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Choroid plexus–cerebrospinal fluid (CSF) nexus as the sole distributor of vitamin C into the brain. For substances not transported across the 
blood-brain barrier, regulated transport by the choroid plexus alternately supplies neurons. Distribution of ascorbic acid (AA) by the choroid plexus–
CSF into the brain is essential for metabolic needs, including cofactoring for neuronal DNA reactions: AA in plasma is reflected by the inside surface 
of impervious endothelium and tight junction (upper left), thus AA does not penetrate the blood-brain barrier; rather, AA reaches neurons indirectly via 
the choroid plexus, CSF, and ependyma. Accordingly, AA moves (unfilled arrow) from leaky vessels in the choroid plexus to epithelial cells (bottom 
panel) for transport into the CSF by the Na+-dependent vitamin C transporter 2 (SVCT-2). From the CSF, AA diffuses through permeable ependyma 
into the interstitial fluid and also likely enters cortical perivascular spaces by bulk flow (see Fig. 42.7). Within neuronal nucleoplasm (upper right), AA is 
a cofactor for the 10-11 translocation enzymes (TET), with Fe++ and α-ketoglutarate (KG), to oxidize methyldeoxycytidine (mdC) molecules in DNA to 
hydroxymethyldeoxycytidine (hmdC). SVCT-2 transporters concentrate AA in CSF and neurons, maintaining neuronal concentrations at millimolar levels. 
(From Spector R, Johanson CE. The nexus of vitamin homeostasis and DNA synthesis and modification in mammalian brain. Mol Brain. 2014;7:3.)

Continuously flowing cerebrospinal fluid (CSF) enables a clean 
extracellular fluid for efficient neurotransmission. The choroid 
plexus, the main source of CSF, homeostatically secretes ions/
molecules into the ventricle to maintain pH, potassium (K+) con-
centration, and osmolality. Streaming of CSF supports several 
distributive functions. CSF volume transmission (bulk flow) down 
the neuraxis conveys vitamins, neurotrophins, and proteins for 
metabolic/structural support of the brain. Neurohormones and 
immunomolecules in plasma normally move across the blood-
CSF interface, distributing to central regions for neuroendocrine 
and immunoregulation. The choroid plexus has sensory as well 
as secretory roles. Chemical receptors in choroid epithelium 
respond to CSF neurochemical changes, as in stroke, by secreting 
trophins to heal injured brain regions. When intracranial pres-
sure increases, CSF formation is compensatorily decreased by 
central fluid–regulatory hormone inhibition at choroid epithelial 

receptors. At night, augmented CSF flow penetrates cortical 
paravascular spaces (the glymphatic system) to flush interstitial 
waste products outward to cervical lymph. Sleep deprivation 
hampers glymphatic excretion. Aging choroid plexus displays 
histologic/oxidant damage and curtailed CSF-forming capacity. 
Patients with idiopathic normal pressure hydrocephalus (iNPH) 
and Alzheimer disease have CSF production decline, ventricular 
dilation, and glymphatic impairment; consequently, brain fluids 
stagnate and metabolism wavers as CSF turnover rate dwindles. 
MRI-derived geriatric data for aqueductal/cervical flows, path-
way resistance, and compliance inform decisions on surgical/
medical interventions. Therapeutic innovations to attain sound 
CSF dynamics and relieve neural disorders should include stabi-
lizing the aging choroid plexus, ependyma, and brain capillaries.

Full text of this chapter is available online at ExpertConsult.com
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CSF secreted by the choroid plexus dynamically affects the neu-
ronal milieu. Diverse choroidal regulations mediate homeostasis 
of fluid composition, volume, and pressure. One of several trans-
port interfaces in CNS, the choroid plexus–CSF performs work 
to complement the blood-brain barrier (BBB), ependyma, and pia 
mater (Fig. 42.1). Known as the blood-CSF barrier (BCSFB), the 
choroidal epithelium carries out abundant transport/secretory 
actions that aid the brain. Epithelial cell ultrastructure (Fig. 42.2) 
reveals a high capacity of organelles to form fluid and adapt to 
changes in CSF neurochemistry.

Over a lifespan, adverse physico-chemical stressors and diseases 
(e.g., hydrocephalus, stroke, and Alzheimer disease [AD]) strike the 
CSF-brain nexus.1 Sensors/receptors in the choroid plexus2 detect 
elevated intracranial pressure (ICP)7 and biochemical/biophysical 
harm to the peripheral nerve,3 spinal cord,4 and injured brain.5,6 
Adjustive responses by choroid plexus elements then help repair 
injury and restore milieu balance at distant regions of the nervous 
system. Breakdown of the homeostatic reserve of the choroid 

plexus in senescence and neurodegeneration jeopardizes the ability 
of the CSF to maintain brain well-being. This chapter discusses the 
neurosurgical aspects of adult choroid plexus–CSF secretions and 
flow, relative to brain fluid balance in health and disease.

DIFFERENT FLUID-FORMING CAPABILITIES: 
CHOROID PLEXUS VS. BRAIN CAPILLARIES
The master generator of ventricular CSF is the choroid plexus 
(see Figs. 42.2 to 42.4). Continuously produced CSF implements 
stability of CNS extracellular fluid ions and volume. During the 
day and at night, the choroid epithelia churn out fluid. Ventricular 
CSF formation is ∼0.4 mL/min/g choroid plexus for several 
mammals and is somewhat less for humans. Nascent CSF is more 
than a passive ultrafiltrate of plasma.8 Active secretion by choroi-
dal epithelium is exquisitely modulated so that ICP is stable when 
CSF absorption is normal. One-tenth of the choroidal blood flow 
of ∼4 mL/min/g9,10 becomes new CSF in the ventricles. Volume 
relationships among plexus blood flow, choroid cell size, and fluid 
output are regulated by hormones.11

Multisource evidence indicates that 60% to 70% of CSF is 
formed by plexuses in the lateral third and fourth ventricles.8 It is 
rarely challenged that the choroid plexus is the cardinal source of 
ventricular CSF.12 Current8,13 and historical14,15 overwhelming 
evidence points to the choroidal tissue as the main origin of 
CSF.16,17 Clinical cauterizations of choroid plexus18 lower ICP, 
further evidence that ventricular CSF originates largely from 
choroidal tissues.19 A lavish net turnover of fluid at the blood-
CSF interface is energized by high blood flow to the plexus,10 
substantial activities of Na+-K+-ATPase20,21 and carbonic 
anhydrase,22–24 and numerous ion transporters.25 In sum, the 
choroid plexus is operationally geared for great fluid turnover.

On the other hand, net formation of fluid at the BBB (see Fig. 
42.1) is much slower26 than at the choroidal BCSFB. Actually, 
substantial bidirectional H2O exchange at the BBB may be faster 
than choroidal CSF production27; however, this cerebral capillary 
H2O exchange flux is not a true net fluid secretion by capillaries. 
Such primary fluid-secretory capacity difference between CNS 
transport barriers manifests in that BBB Na+ transport (linked to 
H2O transfer) is insensitive to acetazolamide (Diamox) inhibition 
of carbonic anhydrase,28 in contrast with inhibitable Na+ 
transport by the ICP-sustaining choroid plexus fluid generator. 
Thus evidence is lacking that cerebral capillaries form a CSF-
like HCO−

3 -rich fluid, the active secretion of which helps set 
intraventricular pressure. Additionally, the choroid plexuses 
greatly affect ventricular CSF volume and composition. 

CEREBROSPINAL FLUID ION HOMEOSTASIS
A hallmark function of CSF is BCSFB regulation of CSF ions. 
Perturbed levels of ions in plasma are minimally transferred to 
CSF as a result of (1) choroid plexus permeability barriers (tight 
junctions) and (2) active ion transporters (efflux reabsorption 
of ions that leak into CSF). Neurochemical stability, essential 
to synaptic functional integrity, is affected by ion fluxes at the 
blood-CSF interface (choroid and arachnoid membranes). Stable 
cation and anion composition characterizes CSF,29 even in neu-
rodegeneration.30 Brain extracellular ion concentration stability, 
particularly CSF K+, promotes efficient neurotransmission.

KEY CONCEPTS

	 •	 	The	choroid	plexus	secretes	most	of	the	ventricular	
cerebrospinal fluid (CSF) and regulates its pH/ions as 
well as its volume and pressure.

	 •	 	Cephalocaudad	CSF	volume	transmission	(bulk	flow)	
from lateral ventricles to basal cisterns delivers vitamins, 
neurotrophic factors, and peptides to multiple brain 
regions.

	 •	 	The	choroid	plexus–CSF	mediates	central	
neuroendocrine and immune actions by regulating 
transport of hormones and immune molecules/leukocytes 
across the blood-CSF interface.

	 •	 	Chemical	sensors	in	the	choroid	plexus	epithelium	
respond to changes in neurochemical and immune 
molecules in CSF by secreting trophic molecules to heal 
injured brain regions.

	 •	 	To	control	intracranial	pressure,	fluid	formation	by	the	
choroid plexus decreases compensatorily in response to 
increasing titers of CSF neurotransmitters and fluid-
regulating neuropeptides.

	 •	 	Nocturnally	increased	CSF	flow	promotes	glymphatic	
flushing of brain interstitial waste to lymph drainage 
sites; chronic glymphatic blockage predisposes to 
neurodegeneration.

	 •	 	Noninvasive	MRI	assessments	of	aqueductal	flow	and	
brain compliance to predict shunting outcome also help 
evaluate CSF hydrodynamic changes in neural diseases.

	 •	 	In	aging,	idiopathic	normal	pressure	hydrocephalus	
(iNPH), and Alzheimer disease, dwindling CSF 
formation and ventriculomegaly cause harmful stagnation 
of CSF turnover rate.

	 •	 	To	maintain	healthy	fluid	dynamics	in	older	adult	
patients, novel biomedical strategies are needed to 
maintain viable choroid plexus–CSF flow routes and 
brain capillary function.
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Several multivalent ion transporters in choroid epithelium 
actively maintain steady CSF levels. Extracellular Ca++ and 
Mg++ affect neuronal excitability; these divalent cations are 
actively translocated by the plexus to attain CSF concentrations, 
respectively, below and above those in plasma. A dozen different 
choroidal Zn++ transporters31 provide substantial CSF zinc for 
glutamatergic neurons. Because of impeded diffusion at CNS 
barriers, an actively regulated supply of multivalent ions in CSF 
fluid formation mediates a gamut of neuronal modulations. 

INTRICATE FLUID BALANCE AMONG CENTRAL 
NERVOUS SYSTEM COMPARTMENTS
To preserve sound ICP and volume, the CNS relies on a bat-
tery of choroidal and extrachoroidal fluid-regulating mecha-
nisms.8 Orderly CSF percolation depends on precisely controlled 
solute and H2O fluxes at several transport interfaces separating 
blood, CSF, and brain.32–34 Extrachoroidally, the ependyma (see 
Fig. 42.1), glia, leptomeninges,35 and parenchyma have comple-
mentary roles, perhaps responsible for one-third of healthy 

intracranial fluid formation. For the past half century, the phar-
macologic manipulation and isolated preparations of choroid 
plexus have consistently demonstrated fluid formation. Similar 
direct evidence for extra-choroidal fluid production is less exten-
sive. The many systematic studies of choroid plexus allow CSF 
investigators to regard this tissue as primary in ventriculocisternal 
flow dynamics.

The choroidal secretory epithelium also affects parenchyma/
interstitium by supplying pulsatile CSF movement for “priming” 
the cerebral glymphatic flow. Disturbed CSF flow in aging and 
from mass blockages compromises extensive exchange between 
large-cavity CSF and brain interstitial fluid (ISF).36 Accordingly, 
a diminished CSF formation rate in senescence and disease37 
disrupts pressure gradients and drainage flow routes in the CNS. 

VARIATIONS IN CEREBROSPINAL FLUID 
PRODUCTION: NORMAL VS. DISEASE
CSF dynamics affect central metabolism; thus it is necessary 
to assess optimal CSF formation rate in health. Adult humans 
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Figure 42.1. Structural configuration of transport interfaces in the adult central nervous system. (A) Restrictive tight junctions at the choroidal 
blood–cerebrospinal fluid (CSF) barrier (BCSFB) demarcate blood from ventricular CSF. A 10-fold tighter barrier (than the choroid plexus) separates 
brain capillary blood from tissue (bold solid line). The permeable ependyma, with gap junctions, divides ventricular CSF from the brain’s internal face 
(broken line); similarly, the leaky pia-glia membrane overlies the external cortical surface. (B) The choroidal BCSFB has a single epithelial layer spot-
welded by zonulae occludentes tight junctions at the apices of the cells. Choroidal capillaries permit large molecules to penetrate the interstitium up 
to the basolateral membrane. Lush microvilli at the CSF-facing apical membrane provide a great area for transport. There is also marked surface 
area in the interdigitating basolateral membranes. Copious mitochondria energize the dynamic transport of ions and substrates. (C) The anatomic 
substrate for the blood-brain barrier is the tight junctions between endothelial cells. A profusion of mitochondria powers bidirectional solute transport 
across abluminal and luminal endothelial faces. Transendothelial movement of molecules into the brain also occurs by pinocytosis. The microvessel 
wall is expansively covered by astrocyte foot processes and pericytes, furnishing added regulation of transport and permeability. (D) The CSF-brain 
interface contains ependyma, with gap junctions highly permeable to macromolecules distributing readily between ventricles and brain interstitial 
fluid. Transependymal bidirectional distribution of solutes allows the CSF to act as a nutritional source as well as an excretory sink for cerebral 
catabolites. (From Smith DE, Johanson CE, Keep RF. Peptide and peptide analog transport systems at the blood-CSF barrier. Adv Drug Deliv Rev. 
2004;56[12]:1765–1791.)
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normally form choroidally derived CSF at ∼0.35 mL/min.8,38 
Nocturnally elevated CSF production39 likely modifies cere-
bral metabolism and CSF clearance of catabolites during sleep. 
Sleep disorders diminish excretion of brain waste products at 
night.

CSF formation fluctuates in neurologic disease.40 
Neurosurgeons face situations in which the choroid plexus forms 
excess or inadequate fluid volume. Inflammation of choroid 
plexus–CSF41 by excess tumor necrosis factor42 or from CSF 
hemorrhage increases the CSF formation rate. Thus in certain 
patients, altered barrier transport and CSF dynamics may be 
controlled by reducing choroid plexus–CSF inflammation.43,44 
With hypersecreting choroidal papillomas,45,46 surgical excision 
often reduces ICP. With a hyposecreting choroid plexus in 
normal pressure hydrocephalus (NPH) and AD, the stagnated 
CSF turnover rate47,48 injures the brain by retaining toxic 
proteins/catabolites in ISF. Severely impaired choroid plexus–
CSF dynamics harm cranial neurons36 (e.g., in hydrocephalus 
and neurodegeneration), thereby requiring surgical/medical 
remediation. 

MECHANISMS OF CEREBROSPINAL FLUID 
FORMATION BY THE CHOROID PLEXUS
Ions penetrate the CNS in large part across the choroid plexus.8,16 
Control of brain fluid balance therefore starts with knowledge of 
choroidal transport mechanisms. Fluid secretion into the ven-
tricles is mediated by an array of ion transporters asymmetrically 
positioned at the blood- and CSF-facing membranes. Structurally 

and functionally, the choroidal epithelium resembles the proxi-
mal tubule.49 Renal-like organs are designed to transfer copious 
volumes of fluid.16

CSF production is directly proportional to net transfer of 
Na+ and Cl– from the blood to the ventricles.50–52 Reduced 
Na+ and Cl– transport across the choroid plexus into the 
CNS attenuates CSF formation.20,53 The driving force for ion 
movements across choroidal membranes is an energetically 
downhill concentration or electrochemical gradient. At the 
external-limiting membranes, the gradient direction for Na+, 
Cl–, K+, and HCO−

3  is given in Fig. 42.3. Na+ entry into the 
choroid epithelium is downhill (gradientwise) from the plasma 
across the basolateral membrane.

On the other side of the cell, K+, Cl–, and HCO−
3  move 

downhill across the apical membrane into the CSF. Basolaterally 
and apically, these downhill ionic movements are set up by uphill 
active transport (requiring chemical energy as ATP) via the 
primary Na+ pump (Fig. 42.4). Active Na+ pumping into the CSF 
keeps choroid cell Na+ concentration relatively low,20 thereby 
establishing a basolateral inward-driving force on Na+ transport 
from the plasma into the epithelium.54

Epithelial transport polarity enables fluid formation. Polar 
distribution (sidedness) of specific active transporters and passive 
channels enables net fluid movement (blood to CSF; see Fig. 
42.4). Basolateral (interstitial) and apical (CSF) transporters and 
channels thus mediate streaming of ions and H2O. Directionally 
in CSF formation, the fluxes are mainly from the choroid plexus 
interstitium to the epithelial parenchyma to the ventricles. 
Fig. 42.4 schematizes the primary and secondary active ion 
transporters. Apical channels allow passive diffusion of K+ and 
Cl– into nascent CSF.55 Several cationic species participate in 
CSF production, such as K+, Mg++, and Ca++. However, fluid 
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Figure 42.2. Ultrastructure of adult choroid plexus epithelial cell. A 
prominent feature is the profusion of apical membrane microvilli (Mv) 
at the cerebrospinal fluid–facing surface. Numerous mitochondria (M) 
sustain the energy needs of a great variety of transport processes at 
both poles of the epithelium. J signifies the junctions welded tightly 
together, where two epithelial cells attach at their apices. The oval 
nucleus (N) contains a nucleolus. ER and G refer to the endoplasmic 
reticulum and Golgi apparati, respectively. C refers to a centriole. 
The basal labyrinth (BL) is the intertwining of basolateral membranes 
of adjacent cells. Arrowheads point to basal lamina at the plasma 
face; this lamina separates the choroid cell above from subjacent 
interstitial fluid (scale bar is 2 μm). Choroidal tissue sampled from the 
lateral ventricle of a rat; fixative was OsO4. L, Lysosome. (Modified 
from Johanson CE, Duncan JA 3rd, Klinge PM, Brinker T, Stopa 
EG, Silverberg GD. Multiplicity of cerebrospinal fluid functions: 
New challenges in health and disease. Cerebrospinal Fluid Res. 
2008;5[1]:10.)
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Figure 42.3. Ionic gradients across choroid plexus membranes 
that drive secretion of cerebrospinal fluid (CSF). (A) Continual 
streaming across the choroid plexus of CSF, a fluid rich in Na+, K+, Cl–, 
and HCO−

3 , occurs from regulated transport/permeability to various ions 
and H2O. (B) Following active extrusion of Na+ by the choroid plexus 
into the CSF, a downhill gradient for Na+ is set up across the opposite 
basolateral membrane. This inward Na+ gradient promotes transfer of 
plasma-derived Na+ into the choroidal epithelium via ion cotransport 
or exchange. The Cl–, HCO−

3 , and K+ that are loaded into choroid 
plexus are subsequently released via channels or cotransporters 
down electrochemical gradients into ventricular CSF. (From Johanson 
CE, Duncan JA 3rd, Klinge PM, Brinker T, Stopa EG, Silverberg GD. 
Multiplicity of cerebrospinal fluid functions: New challenges in health 
and disease. Cerebrospinal Fluid Res. 2008;5[1]:10.)
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formation is primarily generated by net secretion of Na+, Cl–, 
and HCO−

3 . Water osmotically follows ion transport across the 
apical membrane (see Fig. 42.4). Such transfers occur by stepwise 
(sequential) and parallel processes, which are described in the 
following sections.

Sodium
Energetically, the pivotal initiating step in CSF formation is 
primary active transport of Na+ from the choroidal epithe-
lium to the ventricle.56 Na+-K+-ATPase activity empowers 
Na+ pumping (see Fig. 42.4) by generating ATP. To stabi-
lize choroid pH and epithelial volume54,57 in CSF elaboration, 
the apical Na+ efflux is balanced by continuous basolateral 
Na+ influx with HCO−

3  (via carrier slc4a10) and possibly by 
the epithelial Na+ channel (ENaC; diffusion).58–60 Transport 
primacy of slc4a10 (Na+-dependent Cl–-HCO−

3  exchange) is 
manifested by reduced ion transport into the choroid plexus–
CSF (with decreased ventricular volume) when slc4a10 activity 
is disrupted. 

Chloride
As the main anion in CSF, Cl– is actively transported across 
the basolateral membrane in exchange for cellular HCO−

3 .61  
This pulls plasma Cl– into the epithelium, accumulating 

above electrochemical equilibrium.62 Under some conditions, 
intraepithelial Cl– diffuses into the CSF via the efflux arm of the 
Na+-K+-Cl– cotransporter.63 However the downhill diffusion of 
Cl– into the CSF via apical Cl– channels is likely also a promi-
nent pathway by which Cl– accesses the ventricles to sustain 
fluid formation.55 

Bicarbonate
HCO−

3  in the choroid plexus has a dual source. First, carbonic 
anhydrase catalyzes hydration of CO2 to H+ and HCO−

3  in the 
choroid epithelium.22 In addition, HCO−

3  is pulled from the 
plasma into the epithelium by Na+-coupled HCO−

3  transport.58 
On accumulation, the HCO−

3  is available for release across 
the CSF-facing membrane via two mechanisms. In the first 
route, HCO−

3  in the epithelium diffuses downhill via an anion 
channel into the CSF.64 In the second route, HCO−

3  is trans-
ferred via an electrogenic Na+-coupled HCO−

3  cotransporter 
at the apical membrane.57,65 The critical maintenance function 
of this Na+-HCO−

3  cotransport carrier to CSF is revealed by 
gene knockout, yielding a phenotype of collapsed ventricular 
volume and ICP as well as disrupted CSF ion homeostasis.66 
HCO−

3 -rich nascent CSF reflects facilitated movement of this 
labile anion into the ventricles as CSF is produced.67 Acidic 
products of brain metabolism and subarachnoid hemorrhage68 
are countered in part by choroid plexus HCO−

3  secretion. 
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Figure 42.4. Choroid plexus basolateral and apical membrane transport mechanisms involved in cerebrospinal fluid (CSF) formation and 
homeostasis.38 Interstitial Cl– is actively accumulated by choroidal epithelium via Cl– transporters in the basolateral membrane. The epithelial Na+ 
channels (ENaCs) are on the plasma face of choroid cells60; ENaC conductance facilitates diffusion of Na+ down a steep electrochemical gradient, 
from the interstitial fluid into the epithelium. Interstitial HCO−

3  is actively taken up by carrier linkage with Na+ transport into the cell. Additional HCO−
3  

is generated intracellularly by carbonic anhydrase (c.a.) activity. Following cytoplasmic swirling to the apical side, intracellular K+, Cl–, and H2O diffuse 
via channels down gradients from the cytoplasm into the CSF. Na+ and HCO−

3  move into the ventricles by apical membrane cotransporters. Na+ is 
also actively extruded into the CSF by the Na+ pump, which cycles K+ across the apical membrane. KCl cotransport helps stabilize epithelial cell 
volume as CSF is formed. CSF production is essentially the net transport of Na+, K+, Cl–, HCO−

3 , and H2O from the blood to the ventricles. (From 
Johanson CE, Duncan JA 3rd, Klinge PM, Brinker T, Stopa EG, Silverberg GD. Multiplicity of cerebrospinal fluid functions: New challenges in health 
and disease. Cerebrospinal Fluid Res. 2008;5[1]:10.)
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Water
CSF is 99% H2O. The watery medium of CSF enables multiple 
buffering, distributive, and excretory functions,8 thus it is signifi-
cant to characterize H2O movement across the choroid plexus. 
Following Na+, Cl–, and HCO−

3  transport into the CSF, H2O 
chases these osmotically active ions into the ventricles by dif-
fusing down its chemical potential gradient through aquaporin 
1 (AQP1) channels in the apical membrane.33,69 AQP1 channel 
involvement in CSF formation is deduced from AQP1 knock-
out mice displaying substantially reduced fluid movement into 
the ventricles.70 As a result, ICP is lowered.71 The Na+-K+-2Cl– 
cotransporter (apical membrane) also facilitates the cell-to-CSF 
movement of H2O. Such transcellular H2O movement is poten-
tially a drug target to modify CSF dynamics.33

Steroid hormones as well as agents structurally related to 
acetazolamide, furosemide, and bumetanide modulate H2O traffic 
through AQP1 channels and via Na+-K+-2Cl– cotransport.33,72 
Rates of H2O delivery, arterial blood–to–ventricular CSF, are now 
assessable by tracer-free MRI; this enables quantification of how 
H2O movement across the BCSFB affects ventricular volume.73 

VOLUME TRANSMISSION OR BULK FLOW OF 
CEREBROSPINAL FLUID
The quantitatively great transfer of H2O molecules across the 
choroid plexus into the ventricles sets up vital actions mediated 
by bulk-flowing CSF. Thus CSF, as a convecting fluid, trans-
fers to the brain many types of ions/molecules17 secreted at the 
BCSFB: trace elements, inorganic ions, proteins, growth factors, 
neurotrophic agents, immunomolecules, hormones, and nucleo-
sides.74 In Fig. 42.5, vitamin C is used to exemplify the principles 
of choroid plexus–CSF transport/distribution to neurons by vol-
ume transmission (see Fig. 42.5). Accordingly, CSF has an indis-
pensable nutritive/trophic distributive function that is dependent 
on healthy fluid dynamics.

Critical excretory roles are also performed by CSF bulk flow. 
Sink action, to dispose of unwanted molecules in CNS, depends 
on continuously streaming CSF from the choroid plexus (Fig. 
42.6). Organic anion metabolites and brain “spilling” of excess 
K+ and amino acids/neurotransmitters into CSF are normally 
removed by ventricular bulk-flow clearance. Harmful retention 
of potentially toxic cellular products, as in certain neural 
diseases, occurs consequent to diminished sink action following 
dysregulated CSF flow or formation. 

NEUROHUMORAL REGULATION OF CEREBROSPINAL 
FLUID FORMATION RATE
CSF formation rate adjustment is part of managing disordered 
ICP or ventricle size.8,75 Manipulating choroidal ion transporters 
and channels is key for finer control of epithelial fluid output. 
From a cell physiology standpoint, there are multiple regulatory 
loci. Targeting strategies used to modulate choroidal secretion 
are: (1) manipulating levels of neurotransmitter/neuropeptide 
ligands for receptors on epithelial membranes interfacing extra-
cellular fluid and (2) using diuretic agents to inhibit membrane-
bound proteins that effect ion/H2O fluxes. Experiments focus on 
reducing CSF formation because both nature and clinicians try to 
minimize increases in ICP.

Neurohumoral Ligands/Receptors
Apical and basolateral membranes of the choroid plexus con-
tain receptors for biogenic amines and fluid-regulating peptides. 
Neurogenic tone on CSF formation is commonly inhibitory.76 
Adrenergic regulation of the choroid plexus epithelium is 

substantial, including modulation of Na+-K+-ATPase and car-
bonic anhydrase activities. The superior cervical ganglion inner-
vates the lateral ventricle choroid plexus. Sympathetic nerve 
stimulation and resection, respectively, decreases and increases 
CSF production by ∼30%.77 Pharmacologic/biochemical evi-
dence indicates that sympathomimetic lowering of CSF for-
mation results from a combination of β-receptor inhibition of 
epithelial secretion and α-receptor stimulation (vasoconstriction-
reduced plexus blood flow).76 Cholinergic agents also decrease 
CSF production, indicating muscarinic receptor inhibition of the 
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Figure 42.5. Choroid plexus–cerebrospinal fluid (CSF) nexus as 
the sole distributor of vitamin C into the brain. For substances not 
transported across the blood-brain barrier, regulated transport by the 
choroid plexus alternately supplies neurons. Distribution of ascorbic 
acid (AA) by the choroid plexus–CSF into the brain is essential for 
metabolic needs, including cofactoring for neuronal DNA reactions: AA 
in plasma is reflected by the inside surface of impervious endothelium 
and tight junction (upper left), thus AA does not penetrate the blood-
brain barrier; rather, AA reaches neurons indirectly via the choroid 
plexus, CSF, and ependyma. Accordingly, AA moves (unfilled arrow) 
from leaky vessels in the choroid plexus to epithelial cells (bottom panel) 
for transport into the CSF by the Na+-dependent vitamin C transporter 
2 (SVCT-2). From the CSF, AA diffuses through permeable ependyma 
into the interstitial fluid and also likely enters cortical perivascular 
spaces by bulk flow (see Fig. 42.7). Within neuronal nucleoplasm (upper 
right), AA is a cofactor for the 10-11 translocation enzymes (TET), with 
Fe++ and α-ketoglutarate (KG), to oxidize methyldeoxycytidine (mdC) 
molecules in DNA to hydroxymethyldeoxycytidine (hmdC). SVCT-2 
transporters concentrate AA in CSF and neurons, maintaining neuronal 
concentrations at millimolar levels. (From Spector R, Johanson CE. The 
nexus of vitamin homeostasis and DNA synthesis and modification in 
mammalian brain. Mol Brain. 2014;7:3.)
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choroid plexus. Accordingly, sympathetic and parasympathetic 
tone both suppress CSF formation.

Serotonin 5-HT2C receptors in the choroid plexus, expressing 
at high levels, find wide use in pharmacologic studies78 of CSF 
formation. Serotonin and serotoninergic agonists perfused 
through the ventricles reduce CSF production.79 Localization 
of 5-HT2C receptors to the choroid plexus apical membrane 
points to CSF formation control via centrally released 5-HT. 
CSF serotonin in 5-HT fibers course the ependymal wall80 and 
discharge into the ventricles (see Fig. 42.1) for convection to the 
choroid plexus. Binding of 5-HT to apical receptors inhibits CSF 
formation.

The fluid-modulating peptides arginine vasopressin (AVP), 
angiotensin II, and atrial natriuretic peptide (ANP) reduce CSF 
formation when exogenously placed in the ventricles. This fits with 
central neuroendocrine control of CSF mediated by receptors at 
the apical membrane.38 Moreover, CSF concentration of AVP 
and ANP is regulated centrally, that is, independently of plasma. 
This points to neuroendocrine regulation of CSF dynamics81 
via receptor stimulation at the central (apical) side of the choroid 
plexus.

Peptides figure prominently in transport, permeability, and 
modulation at the blood-CSF interface.82,83 Neuropeptide 
regulation of choroidal fluid output helps adjust ICP elevation. 
Both AVP and ANP induce dark, neuroendocrine-type choroid 
epithelial cells that inhibit CSF production, especially in 
hydrocephalus.84,85 AVP modulation of CSF formation includes 
functional interactions in the choroid plexus with basic fibroblast 
growth factor86,87 and angiotensin II.88 AVP directly inhibits 
epithelial ion transport89 and constricts choroid plexus vessels, 
thereby reducing choroidal blood flow and curtailing CSF 
formation.

ANP is of interest in peptidergically controlling CSF 
dynamics. Autoradiographic mapping of choroidal binding sites 
reveals ANP receptor plasticity85 in response to hydrocephalus 
and CSF fluid shifting (space flight). In humans, ANP in CSF 
is independent of plasma levels90 but increases in proportion to 
ICP increments.91 Interestingly, intracereboventricular ANP 
decreases the CSF formation rate in animal models92 in spite 
of increasing plexus blood flow. Systemically, ANP unloads 
expanded plasma volume by inducing natriuresis. ANP may 
also unload CSF excess. Central ANP deserves attention as a 
regulator of CSF pressure by feedback servomechanistic effects 
on epithelial ion transport (through cGMP modulation) and 
lower CSF production. 

PHARMACOLOGIC INHIBITION OF CEREBROSPINAL 
FLUID FORMATION
Diuretics reduce CSF production. The strategy is to suppress 
fluid formation without altering CSF composition. A desirable 
outcome is to lower ICP by decreasing fluid input to the ven-
tricles. Of clinical significance is whether the inhibitor is adminis-
tered on the blood side or the CSF side. Tight junctions between 
choroid epithelial cells limit penetration of H2O-soluble agents 
via diffusion across the BCSFB. Hydrophilic agents such as oua-
bain and furosemide (potent inhibitors of apical Na+-K+-ATPase 
and Na+-K+-2Cl– cotransport) barely reduce Na+ transport and 
CSF formation when presented to blood20; on presentation to 
CSF, these drugs halve fluid production. Thus drug access to 
transporter target is a salient pharmacokinetic factor.

Dual apical transporter targets are the Na+ pump and Na+-
K+-2Cl– cotransporter. Cardiac glycosides directly inhibit Na+ 
pumping. Intraventricular ouabain reduces CSF formation93 
but unfortunately elevates CSF K+.20 Digoxin, which is more 
lipid-soluble, permeates the BCSFB to reach target sites on 
the ventricular side. Digoxin-treated patients have lower 
CSF formation by ∼25%.94 Older adult patients on digoxin 
may have a risk for neurotoxicity as a result of reduced CSF 
turnover plus low baseline CSF production in senescence.48

Another CSF-facing membrane target is bumetanide-sensitive 
Na+-K+-2Cl– cotransport.95 Bumetanide acts on the kidney to 
excrete retained peripheral fluid. It has also been tested on the 
choroid plexus, which is sometimes referred to as the “kidney” 
of the CNS.49 When presented intraventricularly (0.1 mM) in 
dogs, bumetanide curtails CSF production ∼50%.96 Intravenous 
bumetanide negligibly affects CSF formation97 as a result of poor 
access to the choroidal apical membrane. Furosemide, another 
high-ceiling diuretic, also reduces CSF formation and ICP when 
given via CSF.98 At high doses, furosemide alters choroidal 
blood flow, carbonic anhydrase activity, and ion cotransport. A 
third pharmacologic target on the CSF-facing membrane is the 
Na+-HCO−

3  cotransport,65 which is awaiting analysis of effects 
on CSF dynamics.

Basolateral membrane targets for fluid production are Cl–-
HCO−

3  exchange, the HCO−
3 -loading transporters, and possibly 

the Na+ channel. The diuretic amiloride inhibits ENaC and 
Na+-H+ exchange; relatively high doses lower CSF formation.28 
Acetazolamide, a suppressor of CSF formation,99 increases 
choroid cell pH, leading to reduced Na+ uptake by the choroid 
plexus22; this carbonic anhydrase inhibitor may also impede H2O 
movement through AQP1.72

With regard to basolateral Cl–-HCO−
3  exchange, disulfonic 

stilbene agents interfere with Cl– uptake and reduce CSF 
formation100; but consequent peripheral H+/CO2 distortions 
complicate clinical usage. The HCO−

3 -loading transporters 
on the plasma side of the choroid plexus101,102 need evaluation 
in CSF dynamics. Pharmacologic control of basolateral Na+-
dependent Cl–-HCO−

3  exchange (slc4a10) may help manage 
disease-induced changes in CSF volume and flow.8 
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Figure 42.6. Volume transmission of cerebrospinal fluid (CSF) 
for intra–central nervous system (CNS) distributive actions. CSF 
flow originates as choroid plexus secretion that convects solutes 
throughout the ventriculosubarachnoid space nexus. The hydrostatic 
pressure head generated by choroid plexus secretion “pushes” 
CSF throughout the CNS. This streaming process is slowed down 
by Diamox (acetazolamide) inhibition of fluid formation. In transit to 
arachnoidal drainage sites, the CSF exchanges solutes between the 
ventricles/subarachnoid space and the brain interstitial fluid (ISF). 
Transthyretin, cystatin C, growth factors, and vitamins from the choroid 
plexus penetrate the ISF (arrow #1) across the permeable ependyma. 
Endocrine signaling by hormone transit from the choroid plexus to the 
CSF to the hypothalamus is mediated by CSF bulk flow to the third 
ventricle. Simultaneously, surplus amino acids and excess “spillover” 
K along with unneeded proteins and catabolic organic anions move 
(arrow #2) from the ISF into the CSF for clearance. As both a nutrient 
supplier and waste repository, CSF volume transmission mediates 
solute/cell distribution along diverse extracellular pathways (see Fig. 
42.7). (Modified from Johanson CE, Duncan JA 3rd, Klinge PM, Brinker 
T, Stopa EG, Silverberg GD. Multiplicity of cerebrospinal fluid functions: 
New challenges in health and disease. Cerebrospinal Fluid Res. 
2008;5[1]:10.)
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LOWER CEREBROSPINAL FLUID FORMATION RATE IN 
HYDROCEPHALUS
Structurally and functionally, the choroid plexus is markedly 
altered in hydrocephalus.84 There are smaller choroidal sol-
ute fluxes103–105 and CSF formation rate37,106 in congenital and 
adult chronic hydrocephalus. This is a response to augmented 
CSF volume and pressure. Reduced choroidal blood flow, 
shrunken (damaged) epithelial cells, and diminished surface 
area for blood-CSF transport contribute to less fluid turnover in 
hydrocephalus.84,103,104

Two non–mutually exclusive mechanisms, physical and 
physiologic, explain how elevated CSF pressure reduces fluid 
formation: (1) Physically, the elevated ventricular pressure (ICP) in 
hydrocephalus opposes and thereby decreases net fluid filtration 
across plexus capillaries,107 the initial step in CSF formation. This 
physical factor, by Starling’s law, reduces availability of H2O, ion, 
and substrate to the plasma-facing membrane of the choroid 
plexus. Consequently, as the choroidal perfusion pressure 
gradient (mean arterial pressure [MAP] minus ICP) is lowered, 
the plasma ultrafiltrate feeding CSF formation is compromised by 
the smaller hydrostatic pressure gradient (inward to tissue) across 
the capillaries. (2) Physiologically, a putative servomechanism 
operates such that as ICP is increased, there is a consequent 
release of neurohumoral agents to initiate a choroid epithelial 
receptor–mediated decline in CSF production. The many 
neurotransmitters/hormones that inhibit CSF formation give 
weight to this neuroendocrine model.85,108

In humans with NPH, the CSF formation rate decreases ∼40% 
as estimated by the Masserman technique.37 Masserman-derived 
findings for aging CSF production have not been consistently 
corroborated by MRI.109 However, in adult rats injected with 
kaolin (i.e., an NPH-like model), the CSF formation rate 
plummets by ∼40%.104,110 In kaolin hydrocephalus, the shifting of 
rodent choroid plexus AQP1 protein111 from the apical membrane 
(functional) to cytoplasmic vesicles (non-functional) fits the 
suppressed CSF dynamics. Overall, the moderately elevated CSF 
pressure, by several mm Hg, in human NPH and kaolin models 
devastates the CNS interior. CSF hypertension damages choroid 
plexuses, ependyma (see Fig. 42.1), and periventricular zones. 
Therapeutic agent stabilization of the gradually increasing CSF 
pressure in adult chronic hydrocephalus or late-stage AD112 may 
therefore lessen brain damage. 

FLOW DIRECTIONALITY OF CEREBROSPINAL FLUID
Direction, routes. and velocity of CSF flow vary greatly in health, 
posture, and life stage. Flow directionality is significant because 
altered CSF dispersal routes can adversely affect neural systems. 
Normal CSF flow oscillation during inspiration (anterograde flow) 
and expiration (retrograde flow) minimize unhealthy stagnation of 
fluid/metabolites. Markedly variable aqueductal flow direction occurs 
in certain diseases, such as intracranial aneurysms.113 Sex and age 
influence forward as well as backward aqueductal volume flows.114

As a result of ependymal ciliary activity (see Fig. 42.1), vectors 
for local currents are set up in the ventricle to establish flow 
directionality of CSF containing neurons (stem cells) for targeted 
distribution.115 This directed flow expedites delivery of factors 
to progenitor cells in neurogenic zones around lateral ventricles. 
Organized bundles of motile ciliary networks in the third ventricle 
guide CSF streaming of signaling molecules that modulate the 
hypothalamus.116 Critical hydrodynamic functions of cilia manifest 
when mutated ciliary genes disrupt ventricular CSF flow.

CSF flow steadily moves to exit sites in the arachnoid and 
possibly the cerebral capillaries, under certain conditions. In 
supine healthy adults, CSF flows from the lateral ventricles to 
the third ventricle, through the Sylvian aqueduct to the fourth 
ventricle, and then to the basal cisterns and SAS. From the SAS, 

the CSF distributes to venous and lymphatic drainage areas (e.g., 
parasagittal dura).117 CSF outflow reaches multiple drainage sites, 
where arachnoid membranes interface the SAS CSF with venous 
blood and lymph (e.g., the superior cervical glands). 

IMPACT OF CEREBROSPINAL FLUID FLOW ON BRAIN 
FUNCTIONS
Inefficient CSF flow is harmful physically and neurochemically. 
Free flow of CSF is biophysically necessary for efficient CNS 
absorption of arterial pressure pulses.118 Biomechanically, gravi-
tational effects (1 g force on earth vs. microgravity in space flight) 
importantly influence CSF flow distribution.119 Biochemically, 
uninterrupted CSF flow sustains delivery of substrates to stabilize 
neuronal functions,38 including modulation of DNA metabolism 
by folate/ascorbate derived from choroid plexus transport.120 
Growth factors and peptides in free-flowing CSF support neu-
ronal/glial metabolism and injury responses. Stagnated CSF 
impairs cognition by slowing solute exchange. Clearance func-
tions are impaired by CSF stasis because toxic metabolites do not 
efficiently flush away from neuronal networks.

CSF motion depends on upstream choroidal, mainstream 
ventriculocisternal, and downstream arachnoidal fluid throughput. 
Obstructions cause regional flow impairment. Impeded CSF 
movement and circulatory interactions with ISF121 impair synapses 
and neurotransmission.36 Until recently, CSF flow characteristics 
were less studied than pressure/volume phenomena. Brain injury 
exacerbated from attenuated CSF flow has prompted research 
on regional ventricular CSF interactions with adjacent ISF and 
blood flow.122

CSF flow is not laminar or constantly unidirectional. Pulsating 
CSF massages leptomeningeal arteries to drive glymphatic 
outflow from the CNS.123 In the cardiac pumping cycle, there is 
anterograde caudal flow (systole) followed by retrograde cranial 
flow (diastole). This cyclic forward-and-backward fluid motion 
in the aqueduct is a passive response to arterial pulsations and 
brain compliance. Thus the cyclic flow is driven by a dynamically 
changing hydrostatic pressure gradient that is superimposed 
on the static pressure gradient driving bulk flow of CSF from 
proximal choroid plexus origins to distal arachnoid drainage sites. 

MAGNETIC RESONANCE IMAGING OF 
CEREBROSPINAL FLUID HYDRODYNAMICS VS. 
HEMODYNAMICS
Elucidating CSF dynamics requires delineation of patient physi-
ology and “standardization” of MRI parameters/sequences. 
Otherwise, patient-to-patient comparison of CSF measurements 
has limited value. Cine phase-contrast MRI quantifies CSF flow 
noninvasively and rapidly. CSF flow velocity is conveniently 
assessed in the aqueduct. Typically with MRI, the velocity sensi-
tization (or encoding) for the aqueduct is twice that of the cervi-
cal SAS. CSF flow velocity increases in the narrow aqueduct of 
Sylvius. In addition to the “pipe” size, the driving force from the 
pressure gradient across the aqueduct affects CSF flow.

Various methods are used to measure hyperdynamic pulsatile 
flow in the aqueduct. Average flow rate (mL/min) and stroke 
volume (net caudal flow, μL, over cardiac cycle) are useful. Mean 
flow rates >18 mL/min is a criterion for NPH. Early studies of 
stroke volume, assessing flow, reported favorable shunt surgery 
(i.e., improved Hakim triad) for patients with stroke volume >42 
μL; however, other studies differ.124,125 While hyperdynamic flow 
>18 mL/min may diagnose NPH, mild or normal pulsatile flow in 
the aqueduct cannot be excluded.124,125

Other CSF regions assessed are the third ventricle floor (third 
ventriculostomy context126), the cervical (C2) SAS,127 and the 
prepontine cistern.128 Questions linger, but hyperdynamic CSF 
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assessment may prove valuable for managing CSF diversion 
in hydrocephalus. Phase-contrast balanced steady-state free 
precession, higher signal-to-noise ratio, and insensitivity to 
turbulent flow improves CSF flow quantitation.128

CSF flow is intricately coupled with cerebral blood flow. 
Analyses of hydrodyamic-hemodynamic relationships provide 
disease differentials. Throughout the cardiac cycle, a typical 
MRI-generated CSF flow curve has opposite phases covering 
flush-and-fill periods. Mechanical coupling of CSF and vascular 
circulations is revealed from peak and latency phenomena during 
each cardiac cycle. Peak latencies on MRI-generated flow curves 
for CSF and cerebral blood flow are expressed as points over the 
cardiac cycle (0% to 100%).

Accordingly, in health, CSF flows along a regular pattern 
(Table 42.1). As systole begins, cerebral blood volume and ICP 
increase. The consequent flushing of cervical CSF relieves SAS 
pressure, enhancing jugular venous peak flow. Then, peak CSF 
flow (downward flushing) through the third ventricle–aqueduct 
helps equilibrate cerebral pressure. Following this flow sequence 
in systole, there are successive reverse phases during diastole 
for aqueduct refilling. CSF flushing phenomena in systole are 
precisely timed (see Table 42.1). Control data enable diagnosis of 
altered CSF-blood dynamic relationships in disease and aging.129

To delineate fluid dynamics in health versus neurodegeneration, 
it is advantageous to measure parameters in the aqueduct and 
SAS (C2–C3) concurrently. The ratio of cervical-aqueductal 
stroke volumes is ∼15/1 in adults. A clinical impression suggests 
that cervical-aqueductal stroke volume ratio decreases with 
age. Variable compliance with disease in particular intracranial 
compartments helps assess distorted cervical-aqueductal stroke 
volumes. In deciding NPH shunts for imbalanced aqueductal-
cervical functional relationships, the stroke volume ratio may be 
better than a single CSF compartment stroke volume.

CSF flow data from phase-contrast cine MRI facilitate 
noninvasive analysis of compliance. With aging, neurodegeneration, 
and CSF overloading, the CNS is less compliant. Brain therefore 
does not completely adjust to augmented pressure and volume. 
A compliance index (Ci), that is, change in volume/change in 

pressure, is calculated from volume changes (CSF and blood flows 
in a cardiac cycle) divided by the CSF pressure gradient (from CSF 
flow data). Ci values in NPH are lower than in brain atrophy or 
asymptomatic ventricular dilation. MRI flow analysis at the C2 
SAS130 is used with net blood flow (carotid and vertebral arteries; 
jugular veins) to assess brain Ci in NPH. 

REGIONALLY INTERRUPTED CEREBROSPINAL FLUID 
FLOW IN NORMAL PRESSURE HYDROCEPHALUS
In chronic adult hydrocephalus,131 CSF flow can be compro-
mised at various regions along the neuraxis. To specify NPH 
state, one should elucidate differential impacts on brain and ven-
tricular function caused by disrupted flow at sequential points: 
the Sylvian aqueduct, the basal cisterns, and the cortical SAS, 
which will be described in the following sections.

Sylvian Aqueduct
Cerebral aqueduct narrowing builds resistance to CSF flow 
through the brain interior, inducing an NPH-like syndrome. 
Late-onset idiopathic aqueductal stenosis usually has chronic 
onset; younger patients have headache, and older patients display 
NPH symptoms.132 Endoscopic third ventriculostomy relieves 
late-onset idiopathic aqueductal stenosis,132 especially when CSF 
outflow resistance is determined by test infusion. In animals and 
humans, late-onset idiopathic stenosis is associated with elevated 
venous pressure and greater collateral flow.133 

Basal Cisterns
MRI-viewed basal cistern enlargement helps diagnose shunt-
responsive idiopathic normal pressure hydrocephalus (iNPH).134 
Kaolin injection into animal basal cisterns135 creates communi-
cating hydrocephalus, allowing CSF outflow across the foramen 
of Luschka. CSF blockage in the cortical SAS permits modeling 
of extraventricular hydrocephalus. Tracking progression of basal 
cistern destabilization informs on evolution of early-life “decom-
pensating” hydrocephalus to NPH. 

Cortical Subarachnoid Space
Clinically important are the analyses of abnormal cortical CSF 
flow in NPH and AD.136 Intrathecal kaolin in animals impedes 
orderly CSF flow in the SAS.137 Kaolin given into cortical SAS 
induces backstream ventriculomegaly; the degree and rate of 
lateral ventricle expansion are less than that with cisternal injec-
tion.135 More slowly dilating ventricles after cortical SAS injec-
tion mimic longer-onsetting NPH. In aging, NPH, and AD, 
structural changes in the SAS and arachnoid membrane increase 
impedance to CSF flow.138,139 

CEREBROSPINAL FLUID FLOW REVERSAL IN 
IDIOPATHIC NORMAL PRESSURE HYDROCEPHALUS
Reversal of cranial-to-caudal CSF flow is measurable in the aque-
duct and craniocervical junction. In health, CSF flow reversal 
occurs at the craniocervical junction, but not the aqueduct. Flow 
reversal occurs at both regions in iNPH. Thus spinal SAS CSF in 
iNPH patients is a source of CSF volume to support brain func-
tion (e.g., enhanced glymphatic clearance at night). A key ques-
tion is whether the spinal SAS “source” actively produces CSF 
or if a CSF storage pool in the lower spinal SAS releases seques-
tered CSF to distribute cranially along a low resistance pathway 
to supra-aqueductal ventricles, and then transependymally (see 
Fig. 42.1). Gadobutrol and MRI delineate retrograde flow across 
the ependyma.140 Shunting reduces the magnitude of “backward” 
flow to the lateral ventricles. These observations emphasize 

TABLE 42.1  Dynamic Fluid Flows During the Systolic Phase of the 
Cardiac Cycle

Phase 
Number

Percent of Cardiac 
Cycle

Description of Flow Phenomena 
in Various CNS Compartments

1 0 Systolic arterial Fi peak occurs in the 
internal carotid arteries, causing 
an instantaneous increase in 
cerebral blood volume.

2 5 Cervical CSF initially responds 
to brain expansion by flushing 
through the SAS.

3 11–20 In response to cervical CSF 
displacement, SAS pressure 
decreases, leading to peak flow 
(flush) through the jugular veins.

4 20–25 In response to SAS pressure 
decrease, the third ventricle–
aqueductal CSF surges distally 
(downward).

5 25–35 Cerebral pressures equilibrate 
as arterial and venous flows 
equalize; cervical CSF flow 
becomes negligible.

CNS, Central nervous system; CSF, cerebrospinal fluid; Fi, flow (in); SAS, 
subarachnoid space.

Data recapitulated from Stoquart-ElSankari S, Baledent O, Gondry-
Jouet C, Makki M, Godefroy O, Meyer ME. Aging effects on cerebral 
blood and cerebrospinal fluid flows. J Cereb Blood Flow Metab. 
2007;27(9):1563–1572.
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CSF-brain adaptability in forging new flow pathways, including a 
spinal CSF source to compensate for hydrocephalus. 

CEREBROSPINAL FLUID STROKE VOLUME ISSUES IN 
IDIOPATHIC NORMAL PRESSURE HYDROCEPHALUS
Better treatment of NPH, idiopathic and secondary, is driven 
by the burgeoning older adult population. New MRI biomark-
ing emphasizes Sylvian fissure dilation and high-convexity tight-
ness.141 NPH categorization presents as possible, likely, and definite 
and therefore reflects intensifying stages. Evans index clinical 
analyses, normalized for ventricular dilation in healthy aging, 
demonstrate ∼80% sensitivity for iNPH diagnosis.142

Hyperdynamic peak CSF flow velocity and lumbar CSF 
tapping corroborate iNPH diagnosis.143 Maximum systolic 
flow through the Sylvian aqueduct usefully differentiates NPH 
from age-control patients.144 Although CSF hydrodynamic data 
distinguish non-NPH from NPH,145 the MRI parameters do not 
always predict a favorable response to shunting.133

Unstable CSF stroke volumes, increasing during early iNPH 
progression but then decreasing precipitously 3 to 4 years after 
onset, point to NPH irreversibility. Regressing central functions 
inform on the natural course of aqueductal dynamics in surgically 
untreated NPH. After NPH onset, aqueductal stroke volume 
typically increases for 18 months or longer.146 Plateauing stroke 
volume occurs in progressing hyperdynamics; then a slight decline 
ensues for another 18 months before precipitously reduced 
aqueductal flow. Continually declining CSF flow in unshunted 
NPH, which decelerates rapidly, is caused by worsening ischemia 
and irreversible hydrocephalus.146

Pathophysiologic overlap among states of altered CSF 
dynamics creates a challenge when distinguishing NPH, AD, 
and NPH-AD and then managing the condition by shunting 
versus medical regimens. Although Aβ burden follows a 
continuum from aging to NPH to AD, the CSF hydrodynamics 
do not necessarily correlate. In a study of hydrodynamics 
and compliance, AD patients had aqueductal stroke volumes 
between NPH and controls.133 When assessing NPH, the AD 
hydrodynamics in comorbid patients complicates stroke volume 
interpretation. 

DWINDLING CEREBROSPINAL FLUID TURNOVER 
RATE IN AGING, NORMAL PRESSURE 
HYDROCEPHALUS, AND ALZHEIMER DISEASE
CSF turnover rate differs from formation rate and flow. Defined 
as CSF formation rate divided by CSF volume, the turnover rate 
measures the frequency of total CSF renewal. Senescence dis-
plays decreasing formation rate, even as the ventricular system 
adds volume. Advanced aging brings markedly curtailed CSF 
dynamics40 and a diminished compensatory ability to respond to 
insults such as subarachnoid hemorrhage.147 Impoverished CSF 
turnover combined with BBB breakdown are a double insult to 
the aging CNS.

The CSF system in NPH, as in aging and AD, produces 
less choroidal fluid148 and has diminishing BCSFB homeostatic 
capabilities.149 Ventriculomegaly is a prominent feature of 
NPH. Expanded ventricles contribute to a smaller calculated 
CSF turnover rate.48,150 The volume of the SAS increases as AD 
progresses because of progressively deepening sulci. Incremented 
extracellular fluid volume adds stress on the choroid plexus 
management of CSF composition.47

CSF throughput, viewed as turnover rate, diminishes in 
senescence, NPH, and AD.48 The turnover rate is lower in 
humans than in rats, and it declines substantially in both species 
during late life (Table 42.2). Attenuated CSF movement results 
in slower delivery of trophic substances to neurons (from 
the choroid plexus) and less-efficient volume transmission of 
signaling molecules to hormone targets in the brain. Sluggish 
CSF turnover also curtails cellular waste removal. 

ALTERED CEREBROSPINAL FLUID AND 
BARRIER CLEARANCE SYSTEMS IN AGING AND 
NEURODEGENERATION
Brain catabolite removal avoids toxic buildup. CNS lacks true 
lymphatic capillaries. Still, three mechanisms clear waste materi-
als: (1) BCSFB and BBB reabsorptive transporters (see Fig. 42.1), 
(2) CSF sink action (see Fig. 42.6), and (3) glymphatic ISF-CSF 
drainage.

Blood-CSF Barrier and Blood-Brain Barrier 
Reabsorptive Transporters
Transporters in the choroid plexus epithelium (apical membrane) 
and brain capillary endothelium (abluminal), respectively, actively 
remove organic anions from CSF and ISF. The potentially del-
eterious peptide, Aβ, is cleared by low-density lipoprotein recep-
tor–related protein 1 (LRP1) at the BCSFB and BBB.151,152 LRP1 
density at the BBB (see Fig. 42.1) decreases in aging153 and neu-
rodegeneration,154 thereby lessening clearance capacity. Faulty 
removal leads to amassing of Aβ, thereby impairing central fluid–
balancing mechanisms and solute homeostasis. Contrariwise, 
LRP1 expression at the BCSFB increases in aging,155 perhaps 
compensating for BBB decline. 

Cerebrospinal Fluid Sink Action
CSF “sink action”29,156 removes proteins/harmful catabolites from 
brain ISF. “Sink” clearance (see Fig. 42.6) results from a low concen-
tration of organic solutes in nascent CSF secreted from the choroid 
plexus.1 This sets up a concentration gradient for cortical macro-
molecules and catabolites that is directed from brain ISF into the 
ventricles and SAS. This downhill concentration gradient promotes 
net diffusion of harmful substances (from neural tissue into CSF bulk 
flow) that eventually convect with CSF to lymph and venous blood. 
CSF sink action attenuates with diminishing CSF formation47 and 
transport (by choroid plexus157) in aging, NPH, and AD. 

TABLE 42.2  CSF Dynamics and Volume in Aging and Neurodegeneration

Human Diseasea Rat Agingb

Normal NPH AD 3 mo 19 mo 30 mo

CSF formation rate (mL/min) 0.40 0.25 0.20 0.00121 0.00148 0.00065
CSF volume or space (mL) 150 300 250 0.156 0.196 0.308
CSF turnover rate (volumes/day) 4 1.2 1.2 11 10.8 3.0

AD, Alzheimer disease; CSF, cerebrospinal fluid; NPH, normal pressure hydrocephalus.
aCSF formation rate and volume is determined by the Masserman method.40

bCSF dynamics in rats was quantified by dilution of indicator perfused through the ventriculocisternal system.150 CSF turnover rate = formation rate/
volume.
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Glymphatic Interstitial Fluid–Cerebrospinal Fluid 
Drainage
Glymphatic drainage158 is a pivotal excretory pathway that is par-
ticularly active at night. Glymphatic failure exacerbates neural 
diseases. The term glymphatic is from the word glia and the lym-
phatic system that it mimics. Glymphatics begins with a paravas-
cular channel (astroglial “microtubes”) containing SAS CSF, the 
inflow of which helps remove unneeded interstitial catabolites/
proteins from the CNS (Fig. 42.7). Glymphatics work by CSF-
ISF interactive motion (stimulated by Virchow-Robin arteriolar 
pulsatility) that flushes debris out of interstices back into the 
CSF, and then to dural venous blood and lymph glands.8,121,159

Aging impairs paravascular-interstitial clearance pathways.160 
Coupled with languishing CSF bulk flow in aging and chronic 
adult hydrocephalus,161 this suppresses brain peptide clearance. 
Poorly eliminated interstitial Aβ caused by slower glymphatic 
flushing162 promotes cortical Aβ deposition.152

Interstitial convection mixes with CSF influx to the 
brain,121,163 initially at the Virchow-Robin spaces. Brisk mixing 
of the CSF and ISF percolations fosters neuronal viability. 
Attenuated interstitial mixing in senescence dams up CSF in 
ischemic parenchyma,164 exacerbating iNPH. Deep white matter 
ischemia in iNPH augments interaction of stripped myelin with 
H2O, thereby increasing resistance to ISF movement.165 Impeded 
flow of CSF and ISF through the brain destabilizes the neuronal 
cytoskeleton relationship with tau. Consequently, synaptic purity 
and cognitive metrics falter166 as ISF stagnates with retention of 
hyperphosphorylated-tau and Aβ. 

TRANSLATIONAL NEUROSCIENCE TO FORTIFY 
CEREBROSPINAL FLUID–BRAIN DYNAMICS IN 
OLDER ADULT PATIENTS
Future pharmacomedical strategies167 should include augment-
ing CSF formation to drive fluid through the CNS.167 Improving 
CSF turnover rate in aging would stifle degeneration by curtailing 
oxidative stress on neurons. Interstitial well-being depends on bal-
anced CSF formation, flow, and clearance. Medicinals/treatments 
are sought to enhance CSF movement into paravascular channels; 
this would likely speed up slackened glymphatic flow to the lymph 
nodes.168 Expediting fluid movement through ventriculosubarach-
noid spaces improves pressure-volume homeostasis by driving CSF 
through the cribriform plate169 and arachnoid villi.

To stimulate dwindling fluid turnover in aging and AD, a 
promising target is transport interfaces.170 In a diseased choroid 
plexus,47 interstitial/capillary fibrosis8,171 and immune deposits 
impede fluid movement across BCSFB.172 Fibrous thickening of 
the pericapillary filtration membrane injures choroidal capillaries; 
macrophage clearance of extracellular waste (inflammatory 
exudates) at the BCSFB fades with excessive inflammation.171 
Preventing age-related deterioration at the blood-CSF interface 
protects the CSF-brain interior.

Another disruptor of ventricular hydrodynamics is 
hydrocephalus- and senescence-associated breakdown of 
ependyma.173 High intraventricular pressure harms the structure 
of the ependymal CSF-brain interface that contains AQP4 
channels for H2O fluxes. Denuded ependyma and fibrillary 
(rosette) formation174 impairs fluid movement between the 
ventricles and ISF. Especially helpful would be identification of 
factors that minimize deterioration of ependyma (see Fig. 42.1) in 
aging/neurodegeneration and chronic hydrocephalus.

Ischemic effects on arteries/arterioles175,176 devastate 
downstream human capillaries in neurodegeneration.173,176 
This causes inefficient ISF generation/turnover by paravascular 
channels-astrocytes-glymphatics.121 Cutting-edge analyses of 
transport/permeability of barriers177 and metabolism of cerebral 
endothelium/astrocytes178 inform on clinically important CNS 
fluid imbalances. Such research on fluids/barriers is essential 
because cognition is harmed by breaching of BBB, BCSFB, and 
CSF-brain interfaces (see Fig. 42.1).

Rebalancing CSF/brain disruptions entails identifying 
therapeutic targets at transport interfaces,8 neurons/astrocytes,178 
and cerebrovasculature.173,179 Investigating damage to human 
pericyte structure180 and astrocyte foot AQP4/polarization181,182 
fosters understanding of ischemia-associated dementia. 
Correcting disordered solute-linked H2O transport as well as 
blood flow reduction to brain/plexuses are key to restoring 
diminished fluid dynamics.

Improved MRI to assess the aging choroid plexus,73 CSF-
ISF hydrodynamics, and cerebral blood flow183 facilitate 
understanding on how hydrocephalus, edema,184 and impaired 
glymphatic drainage impair cognition. A new insight is that 
poststroke, the CSF influx accelerates into the brain along 
paravascular spaces,184 evidently resulting from a favorable 
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Spinal perivascular space

Nasal submucosa/lymph
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Figure 42.7. Net cerebrospinal fluid (CSF) flow from cerebral 
ventricles to the subarachnoid space (SAS) pathways and drainage 
sites in lymph/venous blood. CSF formed by the choroid plexus flows 
to basal cisterns and then outward to: (1) the cribriform plate–olfactory 
nerve for distribution to the nasal submucosa–cervical lymphatics, (2) the 
cortical SAS CSF containing Virchow-Robin spaces (VRS) as an entry 
point to the paravascular system (PVS), and (3) the spinal cord SAS 
with a paravascular system to receive materials from the subarachnoidal 
CSF to support spinal parenchyma. CSF flowing up over the cortical 
hemispheres accesses the VRS, arachnoid villi (clearance into venous 
sinuses), and lymphatic vessels in the dura mater (flow to cervical lymph). 
CSF streaming pathways in healthy humans (Fig. 42.7) are modified by 
disease in iNPH and Alzheimer disease. (Modified from Johanson CE, 
Keep RF. Blending established and new perspectives on choroid plexus-
CSF dynamics. In: Damkier HH, Balzer-Yost B, Praetorius J, eds. Role of 
the Choroid Plexus in Health and Disease. New York: Springer; 2020.)
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hydrostatic gradient set up by diminished cerebral blood flow. 
Elucidating this process of CSF influx to the brain may provide 
a new therapeutic avenue to minimize edema following stroke. 

CLINICAL CHALLENGES TO RECTIFY DISTORTED 
CEREBROSPINAL FLUID–INTERSTITIAL FLUID 
DYNAMICS IN IDIOPATHIC NORMAL PRESSURE 
HYDROCEPHALUS
New NPH and NPH-AD hybrid research models characterize 
faulty CSF-brain metabolic relationships. Kaolin hydrocepha-
lus modeling mimics accelerated aging and evolving iNPH 
pathology at the BBB, BCSFB, ependyma (see Fig. 42.1), and 
ISF.135,161 Although kaolin experimentation is useful, analyses of 
human barrier tissue are potentially more clinically insightful and 
translatable.

How does altered CSF flow couple with distorted brain 
metabolism? Multiple mechanisms, including recruited 
alternate CSF outflow pathways, help cope with dissipative 
chronic hydrocephalus. As CSF turnover rate deteriorates, 
however, impaired metabolism worsens; eventually 
neurometabolic impairment decouples from CSF flow, so 
neuropathy does not improve after correcting fluid dynamics.185 
Therefore early identification of distorted metabolite levels by 
CSF and brain biomarking185 will likely help thwart iNPH 
progression.

Healthy glymphatic flow, driven by CSF, is essential for staving 
off iNPH and AD. NPH treatment needs new agents167 to adjust 
choroid plexus–CSF dynamics and promote ISF percolation186 to 
lymphatic drainage sites (via CSF) outside the CNS. Better CSF 
biomarking187 and shunt technology, along with drug-restored 
solute transport and aquaporin function at glymphatic targets, 
will likely improve iNPH flow disorders.

REFERENCES
 1.  Johanson CE. Choroid plexus–cerebrospinal fluid transport dy-

namics: Support of brain health and a role in neurotherapeutics. 
In: Conn PM, ed. Conn’s Translational Neuroscience. Elsevier Inc., 
Academic Press; 2017:233–261.

 2.  Ghersi-Egea JF, Strazielle N, Catala M, Silva-Vargas V, Doetsch 
F, Engelhardt B. Molecular anatomy and functions of the choroi-
dal blood-cerebrospinal fluid barrier in health and disease. Acta 
Neuropathol. 2018;135:337–361.

 3.  Joukal M, Klusáková I, Solár P, Kuklová A, Dubový P. Cellular re-
actions of the choroid plexus induced by peripheral nerve injury. 
Neurosci Lett. 2016;628:73–77.

 4.  Shechter R, Miller O, Yovel G, et al. Recruitment of beneficial M2 
macrophages to injured spinal cord is orchestrated by remote brain 
choroid plexus. Immunity. 2013;38(3):555–569.

 5.  Johanson C, Stopa E, Baird A, Sharma H. Traumatic brain injury 
and recovery mechanisms: peptide modulation of periventricular 
neurogenic regions by the choroid plexus-CSF nexus. J Neural 
Transm (Vienna). 2011;118(1):115–133.

 6.  Kunis G, Baruch K, Rosenzweig N, et al. IFN-gamma-dependent 
activation of the brain’s choroid plexus for CNS immune surveil-
lance and repair. Brain. 2013;136:3427–3440.

 7.  Solár P, Klusáková I, Jančálek R, Dubový P, Joukal M. Subarachnoid 
hemorrhage induces dynamic immune cell reactions in the choroid 
plexus. Front Cell Neurosci. 2020;14:18.

 8.  Johanson CE, Duncan 3rd JA, Klinge PM, Brinker T, Stopa EG, 
Silverberg GD. Multiplicity of cerebrospinal fluid functions: new 
challenges in health and disease. Cerebrospinal Fluid Res. 2008;5:10.

 9.  Szmydynger-Chodobska J, Chodobski A, Johanson CE. Postnatal 
developmental changes in blood flow to choroid plexuses and cere-
bral cortex of the rat. Am J Physiol. 1994;266(5):R1488–R1492.

 10.  Faraci FM, Mayhan WG, Heistad DD. Effect of vasopressin on 
production of cerebrospinal fluid: possible role of vasopressin (V1)-
receptors. Am J Physiol. 1990;258(1 Pt 2):R94–R98.

 11.  Abdulla HM. The natriuretic peptides: universal volume control-
lers. Med Hypotheses. 2001;56(4):451–453.

 12.  Oreskovic D, Klarica M. The formation of cerebrospinal fluid: 
nearly a hundred years of interpretations and misinterpretations. 
Brain Res Rev. 2010;64(2):241–262.

 13.  Smith QR, Rapoport SI. Cerebrovascular permeability co-
efficients to sodium, potassium, and chloride. J Neurochem. 
1986;46(6):1732–1742.

SUGGESTED READINGS
Brinker T, Stopa E, Morrison J, et al. A new look at cerebrospinal fluid 

circulation. Fluids Barriers CNS. 2014;11:10.
Brix MK, Westman E, Simmons A, et al. The Evans Index revisited: New 

cut-off levels for use in radiological assessment of ventricular enlarge-
ment in the elderly. Eur J Radiol. 2017;95:28–32.

Donahue JE, Flaherty SL, Johanson CE, et al. RAGE, LRP-1, and 
amyloid-beta protein in Alzheimer’s disease. Acta Neuropathol. 
2006;112(4):405–415.

Eide PK, Valnes LM, Pripp AH, et al. Delayed clearance of cerebrospinal 
fluid tracer from choroid plexus in idiopathic normal pressure hydro-
cephalus. J Cereb Blood Flow Metab. 2020;40(9):1849–1858.

Evans PG, Sokolska M, Alves A, et al. Non-invasive MRI of blood-cere-
brospinal fluid barrier function. Nat Commun. 2020;11:2081.

Ghersi-Egea JF, Strazielle N, Catala M, et al. Molecular anatomy and 
functions of the choroidal blood-cerebrospinal fluid barrier in health 
and disease. Acta Neuropathol. 2018;135:337–361.

Hasan-Olive MM, Enger R, Hansson HA, et al. Loss of perivascu-
lar aquaporin-4 in idiopathic normal pressure hydrocephalus. Glia. 
2019;67:91–100.

Hladky SB, Barrand MA. Fluid and ion transfer across the blood-brain 
and blood-cerebrospinal fluid barriers; a comparative account of mech-
anisms and roles. Fluids Barriers CNS. 2016;13(1):19.

Johanson CE, Keep RF. Blending established and new perspectives 
on choroid plexus CSF dynamics. In: Damkier HH, Balzer-Yost 
B, Praetorius J, eds. Role of the Choroid Plexus in Health and Disease. 
Springer; 2020.

Acknowledgments
Appreciation is extended to Drs. J. Duncan, P. Eide, M. Wagshul, G. 
Silverberg, P. McAllister, and M. Pollay for helpful discussions on chap-
ter material. Acknowledgement is due to N. Johanson and J. Johanson for 
text editing and figure construction.

Kant S, Stopa EG, Johanson CE, et al. Choroid plexus genes for CSF 
production and brain homeostasis are altered in Alzheimer’s disease. 
Fluids Barriers CNS. 2018;15:34.

Mestre H, Du T, Sweeney AM, et al. Cerebrospinal fluid influx drives 
acute ischemic tissue swelling. Science. 2020;367(6483).

Praetorius J, Damkier HH. Transport across the choroid plexus epithe-
lium. Am J Physiol Cell Physiol. 2017;312(6):C673–C686.

Prineas JW, Parratt JD, Kirwan PD. Fibrosis of the choroid plexus filtra-
tion membrane. J Neuropathol Exp Neurol. 2016;75(9):855–867.

Reeves BC, Karimy JK, Kundishora AJ, et al. Glymphatic system im-
pairment in Alzheimer’s disease and idiopathic normal pressure hydro-
cephalus. Trends Mol. Med. 2020;26:285–295.

Ringstad G, Vatnehol SAS, Eide PK. Glymphatic MRI in idiopathic nor-
mal pressure hydrocephalus. Brain. 2017;140:2691–2705.

Scollato A, Tenenbaum R, Bahl G, et al. Changes in aqueductal CSF 
stroke volume and progression of symptoms in patients with unshunted 
idiopathic normal pressure hydrocephalus. AJNR Am J Neuroradiol. 
2008;29:192–197.

Snodgrass SR, Johanson CE. Choroid plexus: Source of cerebrospinal 
fluid and regulator of brain development and function. In: Cinalli G. 
et al., eds. Pediatric Hydrocephalus. Springer International Publishing 
AG; 2018: 1–34.

Solár P, Klusáková I, Jančálek R, et al. Subarachnoid hemorrhage in-
duces dynamic immune cell reactions in the choroid plexus. Front Cell 
Neurosci. 2020;14:18.

Spector R, Snodgrass S, Johanson CE. A balanced view of the cerebro-
spinal fluid composition and functions: focus on adult humans. Exp. 
Neurol. 2015;273:57–68.

Wan Y, Gao F, Ye F, et al. Effects of aging on hydrocephalus after intra-
ventricular hemorrhage. Fluids Barriers CNS. 2020;17:8.



322.e12 SECTION 2 General Neurosurgery

 14.  de Rougemont J, Ames 3rd A, Nesbett FB, Hofmann HF. Fluid 
formed by choroid plexus; a technique for its collection and a com-
parison of its electrolyte composition with serum and cisternal flu-
ids. J Neurophysiol. 1960;23:485–495.

 15.  Dohrmann GJ. Dark and light epithelial cells in the choroid plexus 
of mammals. J Ultrastruct Res. 1970;32(3):268–273.

 16.  Spector R, Keep RF, Snodgrass SR, Smith QR, Johanson CE. A bal-
anced view of choroid plexus structure and function: focus on adult 
humans. Experimental Neurology. 2015;267:78–86.

 17.  Johanson CE, Keep RF. Blending established and new perspectives 
on choroid plexus-CSF dynamics. In: Damkier HH, Balzer-Yost 
B, Praetorius J, eds. Role of the Choroid Plexus in Health and Disease. 
Springer; 2020.

 18.  Stone SS, Warf BC. Combined endoscopic third ventriculostomy 
and choroid plexus cauterization as primary treatment for infant 
hydrocephalus: a prospective North American series. J Neurosurg 
Pediatr. 2014;14(5):439–446.

 19.  Warf BC, Tracy S, Mugamba J. Long-term outcome for endoscopic 
third ventriculostomy alone or in combination with choroid plexus 
cauterization for congenital aqueductal stenosis in African infants. J 
Neurosurg Pediatr. 2012;10(2):108–111.

 20.  Smith QR, Johanson CE. Effect of ouabain and potassium on 
ion concentrations in the choroidal epithelium. Am J Physiol. 
1980;238(5):F399–F406.

 21.  Parmelee JT, Johanson CE. Development of potassium trans-
port capability by choroid plexus of infant rats. Am J Physiol. 
1989;256(3):R786–R791.

 22.  Johanson CE. Differential effects of acetazolamide, benzolamide 
and systemic acidosis on hydrogen and bicarbonate gradients across 
the apical and basolateral membranes of the choroid plexus. J 
Pharmacol Exp Ther. 1984;231(3):502–511.

 23.  Johanson CE, Parandoosh Z, Dyas ML. Maturational differences in 
acetazolamide-altered pH and HCO3 of choroid plexus, cerebrospi-
nal fluid, and brain. Am J Physiol. 1992;262(5):R909–R914.

 24.  Liddelow SA, Dziegielewska KM, Ek CJ, et al. Mechanisms that 
determine the internal environment of the developing brain: a 
transcriptomic, functional and ultrastructural approach. PLoS One. 
2013;8(7):e65629.

 25.  Damkier HH, Brown PD, Praetorius J. Cerebrospinal fluid secre-
tion by the choroid plexus. Physiol Rev. 2013;93(4):1847–1892.

 26.  Cserr HF. Role of secretion and bulk flow of brain interstitial fluid 
in brain volume regulation. Ann N Y Acad Sci. 1988;529:9–20.

 27.  Brinker T, Stopa E, Morrison J, Klinge P. A new look at cerebrospi-
nal fluid circulation. Fluids Barriers CNS. 2014;11:10.

 28.  Murphy VA, Johanson CE. Acidosis, acetazolamide, and amiloride: 
effects on 22Na transfer across the blood-brain and blood-CSF bar-
riers. J Neurochem. 1989;52(4):1058–1063.

 29.  Davson H, Segal M. In: Physiology of the CSF and Blood-Brain Barriers. 
Boca Raton, FL: CRC; 1996:822.

 30.  Spector R, Johanson CE. Sustained choroid plexus function in hu-
man elderly and Alzheimer’s disease patients. Fluids Barriers CNS. 
2013;10(1):28.

 31.  Snodgrass SR, Johanson CE. Choroid plexus – Source of cere-
brospinal fluid and regulator of brain development. In Pediatric 
Hydrocephalus, Cinalli, G. et al., eds., Springer International 
Publishing AG (Springer Nature 2018);2018:1–36.

 32.  Johanson C. The choroid plexus-CSF nexus: gateway to the 
brain. In: Conn PM, ed. Neuroscience in Medicine. Humana Press; 
2003:165–195.

 33.  Johanson CE. Fluid-forming functions of the choroid plexus: What 
is the role of aquaporin-1? In: Dorovini-Zis K, ed. The Blood-Brain 
Barrier in Health and Disease. Morphology, Biology and Immune 
Function; Vol. 1. CRC Press; 2015:140–171.

 34.  Spector R, Snodgrass SR, Johanson CE. A balanced view of the ce-
rebrospinal fluid composition and functions: focus on adult humans. 
Exp Neurol. 2015;273:57–68.

 35.  Li Q, Aalling NN, Förstera B, et al. Aquaporin 1 and the Na(+)/
K(+)/2Cl(-) cotransporter 1 are present in the leptomeningeal vas-
culature of the adult rodent central nervous system. Fluids Barriers. 
CNS. 2020;17:15.

 36.  Rubenstein E. Relationship of senescence of cerebrospi-
nal fluid circulatory system to dementias of the aged. Lancet. 
1998;351(9098):283–285.

 37.  Silverberg GD, Huhn S, Jaffe RA, et al. Downregulation of cere-
brospinal fluid production in patients with chronic hydrocephalus. J 
Neurosurg. 2002;97(6):1271–1275.

 38.  Johanson C. Choroid plexus-CSF circulatory dynamics: Impact on 
brain growth, metabolism and repair. In: Conn P, ed. Neuroscience in 
Medicine. Totowa, New Jersey: The Humana Press; 2008:173–200.

 39.  Nilsson C, Stahlberg F, Gideon P, Thomsen C, Henriksen O. 
The nocturnal increase in human cerebrospinal fluid produc-
tion is inhibited by a beta 1-receptor antagonist. Am J Physiol. 
1994;267(6):R1445–R1448.

 40.  Silverberg GD, Heit G, Huhn S, et al. The cerebrospinal fluid 
production rate is reduced in dementia of the Alzheimer’s type. 
Neurology. 2001;57(10):1763–1766.

 41.  Alimajstorovic Z, Pascual-Baixauli E, Hawkes CA, et al. 
Cerebrospinal fluid dynamics modulation by diet and cytokines in 
rats. Fluids Barriers CNS. 2020;17:10.

 42.  Steeland S, Gorlé N, Vandendriessche C, et al. Counteracting the 
effects of TNF receptor-1 has therapeutic potential in Alzheimer’s 
disease. EMBO Mol Med. 2018.

 43.  Karimy JK, Reeves BC, Damisah E, et al. Inflammation in acquired 
hydrocephalus: pathogenic mechanisms and therapeutic targets. Nat 
Rev Neurol. 2020; March 9.

 44.  Zhang J, Bhuiyan MIH, Zhang T, et al. Modulation of brain cat-
ion-Cl(-) cotransport via the SPAK kinase inhibitor ZT-1a. Nat 
Commun. 2020; Jan. 7.

 45.  Milhorat TH, Hammock MK, Davis DA, Fenstermacher JD. 
Choroid plexus papilloma. I. Proof of cerebrospinal fluid overpro-
duction. Childs Brain. 1976;2(5):273–289.

 46.  Fujimura M, Onuma T, Kameyama M, et al. Hydrocephalus due to 
cerebrospinal fluid overproduction by bilateral choroid plexus papil-
lomas. Childs Nerv Syst. 2004;20(7):485–488.

 47.  Johanson C, McMillan P, Tavares R, et al. Homeostatic capabilities 
of the choroid plexus epithelium in Alzheimer’s disease. Cerebrospinal 
Fluid Res. 2004;1(1):3.

 48.  Silverberg GD, Mayo M, Saul T, Rubenstein E, McGuire D. 
Alzheimer’s disease, normal-pressure hydrocephalus, and senescent 
changes in CSF circulatory physiology: a hypothesis. Lancet Neurol. 
2003;2(8):506–511.

 49.  Spector R, Johanson CE. The mammalian choroid plexus. Sci Am. 
1989;261(5):68–74.

 50.  Knuckey NW, Fowler AG, Johanson CE, Nashold JR, Epstein MH. 
Cisterna magna microdialysis of 22Na to evaluate ion transport and 
cerebrospinal fluid dynamics. J Neurosurg. 1991;74(6):965–971.

 51.  Johanson CE, Palm DE, Dyas ML, Knuckey NW. Microdialysis 
analysis of effects of loop diuretics and acetazolamide on chloride 
transport from blood to CSF. Brain Res. 1994;641(1):121–126.

 52.  Smith QR, Woodbury DM, Johanson CE. Kinetic analysis of 
[36Cl]-, [22Na]- and [3H]mannitol uptake into the in vivo cho-
roid plexus-cerebrospinal fluid brain system: ontogeny of the  
blood brain and blood-CSF barriers. Brain Res. 
1982;255(2):181–198.

 53.  Johanson CE, Murphy VA, Dyas M. Ethacrynic acid and furose-
mide alter Cl, K, and Na distribution between blood, choroid plex-
us, CSF, and brain. Neurochem Res. 1992;17(11):1079–1085.

 54.  Murphy VA, Johanson CE. Na(+)-H(+) exchange in choroid plex-
us and CSF in acute metabolic acidosis or alkalosis. Am J Physiol. 
1990;258(6):F1528–F1537.

 55.  Brown PD, Davies SL, Speake T, Millar ID. Molecular mechanisms 
of cerebrospinal fluid production. Neuroscience. 2004;129(4):957–970.

 56.  Johanson CE, Reed DJ, Woodbury DM. Active transport of so-
dium and potassium by the choroid plexus of the rat. J Physiol. 
1974;241(2):359–372.

 57.  Johanson CE, Murphy VA. Acetazolamide and insulin alter cho-
roid plexus epithelial cell [Na+], pH, and volume. Am J Physiol. 
1990;258(6 Pt 2):F1538–F1546.

 58.  Praetorius J. Water and solute secretion by the choroid plexus. 
Pflugers Arch. 2007;454(1):1–18.

 59.  Chen LM, Kelly ML, Rojas JD, et al. Use of a new polyclonal anti-
body to study the distribution and glycosylation of the sodium-cou-
pled bicarbonate transporter NCBE in rodent brain. Neuroscience. 
2008;151(2):374–385.

 60.  Wang HW, Amin MS, El-Shahat E, Huang BS, Tuana BS, 
Leenen FH. Effects of central sodium on epithelial sodium 
channels in rat brain. Am J Physiol Regul Integr Comp Physiol. 
2010;299:R222–R233.

 61.  Lindsey AE, Schneider K, Simmons DM, Baron R, Lee BS, Kopito 
RR. Functional expression and subcellular localization of an anion 
exchanger cloned from choroid plexus. Proc Natl Acad Sci U S A. 
1990;87(14):5278–5282.



322.e13

42

CHAPTER 42 Production and Flow of Cerebrospinal Fluid

 62.  Smith QR, Johanson CE. Active transport of chloride by lateral ven-
tricle choroid plexus of the rat. Am J Physiol. 1985;249(4):F470–F477.

 63.  Keep RF, Xiang J, Betz AL. Potassium cotransport at the rat choroid 
plexus. Am J Physiol. 1994;267(6):C1616–C1622.

 64.  Millar ID, Bruce J, Brown PD. Ion channel diversity, channel ex-
pression and function in the choroid plexuses. Cerebrospinal Fluid 
Res. 2007;4:8.

 65.  Millar ID, Brown PD. NBCe2 exhibits a 3 HCO3(–):1 Na+ stoichi-
ometry in mouse choroid plexus epithelial cells. Biochem Biophys Res 
Commun. 2008;373(4):550–554.

 66.  Kao L, Kurtz LM, Shao X, et al. Severe neurologic impairment 
in mice with targeted disruption of the electrogenic sodium bi-
carbonate cotransporter NBCe2 (Slc4a5 gene). J Biol Chem. 
2011;286(37):32563–32574.

 67.  Husted RF, Reed DJ. Regulation of cerebrospinal fluid bicarbonate 
by the cat choroid plexus. J Physiol. 1977;267(2):411–428.

 68.  Demirci T, Aydin MD, Caglar O, et al. First definition of burned 
choroid plexus in acidic cerebrospinal fluid-filled brain ven-
tricles during subarachnoid hemorrhage:Experimental study. 
Neuropathology. 2020;40(3):251–260.

 69.  Johansson PA, Dziegielewska KM, Ek CJ, et al. Aquaporin-1in the 
choroid plexuses of developing mammalian brain. Cell Tissue Res. 
2005;322(3):353–364.

 70.  Oshio K, Song Y, Verkman AS, Manley GT. Aquaporin-1 deletion 
reduces osmotic water permeability and cerebrospinal fluid produc-
tion. Acta Neurochir Suppl. 2003;86:525–528.

 71.  Oshio K, Watanabe H, Song Y, Verkman AS, Manley GT. 
Reduced cerebrospinal fluid production and intracranial pressure 
in mice lacking choroid plexus water channel Aquaporin-1. Faseb J. 
2005;19(1):76–78.

 72.  Huber VJ, Tsujita M, Nakada T. Aquaporins in drug discovery and 
pharmacotherapy. Mol Aspects Med. 2012;33(5-6):691–703.

 73.  Evans PG, Sokolska M, Alves A, et al. Non-Invasive MRI 
of blood-cerebrospinal fluid barrier function. Nat Commun. 
2020;11:2081.

 74.  Spector R, Johanson CE. The origin of deoxynucleosides in brain: 
implications for the study of neurogenesis and stem cell therapy. 
Pharm Res. 2007;24(5):859–867.

 75.  Ott BR, Cohen RA, Gongvatana A, et al. Alzheimer’s Disease 
Neuroimaging Initiative. Brain ventricular volume and cerebro-
spinal fluid markers of Alzheimer’s disease. J Alzheimer’s Dis. 
2010;20(2):647–657.

 76.  Lindvall M, Owman C. Autonomic nerves in the mammalian cho-
roid plexus and their influence on the formation of cerebrospinal 
fluid. J Cereb Blood Flow Metab. 1981;1(3):245–266.

 77.  Lindvall M, Edvinsson L, Owman C. Sympathetic nervous control 
of cerebrospinal fluid production from the choroid plexus. Science. 
1978;201(4351):176–178.

 78.  Backstrom JR, Westphal RS, Canton H, Sanders-Bush E. 
Identification of rat serotonin 5-HT2C receptors as glycoproteins 
containing N-linked oligosaccharides. Brain Res Mol Brain Res. 
1995;33(2):311–318.

 79.  Boyson SJ, Alexander A. Net production of cerebrospinal fluid is 
decreased by SCH-23390. Ann Neurol. 1990;27(6):631–635.

 80.  Brusco A, Lopez-Costa JJ, Tagliaferro P, Pecci Saavedra J. 
Serotonergic ependymal fibres in rat and monkey: light and 
electron microscopic immunocytochemical study. Biocell. 
1998;22(2):115–122.

 81.  Salpietro V, Mankad K, Kinali M, et al. Pediatric idiopathic intracra-
nial hypertension and the underlying endocrine-metabolic dysfunc-
tion: a pilot study. J Pediatr Endocrinol Metab. 2014;27(1-2):107–115.

 82.  Chodobski A, Szmydynger-Chodobska J. Choroid plexus: tar-
get for polypeptides and site of their synthesis. Microsc Res Tech. 
2001;52(1):65–82.

 83.  Smith DE, Johanson CE, Keep RF. Peptide and peptide analog 
transport systems at the blood-CSF barrier. Adv Drug Deliv Rev. 
2004;56(12):1765–1791.

 84.  Weaver C, McMillan P, Duncan JA, Stopa E, Johanson C. 
Hydrocephalus disorders: Their biophysical and neuroendocrine 
impact on the choroid plexus epithelium. In: Hertz L, ed. Non-
Neuronal Cells of the Nervous System: Function and Dysfunction. Vol 31. 
Amsterdam: Elsevier Press; 2004:269–293.

 85.  Johanson CE, Donahue JE, Spangenberger A, Stopa EG, Duncan 
JA, Sharma HS. Atrial natriuretic peptide: its putative role in modu-
lating the choroid plexus-CSF system for intracranial pressure regu-
lation. Acta Neurochir Suppl. 2006;96:451–456.

 86.  Szmydynger-Chodobska J, Chun ZG, Johanson CE, Chodobski 
A. Distribution of fibroblast growth factor receptors and their 
co-localization with vasopressin in the choroid plexus epithelium. 
Neuroreport. 2002;13(2):257–259.

 87.  Gonzalez AM, Taylor WM, Johanson CE, et al. Co-localization and 
regulation of basic fibroblast growth factor and arginine vasopressin in 
neuroendocrine cells of the rat and human brain. Cerebrospinal Fluid Res. 
2010;7:13.

 88.  Chodobski A, Szmydynger-Chodobska J, Johanson CE. Vasopressin 
mediates the inhibitory effect of central angiotensin II on cerebro-
spinal fluid formation. Eur J Pharmacol. 1998;347(2-3):205–209.

 89.  Johanson CE, Preston JE, Chodobski A, Stopa EG, Szmydynger-
Chodobska J, McMillan PN. AVP V1 receptor-mediated decrease 
in Cl- efflux and increase in dark cell number in choroid plexus epi-
thelium. Am J Physiol. 1999;276(1):C82–C90.

 90.  Doczi T, Joo F, Vecsernyes M, Bodosi M. Increased concentration 
of atrial natriuretic factor in the cerebrospinal fluid of patients with 
aneurysmal subarachnoid hemorrhage and raised intracranial pres-
sure. Neurosurgery. 1988;23(1):16–19.

 91.  Yamasaki H, Sugino M, Ohsawa N. Possible regulation of intracra-
nial pressure by human atrial natriuretic peptide in cerebrospinal 
fluid. Eur Neurol. 1997;38(2):88–93.

 92.  Steardo L, Nathanson JA. Brain barrier tissues: end organs for atrio-
peptins. Science. 1987;235(4787):470–473.

 93.  Pollay M, Hisey B, Reynolds E, Tomkins P, Stevens FA, Smith R. 
Choroid plexus Na+/K+-activated adenosine triphosphatase and ce-
rebrospinal fluid formation. Neurosurgery. 1985;17(5):768–772.

 94.  Allonen H, Anderson KE, Iisalo E, Kanto J, Stromblad LG, 
Wettrell G. Passage of digoxin into cerebrospinal fluid in man. Acta 
Pharmacol Toxicol (Copenh). 1977;41(3):193–202.

 95.  Bairamian D, Johanson CE, Parmelee JT, Epstein MH. Potassium 
cotransport with sodium and chloride in the choroid plexus. J 
Neurochem. 1991;56(5):1623–1629.

 96.  Javaheri S, Wagner KR. Bumetanide decreases canine cerebrospinal 
fluid production. In vivo evidence for NaCl cotransport in the cen-
tral nervous system. J Clin Invest. 1993;92(5):2257–2261.

 97.  Vogh BP, Langham Jr MR. The effect of furosemide and bumetanide 
on cerebrospinal fluid formation. Brain Res. 1981;221(1):171–183.

 98.  Lorenzo AV, Hornig G, Zavala LM, Boss V, Welch K. Furosemide 
lowers intracranial pressure by inhibiting CSF production. Z 
Kinderchir. 1986;41(suppl 1):10–12.

 99.  Poca MA, Sahuquillo J. Short-term medical management of hydro-
cephalus. Expert Opin Pharmacother. 2005;6(9):1525–1538.

 100.  Deng QS, Johanson CE. Stilbenes inhibit exchange of chloride 
between blood, choroid plexus and cerebrospinal fluid. Brain Res. 
1989;501(1):183–187.

 101.  Damkier HH, Nielsen S, Praetorius J. Molecular expression of SLC4-
derived Na+-dependent anion transporters in selected human tissues. 
Am J Physiol Regul Integr Comp Physiol. 2007;293(5):R2136–R2146.

 102.  Praetorius J, Nejsum LN, Nielsen S. A SCL4A10 gene product maps 
selectively to the basolateral plasma membrane of choroid plexus 
epithelial cells. Am J Physiol Cell Physiol. 2004;286(3):C601–C610.

 103.  Knuckey NW, Preston J, Palm D, Epstein MH, Johanson C. 
Hydrocephalus decreases chloride efflux from the choroid plexus 
epithelium. Brain Res. 1993;618(2):313–317.

 104.  Nakamura S, Hochwald GM. Spinal fluid formation and glucose 
influx in normal and experimental hydrocephalic rats. Exp Neurol. 
1983;82(1):108–117.

 105.  Marlin AE, Wald A, Hochwald GM, Malhan C. Kaolin-induced hy-
drocephalus impairs CSF secretion by the choroid plexus. Neurology. 
1978;28(9):945–949.

 106.  Johanson C, Stopa E, Klinge P, Silverberg G. Malfunctions of the Choroid 
Plexus and Blood-Brain Barrier in Aging: Implications for the Progression 
of Alzheimer’s Disease. Uppsala, Sweden: Third Annual Meeting of the 
Global College for Neurodegeneration and Neuroregeneration; 2006.

 107.  Pollay M, Stevens FA, Roberts PA. Alteration in choroid-plexus 
blood flow and cerebrospinal-fluid formation by increased ventricu-
lar pressure. In: Wood JH, ed. Neurobiology of Cerebrospinal Fluid. 
Vol 2. New York: Raven Press; 1983:687–695.

 108.  Lindvall M, Owman C. Sympathetic nervous control of cerebrospi-
nal fluid production in experimental obstructive hydrocephalus. Exp 
Neurol. 1984;84(3):606–615.

 109.  Gideon P, Sørensen PS, Thomsen C, Ståhlberg F, Gjerris F, 
Henriksen O. Assessment of CSF dynamics and venous flow in the 
superior sagittal sinus by MRI in idiopathic intracranial hyperten-
sion: a preliminary study. Neuroradiology. 1994;36(5):350–354.



322.e14 SECTION 2 General Neurosurgery

 110.  Hochwald GM, Nakamura S, Camins MB. The rat in experimental 
obstructive hydrocephalus. Z Kinderchir. 1981;34(4):403–410.

 111.  Wang D, Nykanen M, Yang N, et al. Altered cellular localization 
of aquaporin-1 in experimental hydrocephalus in mice and reduced 
ventriculomegaly in aquaporin-1 deficiency. Mol Cell Neurosci. 
2011;46(1):318–324.

 112.  Silverberg G, Mayo M, Saul T, Fellmann J, McGuire D. Elevated 
cerebrospinal fluid pressure in patients with Alzheimer’s disease. 
Cerebrospinal Fluid Res. 2006;3:7.

 113.  Lindstrøm EK, Ringstad G, Sorteberg A, Sorteberg W, Mardal KA, 
Eide PK. Magnitude and direction of aqueductal cerebrospinal fluid 
flow: large variations in patients with intracranial aneurysms with 
or without a previous subarachnoid hemorrhage. Acta Neurochir 
(Wien). 2019;61:247–256.

 114.  Sartoretti T, Wyss M, Sartoretti E, et al. Sex and age dependencies 
of aqueductal cerebrospinal fluid dynamics parameters in healthy 
subjects. Front Aging Neurosci. 2019;11:199.

 115.  Sawamoto K, Wichterle H, Gonzalez-Perez O, et al. New neurons 
follow the flow of cerebrospinal fluid in the adult brain. Science. 
2006;311(5761):629–632.

 116.  Eichele G, Bodenschatz E, Ditte Z, et al. Cilia-driven flows 
in the brain third ventricle. Philos Trans R Soc Lond B Biol Sci. 
2020;375:1792.

 117.  Ringstad G, Eide PK. Cerebrospinal fluid tracer efflux to parasagit-
tal dura in humans. Nat Commun. 2020;11:354.

 118.  Zou R, Park EH, Kelly EM, Egnor M, Wagshul ME, Madsen JR. 
Intracranial pressure waves: characterization of a pulsation absorber 
with notch filter properties using systems analysis: laboratory inves-
tigation. J Neurosurg Pediatrics. 2008;2(1):83–94.

 119.  Kramer LA, Hasan KM, Sargsyan AE, et al. MR-derived cerebral 
spinal fluid hydrodynamics as a marker and a risk factor for intra-
cranial hypertension in astronauts exposed to microgravity. J Magn 
Reson Imaging. 2015;42:1560–1571.

 120.  Spector R, Johanson CE. The nexus of vitamin homeostasis and 
DNA synthesis and modification in mammalian brain. Mol Brain. 
2014;7:3.

 121.  Xie L, Kang H, Xu Q, et al. Sleep drives metabolite clearance from 
the adult brain. Science. 2013;342(6156):373–377.

 122.  Wang YF, Gwathmey JK, Zhang G, Soriano SG, He S, Wang Y. 
Cerebrospinal fluid may mediate CNS ischemic injury. Cerebrospinal 
Fluid Res. 2005;2:7.

 123.  Ringstad G, Vatnehol SAS, Eide PK. Glymphatic MRI in idiopathic 
normal pressure hydrocephalus. Brain. 2017;140:2691–2705.

 124.  Kahlon B, Annertz M, Stahlberg F, Rehncrona S. Is aqueductal 
stroke volume, measured with cine phase-contrast magnetic reso-
nance imaging scans useful in predicting outcome of shunt sur-
gery in suspected normal pressure hydrocephalus? Neurosurgery. 
2007;60(1):124–129.

 125.  Dixon GR, Friedman JA, Luetmer PH, et al. Use of cerebrospinal 
fluid flow rates measured by phase-contrast MR to predict outcome 
of ventriculoperitoneal shunting for idiopathic normal-pressure hy-
drocephalus. Mayo Clin Proc. 2002;77(6):509–514.

 126.  Bargallo N, Olondo L, Garcia AI, Capurro S, Caral L, Rumia J. 
Functional analysis of third ventriculostomy patency by quantifica-
tion of CSF stroke volume by using cine phase-contrast MR imag-
ing. AJNR Am J Neuroradiol. 2005;26(10):2514–2521.

 127.  Wagshul ME, Chen JJ, Egnor MR, McCormack EJ, Roche 
PE. Amplitude and phase of cerebrospinal fluid pulsations: ex-
perimental studies and review of the literature. J Neurosurg. 
2006;104(5):810–819.

 128.  McCormack EJ, Egnor MR, Wagshul ME. Improved cerebrospinal 
fluid flow measurements using phase contrast balanced steady-state 
free precession. Magn Reson Imaging. 2007;25(2):172–182.

 129.  Stoquart-ElSankari S, Baledent O, Gondry-Jouet C, Makki M, 
Godefroy O, Meyer ME. Aging effects on cerebral blood and cerebro-
spinal fluid flows. J Cereb Blood Flow Metab. 2007;27(9):1563–1572.

 130.  Mase M, Miyati T, Yamada K, Kasai H, Hara M, Shibamoto Y. 
Non-invasive measurement of intracranial compliance using cine 
MRI in normal pressure hydrocephalus. Acta Neurochir Suppl. 
2005;95:303–306.

 131.  Edwards RJ, Dombrowski SM, Luciano MG, Pople IK. Chronic 
hydrocephalus in adults. Brain Pathol. 2004;14(3):325–336.

 132.  Fukuhara T, Luciano MG. Clinical features of late-onset idiopathic 
aqueductal stenosis. Surg Neurol. 2001;55(3):132–136.

 133.  Bateman GA, Loiselle AM. Can MR measurement of intracranial 
hydrodynamics and compliance differentiate which patient with 
idiopathic normal pressure hydrocephalus will improve following 
shunt insertion? Acta Neurochir (Wien). 2007;149(5):455–462.

 134.  Kitagaki H, Mori E, Ishii K, Yamaji S, Hirono N, Imamura T. CSF 
spaces in idiopathic normal pressure hydrocephalus: morphology 
and volumetry. AJNR Am J Neuroradiol. 1998;19(7):1277–1284.

 135.  Li J, McAllister 2nd JP, Shen Y, et al. Communicating hydrocepha-
lus in adult rats with kaolin obstruction of the basal cisterns or the 
cortical subarachnoid space. Exp Neurol. 2008;211(2):351–361.

 136.  Rekate HL, Nadkarni TD, Wallace D. The importance of the corti-
cal subarachnoid space in understanding hydrocephalus. J Neurosurg 
Pediatrics. 2008;2(1):1–11.

 137.  Jusué-Torres I, Jeon LH, Sankey EW, et al. A novel experimen-
tal animal model of adult chronic hydrocephalus. Neurosurgery. 
2018;79:746–756.

 138.  Stopa EG, Berzin TM, Kim S, et al. Human choroid plexus growth 
factors: What are the implications for CSF dynamics in Alzheimer’s 
disease? Exp Neurol. 2001;167(1):40–47.

 139.  Eklund A, Smielewski P, Chambers I, et al. Assessment of ce-
rebrospinal fluid outflow resistance. Med Biol Eng Comput. 
2007;45(8):719–735.

 140.  Ringstad G, Vatnehol SAS, Eide PK. Glymphatic MRI in idiopathic 
normal pressure hydrocephalus. Brain. 2017;140:2691–2705.

 141.  Ishikawa M, Hashimoto M, Kuwana N, et al. Guidelines for man-
agement of idiopathic normal pressure hydrocephalus. Neurol Med 
Chir (Tokyo). 2008;48(suppl):S1–S23.

 142.  Brix MK, Westman E, Simmons A, et al. The Evans’ Index revisited: 
New cut-off levels for use in radiological assessment of ventricular 
enlargement in the elderly. Eur J Radiol. 2017;95:28–32.

 143.  Sharma AK, Gaikwad S, Gupta V, Garg A, Mishra NK. 
Measurement of peak CSF flow velocity at cerebral aqueduct, before 
and after lumbar CSF drainage, by use of phase-contrast MRI: util-
ity in the management of idiopathic normal pressure hydrocephalus. 
Clin Neurol Neurosurg. 2008;110(4):363–368.

 144.  Forner J, Florez N, Valero Merino C, et al. [Assessment of reliable 
quantification of the dynamics of cerebrospinal fluid by magnetic 
resonance imaging in idiopathic normal pressure hydrocephalus]. 
Neurologia. 2007;22(4):213–220.

 145.  Al-Zain FT, Rademacher G, Lemcke J, Mutze J, Meier U. 
[Idiopathic normal-pressure hydrocephalus. Flow measurement of 
cerebrospinal fluid using phase contrast MRI and its diagnostics im-
portance]. Nervenarzt. 2007;78(2):181–187.

 146.  Scollato A, Tenenbaum R, Bahl G, Celerini M, Salani B, Di Lorenzo 
N. Changes in aqueductal CSF stroke volume and progression of 
symptoms in patients with unshunted idiopathic normal pressure 
hydrocephalus. AJNR Am J Neuroradiol. 2008;29(1):192–197.

 147.  Wan Y, Gao F, Ye F, et al. Effects of aging on hydrocephalus after 
intraventricular hemorrhage. Fluids Barriers CNS. 2020;17:8.

 148.  Kant S, Stopa EG, Johanson CE, Baird A, Silverberg GD. Choroid 
plexus genes for CSF production and brain homeostasis are altered 
in Alzheimer’s disease. Fluids Barriers CNS. 2018;15:34.

 149.  Stopa EG, Tanis KQ, Miller MC, et al. Comparative transcrip-
tomics of choroid plexus in Alzheimer’s disease, frontotemporal de-
mentia and Huntington’s disease: implications for CSF homeostasis. 
Fluids Barriers CNS. 2018;15(1):18.

 150.  Preston JE. Ageing choroid plexus-cerebrospinal fluid system. 
Microsc Res Tech. 2001;52(1):31–37.

 151.  Deane R, Bell RD, Sagare A, Zlokovic BV. Clearance of amy-
loid-beta peptide across the blood-brain barrier: implication for 
therapies in Alzheimer’s disease. CNS Neurol Disord Drug Targets. 
2009;8(1):16–30.

 152.  Donahue JE, Flaherty SL, Johanson CE, et al. RAGE, LRP-1, 
and amyloid-beta protein in Alzheimer’s disease. Acta Neuropathol. 
2006;112(4):405–415.

 153.  Silverberg GD, Messier AA, Miller MC, et al. Amyloid efflux trans-
porter expression at the blood-brain barrier declines in normal ag-
ing. J Neuropathol Exp Neurol. 2010;69(10):1034–1043.

 154.  Bell RD, Zlokovic BV. Neurovascular mechanisms and blood-
brain barrier disorder in Alzheimer’s disease. Acta Neuropathol. 
2009;118(1):103–113.

 155.  Pascale CL, Miller MC, Chiu C, et al. Amyloid-beta transporter ex-
pression at the blood-CSF barrier is age-dependent. Fluids Barriers 
CNS. 2011;8:21.



322.e15

42

CHAPTER 42 Production and Flow of Cerebrospinal Fluid

 156.  Parandoosh Z, Johanson CE. Ontogeny of blood-brain barrier per-
meability to, and cerebrospinal fluid sink action on, [14C]urea. Am 
J Physiol. 1982;243(3):R400–R407.

 157.  Eide PK, Valnes LM, Pripp AH, Mardal KA, Ringstad G. Delayed 
clearance of cerebrospinal fluid tracer from choroid plexus in id-
iopathic normal pressure hydrocephalus. J Cereb Blood Flow Metab. 
2020;40(9):1849–1858.

 158.  Jessen NA, Munk AS, Lundgaard I, Nedergaard M. The glymphatic 
system: A beginner’s guide. Neurochem Res. 2015;40:2583–2599.

 159.  Kwon S, Moreno-Gonzalez I, Taylor-Presse K, et al. Impaired 
peripheral lymphatic function and cerebrospinal fluid out-
flow in a mouse model of Alzheimer’s disease. J Alzheimers Dis. 
2019;69:585–593.

 160.  Kress BT, Iliff JJ, Xia M, et al. Impairment of paravascular clearance 
pathways in the aging brain. Ann Neurol. 2014;76(6):845–861.

 161.  Klinge PM, Samii A, Niescken S, Brinker T, Silverberg GD. Brain 
amyloid accumulates in aged rats with kaolin-induced hydrocepha-
lus. Neuroreport. 2006;17(6):657–660.

 162.  Reeves BC, Karimy JK, Kundishora AJ, et al. Glymphatic system 
impairment in Alzheimer’s disease and idiopathic normal pressure 
hydrocephalus. Trends Mol Med. 2020;26:285–295.

 163.  Iliff JJ, Nedergaard M. Is there a cerebral lymphatic system? Stroke. 
2013;44(6 suppl 1):S93–S95.

 164.  Bradley Jr WG. Magnetic resonance imaging of normal pressure 
hydrocephalus. Semin Ultrasound CT MR. 2016;37:120–128.

 165.  Bradley Jr WG. CSF flow in the brain in the context of normal pres-
sure hydrocephalus. AJNR Am J Neuroradiol. 2015;36:831–838.

 166.  Church RM, Miller MC, Freestone D, et al. Amyloid-Beta accumu-
lation, neurogenesis, behavior, and the age of rats. Behav Neurosci. 
2014;128(4):523–536.

 167.  Johanson CE, Duncan JA, Stopa EG, Baird A. Enhanced prospects 
for drug delivery and brain targeting by the choroid plexus-CSF 
route. Pharm Res. 2005;22(7):1011–1037.

 168.  Eide PK, Vatnehol SAS, Emblem KE, Ringstad G. Magnetic reso-
nance imaging provides evidence of glymphatic drainage from hu-
man brain to cervical lymph nodes. Sci Rep. 2018;8:7194.

 169.  Nagra G, Wagshul ME, Rashid S, Li J, McAllister JP, Johnston M. 
Elevated CSF outflow resistance associated with impaired lymphatic 
CSF absorption in a rat model of kaolin-induced communicating 
hydrocephalus. Cerebrospinal Fluid Res. 2010;7:4.

 170.  Johanson CE, Silverberg GD, Donahue JE, Duncan JA, Stopa EG. 
Choroid plexus and CSF in Alzheimer’s disease: altered expression 
and transport of proteins and peptides. In: Zheng W, Chodobski A, 
eds. The Blood-Cerebrospinal Fluid Barrier. Boca Raton: CRC Press 
LLC/ Taylor & Francis Group; 2005:311–343.

 171.  Prineas JW, Parratt JD, Kirwan PD. Fibrosis of the cho-
roid plexus filtration membrane. J Neuropathol Exp Neurol. 
2016;75(9):855–867.

 172.  Serot JM, Bene MC, Faure GC. Choroid plexus, aging of the brain, 
and Alzheimer’s disease. Front Biosci. 2003;8:s515–s521.

 173.  Del Bigio MR. Neuropathological changes caused by hydrocepha-
lus. Acta Neuropathol. 1993;85(6):573–585.

 174.  Johanson CE, Szmydynger-Chodobska J, Chodobski A, Baird A, 
McMillan P, Stopa EG. Altered formation and bulk absorption of 
cerebrospinal fluid in FGF-2-induced hydrocephalus. Am J Physiol. 
1999;277(1):R263–R271.

 175.  Stopa EG, Butala P, Salloway S, et al. Cerebral cortical arteriolar 
angiopathy, vascular beta-amyloid, smooth muscle actin, Braak 
stage, and APOE genotype. Stroke. 2008;39(3):814–821.

 176.  Zipser BD, Johanson CE, Gonzalez L, et al. Microvascular injury 
and blood-brain barrier leakage in Alzheimer’s disease. Neurobiol 
Aging. 2007;28(7):977–986.

 177.  Eide PK, Hansson HA. Blood-brain barrier leakage of blood pro-
teins in idiopathic normal pressure hydrocephalus. Brain Res. 
2020;1727:146547.

 178.  Hasan-Olive MM, Enger R, Hansson HA, Nagelhus EA, Eide PK. 
Pathological mitochondria in neurons and perivascular astrocytic 
endfeet of idiopathic normal pressure hydrocephalus patients. Fluids 
Barriers CNS. 2019;16:39.

 179.  Klinge PM, Samii A, Muhlendyck A, et al. Cerebral hypoperfusion 
and delayed hippocampal response after induction of adult kaolin 
hydrocephalus. Stroke. 2003;34(1):193–199.

 180.  Eidsvaag VA, Hansson HA, Heuser K, Nagelhus EA, Eide PK. 
Brain capillary ultrastructure in idiopathic normal pressure hydro-
cephalus: relationship with static and pulsatile intracranial pressure. 
J Neuropathol Exp Neurol. 2017;76:1034–1045.

 181.  Eide PK, Hansson HA. Astrogliosis and impaired aquaporin-4 and 
dystrophin systems in idiopathic normal pressure hydrocephalus. 
Neuropathol Appl Neurobiol. 2018;44:474–490.

 182.  Hasan-Olive MM, Enger R, Hansson HA, Nagelhus EA, Eide PK. 
Loss of perivascular aquaporin-4 in idiopathic normal pressure hy-
drocephalus. Glia. 2019;67:91–100.

 183.  De Vis JB, Peng SL, Chen X, et al. Arterial-spin-labeling (ASL) 
perfusion MRI predicts cognitive function in elderly individuals: A 
4-year longitudinal study. J Magn Reson Imaging. 2018;48:449–458.

 184.  Mestre H, Du T, Sweeney AM, et al. Cerebrospinal fluid influx 
drives acute ischemic tissue swelling. Science. 2020;367(6483).

 185.  Kondziella D, Sonnewald U, Tullberg M, Wikkelso C. Brain 
metabolism in adult chronic hydrocephalus. J Neurochem. 
2008;106(4):1515–1524.

 186.  Rasmussen MK, Mestre H, Nedergaard M. The glymphatic path-
way in neurological disorders. Lancet Neurol. 2018;17:1016–1024.

 187.  Tullberg M, Blennow K, Mansson JE, Fredman P, Tisell M, 
Wikkelso C. Cerebrospinal fluid markers before and after shunting 
in patients with secondary and idiopathic normal pressure hydro-
cephalus. Cerebrospinal Fluid Res. 2008;5:9.


