tissue (see 175 
chapter IX, physiological drivers) (300, 301, 437). From the periarterial and periarteriolar spaces, CSF is driven 176 
into the brain extracellular space over the glia limitans perivascularis in a process that is supported by the 177 
polarized expression of AQP4 water channels on the abluminal membrane of the astrocytic endfeet (see chapter 178 
VII for details on fluid flow in brain extracellular space, and chapter VIII for roles of AQP4 in brain fluid 179 
transport) (250, 300, 434). The flow of fluid through the tortuous brain extracellular space is probably driven by 180 
a combination of diffusion and convection. Extracellular fluid with metabolites and waste products is drained 181 
into perivenous spaces and finds efflux from the brain following the large cerebral veins (298-300). CSF from 182 
the subarachnoid space and extracellular fluid finds egress from the intracranial compartment to peripheral 183 
circulation through several different egress pathways, including dural lymphatics, perineuronal pathways, 184 
parasagittal spaces, arachnoid villi and granulations and adventitia of large cerebral vessels (527). 185 
 186 
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Figure 4. Development of the glymphatic system 
The glymphatic system develops postnatally. The earliest signs of perivascular CSF flow appear proximal to 187 
circle of Willis at embryonic day 17.5 (E17.5) in mice. Actual parenchymal CSF inflow is first evident in the 188 
hippocampus at postnatal day 1 (P1). From P7 to P14 the neocortex starts to show widespread CSF tracer 189 
inflow, proceeding from the basal to the dorsal aspect of the brain. By P14, the development of the murine 190 
glymphatic system is functionally and morphologically complete. The onset of glymphatic flow requires the 191 
development of astrocytic endfeet with polarized expression of aquaporin-4 (AQP4). BBB: blood-brain barrier; 192 
ECS: extracellular space. 193 
 194 
Figure 5. Development of ventricles, CSF spaces and egress sites. 
The initial development of the cerebral ventricles occurs during neurulation, when the neural plate infolds to 195 
form the neural tube, which is initially in open contact with the amniotic fluid. Around day 28 in human 196 
gestation the anterior and posterior neuropores close, and the first CSF is formed from the captive remnant of 197 
amniotic fluid trapped in the neural tube lumen. During the coming weeks and months, infolding of the neural 198 
tube results in the formation of the primitive ventricular system consisting of the three brain vesicles. With 199 
further growth of the CNS, these vesicles eventually inflate under CSF pressure to form the ventricles of the 200 
adult CNS. Strap junctions between ependymal cells create a tight barrier between the CSF compartment and 201 
the brain extracellular space, which likely allows for this inflation.  In humans, the ventricular compartment and 202 
subarachnoid space become communicated between embryonic months four and six, with the opening of the 203 
foramina of Luschka and Magendie. Vascularization and formation of the choroid plexus occurs very early in 204 
brain development, with onset at E10 in mice and around embryonic week six in human brain. CSF egress 205 
systems develop only after birth, although there must be some mechanism supporting egress in utero. PNVP: 206 
perineural vascular plexus; W: gestational week; M: gestational month; CP: choroid plexus.  207 
 208 
Figure 6. Phylogenetic development of the glymphatic system. 
When the nervous system evolved from diffuse neural networks to form centralized ganglia, the first supporting 209 
neuroglial cells also appeared. Thus, all bilateria have neuroglia. Ventricles developed at a phylogenetic stage 210 
when the nervous system progressed from being a plate-like structure to form a neural tube with a lumen 211 
containing CSF, which is a feature of all chordates. In vertebrate evolution, brains might have grown so large 212 
that the tissue could not be nourished by diffusion from a vascular surface plexus, thus requiring the 213 
development of intrinsic brain vascularization. The subarachnoid space covering the external surface of the 214 
brain with CSF is seemingly present in all terrestrial vertebrates, such that extensions of the subarachnoid space 215 
into the brain parenchyma (i.e., the perivascular spaces) are likely also to be present in amphibians, reptiles, 216 
birds and mammals. The evolutionary innovation of a perivascular endfeet layer of protoplasmic astrocytes with 217 
expression of AQP4 polarized towards the blood vessel seems to be a feature of mammalian and avian brains. 218 
Thus, since the glymphatic pathway appears fully developed in mammals and birds, we surmise that it must also 219 
have been present in their common ancestor, before the divergence of sauropsids (ancestors of reptiles and 220 
avians) and synapsids (ancestors of mammals). 221 
 222 
 223 
Figure 7. Capillary conformations in evolution. 
Intrinsic brain vasculature takes two forms in vertebrates. A capillary loop structure (left panel) consists of a 224 
single artery and single vein that feed into a capillary with no or very few branch points and without 225 
anastomoses with other capillaries. A capillary meshwork (right panel) consists of arteries and veins that 226 
penetrate singly into the brain and feed into a rich anastomosing network of capillaries. These two 227 
conformations of vasculature also result in two different types of perivascular spaces. In capillary loops, a single 228 
perivascular space contains artery, vein and capillary. In capillary meshworks, the artery and vein run in their 229 
own perivascular spaces. It is not yet established whether the hypothetical pericapillary space actually exists, 230 
but certain data supports that proposition. 231 
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 232 
Figure 8. Barriers separate the CNS from peripheral tissues, but fluid can exchange with relative ease 
between all the CNS compartments due to the lack of tight barriers. 
The main panels depict the tight barriers of the adult human brain in red and porous membranes in green. CNS 233 
is separated from peripheral tissues by several tight barriers (red lines), which include the blood brain barrier 234 
(BBB), the blood-choroid barrier, and the arachnoid membrane. Each of these barriers is created by expression  235 
tight junctions containing claudins other junctional proteins. The brain surfaces, i.e., the pial membrane and the 236 
ependymal cells layers covering the ventricles, are permeable membranes (green lines) composed of cells 237 
loosely connected by gap junctions. The cells covering the ventricular surface (ependymal cells) or the cortical 238 
surfaces (pial cells) are also connected by gap junctions, but gaps in their coverage allows exchange of CSF 239 
with the extracellular fluid (green lines). Of note, astrocytes rather than endothelial cells form a vascular barrier 240 
in the external and intermediate zones of the median eminence and the adjacent ventral part of the arcuate 241 
nucleus, but not in other regions of the hypothalamus (119, 509). Also shown in the figure is the localization of 242 
the choroid plexus in the lateral, 3rd, and 4th ventricles, the meningeal layer, and the subarachnoid space. Top 243 
left insert: The BBB is a tight barrier that restricts fluid and solute exchange with the vascular compartment. 244 
Lower left insert: The meningeal membranes consist of dura mater, arachnoid mater, and pia mater. The 245 
arachnoid membrane is a tight barrier expressing claudin-11 that separates the peripheral tissue and dura mater 246 
from the subarachnoid space. Pia mater covers all surfaces of the brain and spinal cord, but the pial cells do not 247 
represent a barrier for fluid exchange. Together, these two membranes are known as the leptomeninges. Upper 248 
right insert: choroid plexus is a simple structure consisting of a single layer of tight junction-coupled choroidal 249 
epithelial cells resting on a basement membrane containing a complex network of fenestrated capillaries. Lower 250 
right insert: The brain surface is covered by loosely connected pial cells, whereas the ependymal lining of the 251 
ventricular surfaces also lacks tight junctions. Astrocytic processes contact both the pial and the ependymal 252 
layers, thereby creating a second semi-permeable layer. Thus, CSF can exchange with brain extracellular fluid 253 
at all of the brain surface.  254 
 255 
Figure 9. The classical model of CSF production. 
(1) In this model of CSF secretion, the Na+, K+, ATPase is the primary driver of CSF production, and secretes 256 
Na+ directly into CSF. (2) The activity of the Na+, K+ ATPase lowers intracellular Na+, which in turn promotes 257 
Na+ influx across the basolateral membrane, which depends on Na+/HCO3

-/Cl- transporters to produce an 258 
increase in cytosolic anion (Cl- and HCO3

-) concentrations. (3) In turn, the high density of anion channels at the 259 
apical membrane facilitates efflux of Cl- and HCO3

-. (4) Water is drawn into CSF by the increase in osmolarity 260 
supported by AQP1 water channels. AQP1 at the basolateral membrane likely also contributes to water influx to 261 
the cell. 262 
 263 
Figure 10. Influx and efflux of intraxial fluid follows the arterial and venous vascular territories in the 
human and rodent brain.  
CSF enters the brain along the arterial vascular system of the brain that consists primarily of the three large 264 
cerebral arteries: the anterior cerebral artery (ACA), the middle cerebral artery (MCA), and the posterior 265 
cerebral artery (PCA). Intraxial fluid exits along the perivascular spaces surrounding the draining venous 266 
system which consists of a superficial and deep system.  267 
 268 
 269 
Figure 11. The extracellular matrix components and their specialization in the basal lamina.  
(A) The extracellular matrix of peripheral tissue contains the fibrous proteins collagen, laminin, and fibronectin, 270 
which are embedded in proteoglycans and hyaluronan. Proteoglycans and hyaluronan both contain 271 
glycosaminoglycans (GAGs), which have a large capacity for binding water and Na+. Insert: proteoglycans 272 
contain a core protein, which is the binding target of numerous repeating disaccharide chains. Hyaluronan is 273 
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also composed of a repeating disaccharide chain, but differs with respect to its lack of core proteins. Hyaluronan 274 
interacts with proteoglycans, but not with collagen, laminin, and fibronectin. Most of the extracellular matrix 275 
proteins interact with multiple classes of membrane receptors, including integrins and CD44. These receptors 276 
are coupled via linker proteins on the cytosolic site with the actin cytoskeleton. (B) The basal lamina consists of 277 
a repetitive, highly organized interweaving of collagen IV, laminin, fibronectin, and proteoglycans. The basal 278 
lamina is permeable to soluble proteins such as albumin, and the presence of gaps between the endothelial cells 279 
allows free passage of an ultrafiltrate of plasma into the tissue, driven by hydrostatic pressure (blue arrows). 280 
The basal lamina induces polarized expression of channels, transporters, and ion pumps in the basolateral 281 
membrane (e.g., exocrine glands).  282 
 283 
 284 
Figure 12. Schematic overview of the lymphatic system in peripheral tissues 
The lymphatic vascular tree is composed of several distinct segments. (I) Blind lymphatic capillaries, for which 285 
the primary function is the uptake of excess extracellular fluid. The capillaries have no smooth muscle cells, and 286 
their fluid uptake is believed to rely on the unique valve-like microstructural organization of endothelial cells’ 287 
flaps and button. A magnified illustration of flaps extending from the borders of the lymphatic endothelial cell. 288 
The flaps lack cell adhesions at their tips and are only anchored on the sides by buttons (red), which are cell-cell 289 
junctions created by cadherin and tight junction proteins. Uptake of fluid and solutes is unidirectional, and 290 
efflux cannot occur because any increase in the intraluminal back-pressure will close the flaps. Also, the basal 291 
lamina surrounding lymphatic capillaries is incomplete, facilitating uptake of larger structures, such as immune 292 
cells. (II) Lymphatic collectors are surrounded by smooth muscle cells that are in part oriented along the 293 
lymphatic vessel wall rather than encircling the vessel as in blood vessels. They are also endowed with valves 294 
that open in response to an increase in pressure created by contraction of the smooth muscle cells. The segment 295 
between two valves is called a lymphangion. Intrinsic properties of the muscle cells, the fluid load, and the 296 
autonomic nervous system regulate lymph vessel contractility (574). (III) Lymph nodes receive lymph from 297 
large prenodal collecting lymph vessels. Lymph within the node is transported from the afferent to the efferent 298 
lymphatics via a peripheral path (blue arrows pointing to flow from the subcapsular to the medullary sinus) or a 299 
central path (flow from the subcapsular sinus to the centrally placed B cell follicles and T cell cortex, not 300 
shown). (VI) Post-nodal collecting lymphatic channel. Approximately 50% of lymph fluid is transferred to the 301 
venous compartment within the node, whereas little exchange of proteins take place at this site (4). Thus, most 302 
proteins entering the node, and approximately 50% of the total lymph production, exits via the post-nodal 303 
collecting lymphatic channels and is returned to the venous circulation by the thoracic or right lymphatic ducts 304 
(not shown). 305 
 306 
Figure 13. Starling’s principle of hydrostatic pressure driving convective fluid flow in peripheral tissue.  
Capillaries in peripheral tissues are fenestrated and covered by a basal lamina. This arrangement allows an 307 
ultrafiltrate of plasma containing relatively low molecular weight solutes such as glucose and globular proteins 308 
to flow into the tissue, driven by hydrostatic pressure (Pc). Pc oscillates with the cardiac cycle, exhibiting higher 309 
pressures during systole and lower pressures during diastole, which drive temporally changing filtration 310 
volumes rather than continuous inflow. The directional flow of fluid and its solutes away from the arterial end 311 
of the capillary bed is supported by the colloid osmotic (oncotic) pressure (πc) absorbing fluid in the venous end 312 
of the capillary bed. The remaining fluid and solutes (∆P-∆π) are transported out of the tissue by lymphatic 313 
capillaries (green). The ultrafiltrate of plasma do not experience unrestricted flow within the tissue, because of 314 
interference from cells and the fibrous elements of the extracellular matrix proteins (mostly collagen). Fluid 315 
flows primarily within the gelatinous pockets of the proteoglycans/hyaluronan containing glycosaminoglycan 316 
(GAGs.) When the hydration of GAGs is high, the hydraulic resistance is low, resulting in faster and more 317 
substantial fluid transport. On the other hand, dehydration of proteoglycans/hyaluronan will increase the 318 
hydraulic resistance and thereby reduce the inflow of the plasma ultrafiltrate. The relative contribution of the 319 
endothelial cell glycocalyx and hydration of GAG in regulating the rate of plasma ultrafiltration has not been 320 
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determined. The tension within the tissue is created by the fibrillary network of collagen connected to the 321 
cytoskeleton by integrin receptors and serves to limit the extent of GAG hydration.  322 
 323 
Figure 14.Glycosaminoglycans (GAGs) swell in the setting of injury and increases tissue fluid flow 324 
During normal physiological conditions, solid elements in the extracellular space, including collagen, as well as 325 
the cellular tension, together limit GAG hydration in peripheral tissue (6). After a burn injury, the degradation 326 
and conformational changes of collagen and cellular elements lead to rapid influx of vascular fluid resulting in 327 
massive swelling and an enormous increase in GAG hydration (150, 177, 393, 394). Tissue swelling is slower 328 
in onset and less severe in the setting of inflammation or tissue injury. In these conditions, matrix 329 
metalloproteinases (MMPs) are activated, resulting in a breakdown of the fibrillar extracellular matrix proteins, 330 
and interruption of cellular adhesion complexes, mainly integrins. The resultant decrease in tissue tension leads 331 
to an increase in GAG hydration and tissue swelling. Ca2+ signaling in the setting of tissue injury can also be 332 
associated with a breakdown of the actin cytoskeleton, and thus result in a more modest increase in GAG 333 
hydration (233). In fibrotic scar tissue, the relative amounts of the fibrillar extracellular matrix structures and 334 
the actin cytoskeleton increase, thus placing GAGs under additional pressure and reducing their hydration.  335 
Indeed, hydraulic resistance has an inverse relationship with GAG hydration. The more water that GAGs bind, 336 
the lower their resistance to flow, resulting in an increase in convective flow. On the other hand, fibrosis 337 
reduces the tissue fluid flow rate.   338 
 339 
Figure 15. Brain extracellular matrix.  
Left: The extracellular matrix in the brain is distinct from that in the periphery with respect to its near absence 340 
of protein components, being practically devoid of collagen IV, fibronectin, elastin, and laminins. The brain 341 
extracellular matrix is primarily composed of glycosaminoglycans (GAGs), mostly hyaluronan and chondroitin 342 
sulfate proteoglycans (CSPGs). CSPGs have a wide array of isoforms termed lecticans, including aggrecan, 343 
neurocan, brevican and versican, which are linked together in a matrix via tenascin R. The actin cytoskeleton of 344 
cells in the neuropil bind to the CSPGs in the extracellular matrix via CD44 and other non-CD44 adhesion 345 
receptors. Right: The vascular basement membrane is one of the few locations in the CNS where the 346 
extracellular matrix is fibrous, being composed of structural proteins similar to those found in peripheral 347 
basement membranes. In particular, the vascular basement membrane is composed of a 3D matrix of collagen 348 
IV and laminins. The isoform of laminin varies between different segments of the vascular network. The 349 
protein-rich vascular basement membrane matrix is stabilized by cross-linked nidogen and perlecan. Brain 350 
endothelial cells are interconnected via cadherin and the zonula occludens tight junctions, which together form 351 
the blood-brain barrier (BBB), which inhibits the free entry of plasma water and many of its solutes from the 352 
vasculature. Endothelial cells attach onto the basement membrane via CD44 and integrin receptors in an 353 
interaction resulting in the upregulation of tight junction proteins, thus conferring to them their barrier 354 
properties. Astrocyte endfeet connected by gap junctions line the opposite side of the basement membrane and 355 
attach to the basement membrane via dystroglycan and integrin receptors. The dystroglycan receptor is 356 
composed of α and β subunits. The attachment of the α-dystroglycan to agrin in the basement membrane, 357 
together with the dystrophin-associated protein complex (i.e., dystrophin, dystrobrevin, and α-syntrophin), 358 
stabilize the localization of orthogonal arrays of intramembranous proteins (OAPs) composed primarily of 359 
aquaporin-4 (AQP4) water channels.   360 
 361 
Figure 16. Schematic representation of the organization of the glymphatic system.  
CSF flow into the glymphatic system initiates at the basal cisterns of the subarachnoid space, flowing towards 362 
perivascular spaces of large cerebral arteries (see text for details). (1) From here, CSF flows into the 363 
perivascular spaces of penetrating arterioles that enter the brain parenchyma (300). In a process facilitated by 364 
AQP4 channels expressed on the adluminal cell membrane of perivascular astrocytic endfeet, inward flow 365 
occurs over the perivascular glia limitans and into the brain extracellular space (434). (2) A directional flow of 366 
extracellular fluid is established through the narrow extracellular space towards the perivenous spaces (298). 367 
This flow rids the extracellular space of metabolic products and accumulated fluid, and provides a source of 368 
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fresh extracellular fluid (716). (3) From the perivenous spaces, extracellular fluid exits the brain parenchyma. 369 
The glymphatic system has been shown to form a closed connection with dural lymphatics, so it seems likely 370 
that perivenous extracellular fluid finds egress through these channels draining into the venous system (148). 371 
Other egress pathways are perineuronal paths, perivenous spaces along dural sinuses and major cerebral vessels 372 
exiting the skull, and arachnoid granulations. See chapter XII for details on egress of fluid from the intracranial 373 
compartment. 374 
 375 
Figure 17. Plausible fluid transport routes and their dependence on the polarized expression of AQP4 at 
perivascular astrocytic endfeet. 
Directional fluid transport from arterial to venous vasculature would require differential conditions at the site of 376 
influx (left column) and efflux (right column) of fluid. Possible flow pathways can be largely divided into 377 
transcellular or paracellular transport routes. Transcellular routes (top row) would consist of direct entry of 378 
fluid through AQP4 channels, and could be subdivided into: (1) Trans-astrocytic fluid transport, where fluid 379 
enters the astrocyte at the endfoot and continues through the soma and the greater glial syncytium following a 380 
largely intracellular pathway, or (2) Trans-endfoot fluid transport, where fluid enters into the endfoot and 381 
rapidly exits  into the extracellular space (ECS) without entering the soma, thus following a largely extracellular 382 
pathway interspersed with short segments of intracellular transport. Alternatively, fluid may also follow 383 
paracellular routes (bottom row), which would consist of fluid transport through the clefts formed by 384 
neighboring endfeet. This primarily extracellular transport route would rely indirectly on AQP4 water channel 385 
expression. (3) Hydrostatic pressure gradients, between the arterial and venous sides of the extracellular 386 
space could drive directional fluid flow towards the region of lower pressure (Partery >PECS >Pvein). (4) Osmotic 387 
pressure gradients could be generated by astrocytic ionic fluxes (e.g., K+ spatial buffering) that in part depend 388 
on AQP4 polarization. Directional transport of extracellular osmoles could potentially drive fluid entry between 389 
endfeet towards efflux sites (𝜎𝜋vein> 𝜎𝜋ECS> 𝜎𝜋artery). 390 
 391 
Figure 18. Physiological drivers of the glymphatic system 
Flow in the glymphatic system is established by different physiological processes driving intracerebral pressure 392 
gradients. Upper left insert: Anterograde CSF flow in perivascular spaces of leptomeningeal surface arteries is 393 
driven by perivascular pumping. The distension of the arterial wall caused by the cardiac impulse wave pumps 394 
CSF forward in a pulsatile fashion, where increased CSF flow velocity occurs in phase with the R component of 395 
the ECG (systole) (437). Lower left insert: The respiratory cycle changes intrathoracic pressure, which affects 396 
central venous pressure and also the cardiac cycle (respiratory bradycardia). This in turn affects venous pressure 397 
in brain as well as intracranial pressure (ICP). Intraventricular CSF flow is thus highly dependent on the 398 
respiratory cycle, where inspiration leads to a drop in venous blood volume in brain, thus causing increased 399 
flow of CSF into the ventricular system. Forced inspiration can increase this CSF flow rate (179, 180). In the 400 
glymphatic system, the venous pressure changes caused by the respiratory cycle are believed to have earlier and 401 
greater effects on perivenous spaces than periarterial spaces (334). This might impose a pressure gradient 402 
facilitating extracellular fluid flow toward the venous compartment during each inspiration.  Upper right insert: 403 
Increased brain extracellular volume is associated with increased glymphatic function that occurs during sleep. 404 
The 60% increase in extracellular space volume that typically occurs during NREM sleep causes a drop in 405 
hydraulic resistance that promotes fluid flow through the parenchyma (716).  Lower right insert: Changes in 406 
arterial and arteriolar diameter caused by autoregulation of smooth muscle cell tone have been associated both 407 
with intraventricular CSF flow and brain clearance. In the 4th ventricle, increased CSF inflow deeper into the 408 
ventricular system has an anticorrelation with the blood oxygen level-dependent (BOLD) signal on functional 409 
MRI (fMRI). This suggests that loss of cerebral blood volume due to vasoconstriction following the hyperemia 410 
induced by global increases in neural activity during NREM sleep increases CSF flow (220). Brain fluid 411 
clearance in mice has also been associated with vasomotion, both in association with 0.1 Hz neuronal 412 
oscillations occurring during wakefulness, and during evoked functional hyperemia (656).  413 
 414 
 415 
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 416 
 417 
 418 
Figure 19. Intracranial oscillations as drivers for brain fluid transport. 
(A) Oscillations can be measured by different techniques in separate compartments, such as neural oscillations 419 
measured using EEG or LFP (96). They display important state-dependent changes such as the predominance of 420 
delta waves, K complexes, and sleep spindles during non-REM sleep (428). Vascular oscillations are divided 421 
into extracranial and intracranial oscillations. Extracranial oscillations are the cardiac (very high frequency) and 422 
respiratory (high frequency) cycles, while intracranial oscillations are divided into myogenic (low), neurogenic 423 
(very low), and endothelial components (334, 612). Endothelial oscillations consist of nitric oxide (NO)-424 
dependent (ultralow) and NO-independent (superlow) mechanisms (346). Several neural and vascular 425 
oscillations have been measured in CSF. Arterial pulsations from the very high frequency cardiac cycle drive 426 
perivascular flow (265, 301, 437). Flow changes are also driven by the respiratory cycle (180, 617). Myogenic 427 
oscillations, also known as vasomotion, have been measured in CSF (656). These myogenic oscillations are 428 
sometimes described as ultraslow, Mayer (M) waves, or Lundberg C waves (181, 617). (B) Diagram of coupled 429 
oscillators that drive CSF flow. Extracranial oscillators such as the cardiac and respiratory (Resp.) cycles 430 
transmit pressure waves into the intracranial compartment by modulating the amount of blood entering the 431 
vascular compartment, which is measured as cerebral blood flow (CBF) and cerebral blood volume (CBV). 432 
Neural processes like functional hyperemia in turn also modulate CBF and CBV. Changes in CBF and CBV can 433 
be evaluated from fMRI BOLD contrast signals (220). The direction of coupling between the various oscillators 434 
is an exciting and growing field to determine the multiple processes underlying CSF flow (458).   435 
 436 
Figure 20. Glymphatic activity and CSF egress during sleep and wakefulness 437 
The glymphatic system is primarily active during deep sleep, when brain clearance more than doubles compared 438 
to wakefulness. This is likely due to an increase in extracellular volume fraction, which in rats is about 14% 439 
during wakefulness, but increases to 23% in a process dependent on the loss of noradrenergic signaling from the 440 
locus coeruleus (716). This could occur  by a mechanism whereby perivascular space access is shut off during 441 
periods of  high noradrenergic tonus, but then opens up for fluid influx during the low noradrenergic tonus of 442 
sleep. The rate of CSF egress from the subarachnoid space shows an inverse relationship with glymphatic 443 
activity, thus increasing during wakefulness and decreasing during sleep (402). The top row illustrates the 444 
relationship between sleep and glymphatic activity. It is important to note that many details of the 445 
interconnection between the various stages of sleep and glymphatic flow remain to be determined. For example, 446 
the activity of the glymphatic system during REM sleep is unknown. The lower row depicts the critical 447 
importance of the extracellular volume fraction on glymphatic flow in the active state (left) and during 448 
inactivity (Non-REM sleep, right). See chapter XII.J for details on CSF egress. 449 
 450 
Figure 21. Glymphatic system and its role in clearance, nourishment and volume transmission. 
The glymphatic system serves various physiological functions. By establishing extracellular fluid efflux, the 451 
glymphatic system clears the brain parenchyma of extracellular metabolites and waste products (300, 716). 452 
Furthermore, the influx of CSF to the brain along periarterial spaces also provides nourishment to the brain, 453 
whereby the glymphatic system distributes glucose to neurons and astrocytes, and delivers lipids and 454 
apolipoprotein E arising in the choroid plexus throughout the brain (5, 396, 533). Certain vitamins like folate 455 
and ascorbate are exclusively delivered to the brain parenchyma by CSF. Finally, the glymphatic system may 456 
play a role in local volume transmission, which refers to the transport of “spill-over” neurotransmitter from a 457 
synapse to neighboring non-postsynaptic cells. Glymphatic flow in the extracellular space would theoretically 458 
increase local volume transmission, as may occur during non-REM sleep, when large volumes of CSF wash 459 
through the neuropil. Interesting, non-REM sleep is characterized physiologically by large scale synchrony of 460 
neuronal activity, which fits with the notion of widespread humoral action supported volume transmission, as 461 
opposed to the tight spatio-temporal coupling of neurotransmission during wakefulness. Global volume 462 
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transmission refers to the brain-wide delivery of neuropeptides or hormones with CSF, arising in 463 
circumventricular organs or from the choroid plexus. CVO: circumventricular organs.  464 
 465 
Figure 22. Reframing the contributions of advection and diffusion to glymphatic clearance. 
(A) Two-dimensional representation of the glymphatic pathway, composed of a brain-wide network of 466 
perivascular spaces that branch along the cerebral vasculature. CSF flows into the system (Qin) through the large 467 
surface perivascular spaces of the cerebral arteries flowing at several microns per second (µm/s) and transports 468 
solutes like oxygen and carbon dioxide by a primarily advective process. As the flow pathways bifurcate and 469 
divide into daughter branches, glymphatic fluid flow slows down perhaps up to several nanometers per second 470 
(nm/s) near the capillaries in the tissue where diffusion would dominate transport of most solutes. The flow 471 
continues along the closed system towards the outflow routes and coalesces increasing in speed. The total 472 
outflow rate (Qout) might not be exclusively composed of fluid coming from perivenous spaces but might also 473 
include white matter tracts and subependymal pathways. The sum of all these outflow pathways should 474 
theoretically equal the inflow rate (Qin = Qout). (B) Ions and small molecules (e.g., H2O: 18 Da, Na: 23 Da, O2: 475 
32 Da, and K: 39 Da) can be transported quickly and efficiently across short distances via diffusion, while 476 
larger molecules (e.g., lactate: 90 Da, and glucose: 180 Da), peptides and protein aggregates (e.g., Aβ1-40: 4.3 477 
kDa, Aβ1-42: 4.5 kDa, albumin: 66.5 kDa, Aβ oligomers: 100-200 kDa, and tau aggregates: 242 kDa) might rely 478 
more so on the advective modes of transport for clearance. (C) Glymphatic function is dependent on the 479 
interplay between effective advective transport via perivascular spaces and adequate access to the extracellular 480 
space. Dysfunction in glymphatic clearance could be due to variations in either or both of these processes. 481 
RBCs: red blood cells.  482 
 483 
Figure 23. Overview of existing models evaluating intra-axial fluid transport 
The two main types of models are: perivascular pumping (left panel) and parenchymal fluid flow (right 484 
panel). Perivascular pumping models consist of an artery with a surrounding perivascular space (PVS). Most 485 
such models implement a concentric anulus in which the artery lies central to the larger PVS, but modifying the 486 
centricity and the shape of the PVS cross-section to better represent in vivo measurements greatly reduces the 487 
calculated hydraulic resistance (642). The size and porosity (or lack thereof) of the PVS also affect the 488 
hydraulic conductivity (437, 642). The velocity of the arterial pulsation (wave speed) divided by the frequency 489 
of the pulsation (heart rate) indicates the wavelength. Models have used wide ranges of wavelengths due to the 490 
difference in resting heart rates between mice and humans, and due to inconsistent use of pulse wave velocity 491 
measurements collected from different blood vessels and species (635). Including outflowing boundary 492 
conditions such as intracranial compliance (C) and cranial CSF outflow resistance (R) modifies the volume flow 493 
rate through the system (349). Few studies have evaluated how vascular branching and bifurcations affect wave 494 
speed transmission and arterial rigid motions (154, 201). The majority of perivascular pumping models have 495 
found that a static pressure gradient (∆P) across the PVS is required for arterial pulsations to drive net flow at a 496 
rate comparable to those measured in vivo (49, 154, 322, 437). Parenchymal fluid flow models primarily consist 497 
of a segment of brain tissue interposed between an artery and a vein. The majority of such models to date have 498 
not included the interposed capillary network, which could but present an interesting extension. The 499 
extracellular space (ECS) geometry can be idealized or reconstructed from serial electron microscopic images. 500 
The volume and tortuosity of the ECS is approximated using the alpha (α) and lambda (𝛌) terms measured from 501 
real time iontophoresis experiments. The viscosity and concentration of solutes in the extracellular fluid can 502 
also be defined in these models. Static pressure gradients from the arterial side to the venous side have been 503 
tested as possible drivers of parenchymal fluid flow. 504 
 505 
 506 
Figure 24. Extracellular fluid efflux and intracranial fluid egress. 
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To distinguish between outflow of fluid from the brain parenchyma and outflow from the intracranial and spinal 507 
compartments to the peripheral circulatory systems, we have defined the following terms that we shall use 508 
categorically to distinguish between these two serially connected fluid outflow systems.  509 
Efflux: Glymphatic efflux, also known as brain clearance, is the process by which extracellular fluid and its 510 
solutes in intra-axial compartments of the brain parenchyma transfers to CSF compartments or to egress sites. 511 
For example, glymphatic efflux includes the outflow of waste proteins in the brain extracellular space along 512 
major cerebral draining veins, possibly connecting with dural lymphatics and/or dural parasagittal spaces. 513 
Egress: This refers to the transport of CSF, extracellular fluid, solutes and cells from the CNS compartment to 514 
the periphery, e.g., the transport of CSF tracers from the subarachnoid space through dural lymphatics of the 515 
cervical lymphatic system. 516 
 517 
Figure 25. CSF egress sites in the cranium. 
CSF can drain from the intracranial subarachnoid space via many different routes. In general, CSF egress 518 
proceeds either to the cervical lymphatic system or directly into the bloodstream. Drainage to the cervical 519 
lymphatic system can occur through several different structures. Perineuronal drainage, especially along the 520 
olfactory nerves, seems to be of the most important egress pathways. CSF egress along the perineuronal routes 521 
can occur within the nerve axons, in the endoneurial fluid or in a subepineurial space, or even in the epineurial 522 
connective tissue. The perineurium is an epithelial barrier membrane sealed by tight junctions. Lymphatics 523 
associated with the cranial nerves can also direct CSF out of the cranium, as can the dural lymphatics. Present in 524 
dorsal and basal dura mater, the dural lymphatics take up macromolecules from the CSF. Morphological 525 
characteristics of the lymphatics in the basal dura mater hint that these vessels might be better conduits for 526 
lymphatic drainage than are the dorsal dural lymphatics. Non-vessel like structures designated as the 527 
parasagittal dura spaces that drain CSF have also been identified in dura mater. These spaces can convey CSF to 528 
the lymphatics in dura mater, and also to the arachnoid granulations. The only structures known to drain CSF 529 
directly to blood are the arachnoid villi/granulations, which are protrusions of the arachnoidea through slits in 530 
the dura mater. CSF egress along this pathway may occur by transcellular and paracellular routes.   531 
 532 
 533 
Figure 26. Pathological processes in the glymphatic system. 
A reduction in glymphatic fluid transport has been demonstrated to occur in many neurological disorders as 534 
well as healthy aging. In healthy aging of mice, impaired brain clearance arises to due to loss of AQP4 535 
polarization, which abrogates the removal of extracellular amyloid-β (341). In neurodegenerative disorders such 536 
as Alzheimer’s disease and Parkinson’s disease, reduced glymphatic function has been linked to build-up of 537 
amyloid-β (506, 719) and α-synuclein, respectively (288, 743). In an ischemic stroke model in mice, spreading 538 
ischemic depolarizations cause massive vasoconstriction as well as an ionic shift that leads to increased CSF 539 
influx to brain, resulting in edema (433). In mouse and non-human primate models of subarachnoid 540 
hemorrhage, blood components including fibrin and fibrinogen occlude periarterial spaces and impair CSF 541 
influx (223). Both mild and moderate traumatic brain injury (TBI) have been associated with reduced 542 
glymphatic function in rodents. In human TBI, there is a pathological buildup of hyperphosphorylated tau, 543 
typically seen in perivascular areas (124, 234, 298). Potential biomarkers for TBI (S100-B, for example) are 544 
washed out of the brain parenchyma by the glymphatic system predominantly during sleep. As such, sleep 545 
disruption due to the standard clinical practice of administering repeated neurological exams could thus be 546 
impairing glymphatic function and interfering with the detection of blood-based biomarkers in TBI (518).  A 547 
rodent model of non-communicating hydrocephalus and human cases of normal pressure hydrocephalus have 548 
been associated with impaired glymphatic clearance of brain parenchyma (189, 192, 195, 551, 552). RBC: red 549 
blood cells. SAH: subarachnoid hemorrhage. PVS: Perivascular space. 550 
 551 
Figure 27. Technological approaches to imaging of glymphatic system 552 
Different techniques used to image the glymphatic system plotted in a 3D plot depicting the typical qualities of 553 
each imaging modality in three different measures, namely temporal resolution, spatial resolution, and volume 554 
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imaging. It should be noted that any of these imaging modalities can be adjusted in a manner changing their 555 
parameters. For example, increasing temporal resolution of fMRI brings a loss in spatial resolution, as occurs in 556 
ultrafast magnetic encephalography, or is at the expense of limiting the brain volume imaged (265, 334). 557 
Histology provides the highest spatial resolution and affords brain wide imaging, albeit with a loss of precise 558 
temporal control, and at a cost of considerable workload. Furthermore, histological preparations all suffer from 559 
postmortem changes such as loss of extracellular volume, as well as preparation artifacts (shrinkage) that might 560 
confound the results. 561 
 562 
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1875: Ernst Key and Magnus Retzius 
show that CSF can find egress from 
the cranium through arachnoid 
granulations and nasal lymphatics

1500BC: 1st written description 
of CSF found in a doctor’s 
journal in ancient Egypt

1764: Damiano Cotugno discovers the 
extent and volume of CSF in the ventricles 
and subarachnoid space

1851, 1859: Charles Robin 
and Rudolf Virchow describe 
the perivascular spaces

1815: Francois Magendie describes the 
CSF spaces in detail and names the 
fluid liquide cephalo-spinal or 
cerebrospinal fluid (English)

1926: Harvey Cushing 
describes the CSF 
system as the third 
circulation, where CSF 
bulk flow from choroid 
plexus to arachnoid 
granulations occurs

130-200AD: Galen of Pergamon 
describes spiritus animals that he 
believes reside in brain ventricles

400BC: First academic 
description of brain ventricles by 
Aristotle in Historia Animalium 

1664: Thomas Willis describes fluid in 
ventricular system and suggets choroid 
plexus has glandular activity

1692: Antonio Maria Valsalva 
describes fluid around the 
spinal cord of a dog

2010s: Discovery of the unique interstitial flow 
system in the brain coined glymphatic system 
by Maiken Nedergaard

1490-1507: Da Vinci depicts 
ventricle morphology in detail

Mid 20th Century: Brightman, Bradbury, 
Davson, Cserr and many others elucidate 
the details of the blood brain barrier that 
control the milieu interna

2015: Jonathan Kipnis and Kari 
Alitalo discovers the importance of 
dural lymphatics in brain clearance 
and immune surveillance
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