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Abstract The cerebrospinal fluid (CSF) provides mechan-
ical and chemical protection of the brain and spinal cord.
This review focusses on the contribution of the choroid
plexus epithelium to the water and salt homeostasis of the
CSF, i.e. the secretory processes involved in CSF forma-
tion. The choroid plexus epithelium is situated in the
ventricular system and is believed to be the major site of
CSF production. Numerous studies have identified trans-
port processes involved in this secretion, and recently, the
underlying molecular background for some of the mecha-
nisms have emerged. The nascent CSF consists mainly of
NaCl and NaHCO3, and the production rate is strictly
coupled to the rate of Na+ secretion. In contrast to other
secreting epithelia, Na+ is actively pumped across the
luminal surface by the Na+,K+-ATPase with possible
contributions by other Na+ transporters, e.g. the luminal
Na+,K+,2Cl− cotransporter. The Cl− and HCO3

− ions are
likely transported by a luminal cAMP activated inward
rectified anion conductance, although the responsible
proteins have not been identified. Whereas Cl− most likely
enters the cells through anion exchange, the functional as
well as the molecular basis for the basolateral Na+ entry are
not yet well-defined. Water molecules follow across the
epithelium mainly through the water channel, AQP1, driven
by the created ionic gradient. In this article, the implications
of the recent findings for the current model of CSF
secretion are discussed. Finally, the clinical implications
and the prospects of future advances in understanding CSF
production are briefly outlined.
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Introduction

The adult human brain is a fragile organ that weighs
approximately 1,500 g. The vital structures of this organ
contain little connective tissue, and this is only on the outer
surface of the brain. The brain normally escapes mechanical
damage by being submerged in as little as 150 ml of
cerebrospinal fluid, CSF, causing a reduction of its effective
weight to less than 50 g [59]. Thus, the CSF cushions the
movements of the soft brain tissue relative to the inside of
the rigid cranium. The position of the brain in a water-fill
cavity may, however, also present a disadvantage, as any
mechanical force to the cranium will always be conducted
to the brain parenchyma. Water cannot be compressed
physically, and therefore the CSF fails to buffer abrupt
impacts on the skull efficiently.

A second function of CSF is to provide a constant fluid
flow in the ventricular system inside the brain and on the
surface of the brain and spinal cord (Fig. 1). The CSF flow
rids the central nervous system of waste products and
carries a number of secreted mediators to the brain
parenchyma (for review, see [32]). The CSF thereby
removes excess K+ ions and transmitters from the brain
[51] as well as breakdown products from surface lining
epithelial cells, bacteria, viruses and similar debris [26]. In
fact, the CSF homeostasis seems to be under strict control
so that e.g. the concentration of K+, [K+], and the pH value
are kept within remarkably tight limits. Raising the plasma
[K+] from 1.6 to 11 mM results in an increase in CSF [K+]
of less than 2 mM [3]. Increases in PCO2 change CSF pH
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minimally, as HCO3
− is secreted by the choroid plexus to

compensate for the acidifying effect of CO2 [4]. This
homeostatic capacity is of high physiological and clinical
importance, in light that a fall in CSF pH of 0.05 units leads
to a tenfold increase in ventilation [35].

It is widely recognised that the major fraction of the CSF
is produced by the choroid plexus epithelium. The
involvement of the choroid plexus in CSF formation was
established by Rougemont and colleagues [89], although
this site was already suggested as the site of origin by J.
Faivre as early as 1854 [33] and H. Cushing in 1914 [24].
Rougemont and coworkers demonstrated that the content of
solutes in the nascent CSF was different than expected from
a simple plasma ultrafiltrate. Hence, the secretory function
was ascribed to the epithelium of the choroid plexus. Apart
from water and solutes, many mediators and nutrients
carried by the CSF are actually secreted by the choroid
plexus epithelium (for specific review, see [15]). While the
main target of these substances is the brain parenchyma,
some of the mediators act on the choroid plexus itself, i.e.
revealing endocrine, paracrine and even autocrine functions
of the epithelium. Another major feature of the CSF is that
the balance between its production and reabsorption
normally helps keep the intracranial pressure at suitable
levels (5–15 mm H2O), despite fluctuations in blood flow
and changes in plasma osmolarity.

The fluid and solutes of the CSF are believed to return to
the general circulation via the arachnoidal granulations or
villi [110] and dural sinuses. It should be noted that most
scientists in the field share this general view on CSF
circulation. Recently, evidence has emerged on the con-
nections between cerebrospinal fluid and nasal lymphatic
vessels [46]. Furthermore, reports have suggested that CSF
is transported through the choroid fissure and recycled
through the choroid plexus [62]. Finally, the CSF may to
some extent reenter the circulation through the venoles of

the brain parenchyma, which represents a large surface
area, but has limited permeability to water and solutes.
Given the involvement of CSF reabsorption in a number of
pathological conditions, surprisingly few studies have
described the underlying physiological processes and the
possible contribution of specific transport proteins.

The mechanism by which the choroid plexus secrete
CSF is much different from other sites of fluid secretion,
e.g. the salivary or sweat glands (see below). Decades of
studies have revealed the essential physiological transport
phenomena and most of the underlying molecular mecha-
nisms. Although several central mechanisms are not fully
established, it seems timely to review the current under-
standing of the transport processes of the choroid plexus.
The current understanding of the transepithelial movement
of ions and water across the choroid plexus epithelium is
based on studies of multiple species as man, monkey, horse,
sheep, dog, cat, rabbit, rat, mouse, and non-mammals such
as bull frog, mudpuppy, dogfish and shark.

Structure of the choroid plexus

The adult human choroid plexus weighs about 2 g on
average [25]. The tissue forms characteristic sheet-like
structures in the left and right lateral ventricles, and
branched villi-like structures in the the IIIrd and IVth
ventricle of the mammalian brain [23].

Both types of structures consist of a single continuous
layer of epithelial cells residing on a core of sparse
connective tissue, which carries blood vessels of different
calibre from small arteries through capillaries to small veins
(Fig. 2a). The surface cells are of similar origin as the
ependymal cells lining the remaining ventricular surface,
and a short transition of the two types of epithelia are seen
in the base of the choroid plexus stalk. While the choroid

Fig. 1 The brain and the ven-
tricular system. L.V.C.P. is the
lateral ventricle choroid plexus;
IIIrd V.C.P. is the third ventricle
choroid plexus; IVth V.C.P.B.
is the fourth ventricle choroid
plexus; A.G. is arachnoidal
granulations. R.L.V. is the right
lateral ventricle; L.L.V. is the left
lateral ventricle; IIIrd V. and
IVth V. are the third and fourth
ventricles, respectively.
Modified from Netter [71]

2 Pflugers Arch - Eur J Physiol (2007) 454:1–18



plexus epithelium and the ependymal cells form the
ventricular lining, the choroid plexus and the arachnoidea
on the brain and spinal cord surfaces comprise the blood–
CSF barrier.

The choroid plexus is supplied with blood by the
choroidal arteries that arise from branches of the internal
carotid artery. From a rich bed of fenestrated capillaries, the
blood drains via choroidal veins into the internal cerebral
vein and later to the great vein of Galen [83]. Each gram of
the choroid plexus receives 3 ml of blood per minute,
which may seem modest at first glance. However, measured
relative to the mass of the tissue, the blood flow is ten times
higher than that of the brain parenchyma and five times
higher than that of the kidney [17, 36]. The choroid plexus
is supplied by sympathetic and parasympathetic nerve
endings containing several neurotransmitters such as nor-
adrenaline, neuropeptide Y and vasoactive intestinal poly-
peptide [73], but it is unclear at present to which extent the
nerve supply affects CSF formation.

Electron microscopic analyses have revealed that the
cuboidal to cylindrical epithelial cells of the choroid plexus
display highly differentiated cell surfaces (Fig. 2b). The
ventricular or luminal surface is characterised by numerous

microvilli and in certain species by a central bundle of long
motile cilia (as reviewed earlier [93, 111]). The basal
surface appears remarkably smooth, whereas the lateral
surface is convoluted, with interdigitations between the
basal parts of adjacent cells [52]. This area is often referred
to as the basal labyrinth or the basal infoldings. These
structures represent a substantial increase of the surface area
like the microvilli, which increase the luminal surface by
six- to 13-fold depending on species [20].

Both surface area enlargements are thought to be
important for the transport capability of the epithelium.
The more luminal parts of the lateral intercellular spaces
appear almost flat except for adherence zones and tight
junctions [79]. The leakiness of the tight junctions to small
ions and water may rely on the number of strands in the
tight junctions or on the contents of specific proteins such
as occludin and the claudins (for specific review, see [88]).
Similar to epithelia derived from other germ layers, the
choroid plexus cells form focal adhesion contacts with the
basement membrane. The cellular ultrastructure as such
does not present unusual features, but the cells are relatively
rich in mitochondria. These organelles are observed in
highest abundance in the luminal domain of the cytosol

Fig. 2 The structural basis of
cerebrospinal fluid metabolism.
a Differential interference con-
trast images of the mouse IVth
ventricle choroid plexus. The
left panel is a low magnification
micrograph with indications of
the cerebellum (Cll), the stalk,
the brain stem, villi and the
lumen of the ventricle (IVth V.).
The bar shows 100 μm. The
right panel shows a part of a
single villus containing blood
vessels, single epithelial cells,
brush borders, and the lumen of
the ventricle (IVth V.). The bar
indicates 40 μm. b Electron
micrograph of an epithelial cell
of rat IVth ventricle choroid
plexus. The broken line marks
the outline of a single cell. The
TJs identify tight junctions,
the Ms mark mitochondria,
the BLLs show basolateral
labyrinths, and BM is the
basement membrane. The bar
represents 5 μm
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[20], and this arrangement is regarded as necessary for
supporting the active transport of ions across the luminal
membrane that requires high rates of ATP synthesis (i.e. the
Na+,K+-ATPase).

Thus, the blood–CSF barrier of the choroid plexus
consists of the very leaky fenestrated endothelium with
basal lamina, sparse connective tissue, a basement mem-
brane and the single layer of epithelial cells. The latter
component is regarded as the major obstruction for diffusion
of substances from blood to the CSF. This part of the barrier
is defined by the plasma membranes and lateral intercellular
spaces with the luminal tight junctions, which are electri-
cally leaky to small ions and may permeate water [112].

Overview of the secretion of water and salt
by the choroid plexus

The choroid plexus epithelium is responsible for about 70%
of the CSF production, as estimated from studies by Welch
and others (e.g. [109]). The remainder is thought to cross
the blood–brain barrier passing into the CSF through the
ependyma or to originate from the arachnoidal surface
blood–CSF barrier [82, 91]. The latter process is thought to
rely less on specific transport systems and more on passive
leakage of water and solutes, despite a quite low perme-
ability of these structures. However, the vast total surface
area of these tissues may account for the non-choroidal
component of the CSF formation.

The epithelial cell of the choroid plexus ranks as one of
the most potent secretory cell types in the organism. The
fluid transport rate of about 0.2 to 0.4 ml/g min tissue
exceeds estimates from other secretory tissues such as the
exocrine pancreas (as referred by [100]) and the water
reabsorption by renal proximal tubules (calculated from
[12]). Thus, the human choroid plexus produces more than
0.5 l of CSF per day corresponding to a renewal of the
entire CSF volume about five times a day (as reviewed
previously [23, 111]). The epithelium seems to be capable
of secreting an astonishing 10% of the blood volume it
receives by comparing the blood flow into the choroid
plexus with the rate of secretion.

The CSF cannot be regarded as a simple ultra-filtrate of
the interstitial fluid for the following reasons. Firstly, the
CSF is slightly hypertonic compared to plasma as described
above. Secondly, the [Na+] and [HCO3

−] are slightly higher
than expected at equilibrium, while [K+] and [Cl−] are
lower in the CSF [5]. Thirdly, there is a modest positive
electrical potential difference across the epithelium, i.e. up
to 5 mV lumen positive (for summary, see Fig. 3). It is also
noted that there is a 15-mm H2O pressure difference across
the epithelium, and the CSF is about 5 mOsM hypertonic to
plasma [27] and contains very little protein.

It should be emphasised that the CSF composition seems
to differ somewhat from the choroid plexus surface (nascent
CSF) to the ventricular bulk CSF, and between ventricular
CSF and CSF of the brain and spinal cord surface [5, 89].
Also, the fluid movement has to be separated into two
components. The bulk flow of CSF should be considered a
consequence of the continuous secretion of CSF into the
ventricles and the absorption of the CSF on the outside of
the CNS. In contrast, the movement of fluid and soluble
constituents of the CSF by the beating cilia may serve to
prevent local buildup of gradients in the glycocalyx or
unstirred layer, which may impede secretion.

Mechanisms in the secretion CSF

The following sections are intended to give an overview of
the main physiological observations leading to the current
understanding of the secretory events in the choroid plexus
and to propose a specific role for each of the known
molecular processes in the CSF production. The net
secretion occurs by the action of several ion and water
transport molecules residing in the plasma membranes of
the choroid plexus epithelium and most likely to a lesser
extent through unspecific passive pathways. It may seem
inappropriate to describe each of the processes separately,
as these are interdependent in some cases and mutually
supplementary in other instances. Hence, one should
acknowledge that the overall function of the epithelium
reflects a delicate concert of transport processes.

A number of techniques have been successfully applied
in the study of choroid plexus physiology over the past
decades. However, some confusion arose from the emer-
gence of conflicting results from the rich variety of

Fig. 3 Estimates of the ionic composition of CSF, plasma and the
intracellular compartment of the choroid plexus. Values from plasma
and CSF are from in vivo observations by Davson & Segal on rabbit
[25], while intracellular ionic composition is from in vivo studies on
rats by Murphy & Johanson [44]
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approaches and studied species. Also, uncertainty has
arisen from the difficulties in some studies to discern the
effects of transport inhibitors on the epithelium from those
exerted on the local blood supply or on the entire
haemodynamic system. Review of the literature also reveals
different opinions on the specificity and dosage and target
accessibility of transport inhibitors.

Ventriculo-cisternal perfusion was described first in 1950
[90] and is one of the few techniques allowing the
acquisition of data on choroid plexus function in vivo
[40]. Two inflow cannulae are inserted into the lateral
ventricles, and the outflow is collected from the cisterna
magna. Then, the ventricular system is perfused with
artificial CSF containing radioactive tracer molecules (both
transported and non-transported reference molecule); the
subsequent analysis of the dilution or concentration of
substances allows the determination of net transport to and
from the CSF. Thus, the method primarily offers informa-
tion on the luminal transport.

Johanson and coworkers utilised an alternative method
to perturb rat choroid plexus function in vivo [68]. They
changed the ionic contents of the plasma or injected a
variety of pharmacologically active substances into the
blood stream or peritoneum and collected blood plasma,
CSF and choroid plexus tissue for flame photometric
determination of solutes and traces analysis. The technique
allowed determination of the precise ionic composition of
all three compartments. Also, the intracellular pH (pHi) and
bicarbonate contents in the choroid plexus cells could be
estimated, as well as [Na+] and [K+] fluxes into the choroid
plexus or CSF. Any haemodynamic changes due to altered
renal function were prevented by nephrectomy before the
experiment.

It is technically possible to perfuse the lateral ventricle
choroid plexus of large mammals as the sheep and horse.
The in vitro perfusion method was first described by
Csaky and Rigor [22]. Later, Segal and Dean removed the
brain and perfused the choroid plexus in situ through the
internal carotid artery and outflow collected from the vein
of Galen [89]. The technique primarily provides data for
the uptake of molecules across the basolateral plasma
membrane of the epithelium, as the loss of transported
molecule is calculated relative to a non-transported
substance. The lateral ventricles could be superfused with
artificial CSF for determination of transepithelial move-
ment of the substances.

Studies have also been conducted on the frog choroid
plexus, which, in contrast to the mammalian tissue, forms
sheets containing only epithelium on one side of the
underlying connective tissue. This made the frog choroid
plexus ideal for transport studies in Ussing chambers
[77, 112]. The method provides robust recordings of
unidirectional ion fluxes across the epithelium and determi-

nations of the electrophysiological characteristics of the
tissue. The same type of data can be obtained from primary
cultures of mammalian choroid plexus epithelia, although
one has to take into account the risk that specific transport
features are lost in culture.

The current understanding of choroid plexus CSF
secretion is described in the following section partly based
on the various effects on CSF formation or ion fluxes of
inhibitors such as ouabain, bumetanide, furosemide, ami-
loride, DIDS (4,4′-diisothiocyanatostilbene-2,2′-disul-
phonic acid), and acetazolamide. A recent review by Peter
Brown’s group presents up-to-date systematic information
on the molecular identities of the various transporters [10].
Interestingly, the human choroid plexus displays an almost
identical epithelial distribution pattern of transporters as the
rat and mouse choroid plexuses described below [86].
Thus, the proposed model for CSF formation could be
highly relevant for human physiology as well.

Luminal processes

Most transport proteins and enzymatic processes involved
in CSF formation are restricted to either of the two plasma
membrane domains: the luminal and the basolateral
membranes. As described later, a few processes also occur
in the cytosol and a single mechanism seems to exist in
both plasma membrane domains. Because of the strict
coupling between luminal Na+ translocation and CSF
production, it is reasonable to regard this process as the
pivotal event in the secretory process.

Ouabain inhibitable Na+,K+-ATPase

A fundamental observation was that luminal (ventricular)
application of the Na+,K+-ATPase inhibitor, ouabain,
completely abolished the transepithelial net Na+ flux and
the CSF secretion [28, 109, 117]. This observation was
surprising at the time, as the activity of this enzyme was
restricted to the basolateral side in almost all other trans-
porting epithelia - both secretory and absorptive. The Na+,
K+-ATPase of secreting epithelia is usually not directly
involved in transcellular Na+ transport, but creates and
sustains the asymmetrical distribution of ions that drives the
secretion. In particular, an inward Na+ gradient is built up,
which is necessary for secondary active transport directly
involved in the secretion. In those tissues, secreted Na+

seems to pass to the lumen by paracellular pathways, driven
by negative transepithelial potentials resulting from luminal
electrogenic anion secretion. In the mammalian choroid
plexus epithelium, however, the transepithelial potential
difference is 5 mV lumen positive [41], so Na+ would not
readily pass into the CSF paracellularly.
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The luminal ouabain-sensitive Na+ flux of the choroid
plexus is consistent with the strong luminal Na+,K+-ATPase
immunoreactivity, which was found later in all tested
species from frog through rodents to humans (e.g. [61, 86,
96] and Fig. 4a). The Na+,K+-ATPase extrudes 3 Na+ in
exchange for 2 K+ under the hydrolysis of 1 ATP molecule.
This process creates the electrochemical driving force for a
variety of other transport events in most mammalian cells.
The mechanism leading to luminal targeting of the Na+,K+-
ATPase is this tissue has not yet been determined. It has
been suggested that the specific molecular variant of the
ATPase controls the trafficking event.

The Na+,K+-ATPase is composed of two to three subunits.
In the choroid plexus, the protein complex consists of α1, β1
and β2 and the cAMP-sensitive accessory protein, phospho-
lemman (FXYD1) [37, 107]. This composition of α and β
Na+,K+-ATPase subunits is similar to many epithelia, and
can therefore not explain the luminal localisation of the
Na+,K+-ATPase in the choroid plexus. Phospholemman
expression has not been reported in other epithelia, so it is

unknown whether this subunit plays a role in the luminal
targeting. Interestingly, phoshpolemman belongs to a group
of ATPase accessory and regulatory proteins of which the
gamma subunit (or FXYD2) was discovered first. Sweadner
and coworkers suggested that phospholemman could
represent a target for the phoshorylation-activated CSF
secretion by the choroid plexus [37].

Indeed, phospholemman is activated by PKA [76] and
is also shown to conduct an anion current induced by cell
swelling [66]. This finding may have some bearing in the
discussion below on volume-sensitive anion conductances
in the choroid plexus. Recently, Alper and coworkers
showed that the cytoskeletal components and linkers
fodrin/spectrin, ankyrin, actin, myosin and alpha actinin
are all predominantly expressed in the luminal domain of
the choroid plexus epithelium [1]. Of these, ankyrin seems
of particular interest, as this protein is located basolaterally
with Na+, K+-ATPase in other epithelia, and as it is shown
to actually bind to the Na+,K+-ATPase and other ATPases.
However, Marrs and colleagues did not find a strict luminal

Fig. 4 Immunohistochemical
localisation of transporters cen-
trally involved in the production
of cerebrospinal fluid. a The
Na+, K+-ATPase. The left panel
represents a low magnification
scanning confocal micrograph
of mouse choroid plexus (same
as in Fig. 1). Red indicates
positive anti-Na,K ATPase im-
munoreactivity and green arises
from a basolateral marker (anti-
NCBE). The right panel is a
high magnification of a villus
from a similar choroid plexus
using the same markers.
The bars show 100 μm in the
left panel and 40 μm in the right
panel. b Aquaporin-1. The left
panel represents a scanning
confocal micrograph of mouse
choroid plexus. Green indicates
positive anti-AQP1 immunore-
activity. The right panel is the
corresponding differential inter-
ference contrast image of the
same choroid plexus. Long
arrows indicate sites of luminal
AQP1 staining, arrow heads
mark basolateral labelling and
short arrows show the endothe-
lial immunoreactivity. The bars
indicate 40 μm
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localisation of fodrin in their original report, although they
found that ankyrin, fodrin formed high-molecular-weight
complexes with the Na+,K+-ATPase [60]. Thus, it remains
to be established how the luminal targeting of the Na+,K+-
ATPase is controlled. Nevertheless, there is compelling
evidence that the Na+,K+-ATPase directly pumps Na+

across the luminal surface in addition to creating the Na+

and K+ gradients in the choroid plexus epithelium.

Bumetanide-sensitive Na+,K+,2Cl− cotransport

The Na+,K+-ATPase is not the only Na+ transporter of the
luminal plasma membrane. At least one more Na+-
dependent process is described at this site: the bumeta-
nide-sensitive Na+,K+,2Cl− cotransporter, [53, 113]. The
molecular identity for this luminal transport in the choroid
plexus was shown to be the NKCC1 [81]. In other epithelia
this transporter is localised to the basolateral surface and
only the related protein, NKCC2, of the renal thick
ascending limbs is expressed luminally [114]. In any case,
Na+ and K+ are cotransported with 2 Cl− ions into cells, as
the collective inward Na+ and Cl− gradients by far exceed
the outward K+ gradient, given typical ionic gradients.
However, the NKCC1 in the choroid plexus has been
reported to transport in both an inward and outward
direction.

On one hand, bumetanide inhibited the CSF formation
both by in vivo installation in the ventricular system and
by luminal administration in vitro [7, 42, 53]. The simplest
explanation is that the drug inhibited outward transport of
Na+ and Cl−, and strongly suggests a role for NKCC1 in
CSF secretion. In addition, this mode of cotransport would
enrich the CSF with K+ and hereby feed the luminal Na+,
K+-ATPase. On the other hand, NKCC1 was suggested to
transport in an inward direction as bumetanide (100 μM)
induced volume decrease in the choroid plexus in vitro
[113]. At this concentration, the drug may have other
effects on the cells. In fact, Brown and colleagues found no
evidence for inward transport as 10 μM bumetanide did not
affect the regulatory volume increase [11].

The driving forces for NKCC1 transport can be
estimated from the Nernst equation in a simplified form,
as the transporter is electroneutral. Interestingly, the
reported intracellular [Na+], [K+], and [Cl−] in rat choroid
plexus epithelia are somewhat atypical for epithelia [69]. A
remarkably high intracellular [Na+] (and [Cl−]) and a
relatively low [K+] concentration in CSF actually point
towards a net outward transport by NKCC1 in the choroid
plexus. However, one should bear in mind that minor
changes in the ionic concentrations would easily change the
predicted direction of transport, and it is possible that the
direction changes over time to meet the changing require-
ments of the tissue. Nevertheless, the referred effect of

bumentanide on CSF secretion in vivo represents the most
compelling evidence to date for the outward transport
through NKCC1 during secretion.

The effect of DIDS and other anion conductance inhibitors

DIDS is a relatively unspecific blocker of many Cl−

channels and Cl−/HCO3
− transporters. In the choroid

plexus, the Cl− secretion is inhibited by luminal application
of DIDS [29]. As in other epithelia, Cl− and HCO3

− seem
to be secreted mainly by luminal electrogenic processes.
Two major anion conductances, both inward rectifiers, have
been found in the choroid plexus by patch clamp analysis
(for specific review [10]). One is a volume-sensitive anion
conductance, while the other is a protein kinase A (PKA)-
activated anion conductance with a high permeability to
HCO3

− [55]. The volume-sensitive conductance was sensi-
tive to anion transport inhibitors like glibenclamide and
NPPB, while the PKA-sensitive conductance was partially
inhibited by DIDS [55] and by H+ [47].

The relative anion permeability for the PKA-sensitive
conductance was: I−>HCO3

−=Cl−>Br−. This profile is not
compatible with a conductance carried by the cystic fibrosis
transmembrane conductance regulator (CFTR), which is
also PKA-activated. This view was supported by the
absence of CFTR mRNA from the choroid plexus, and
that the anion conductance of the choroid plexus was
unaltered in a CFTR knock-out model [54]. ClC-2 was also
rejected as a candidate for the conductance by the use of a
knock-out mouse model [98], as was the aforementioned
phospholemman (FXYD1) [47]. Thus, the anion channels
responsible for the luminal secretion of Cl− and HCO3

− are
yet to be identified.

An alternative DIDS-sensitive electrogenic anion path-
way may be the recently identified Na+-HCO3

− cotrans-
porter NBC4 or NBCe2 [87], which was localised to the
luminal membrane of mouse and rat choroid plexus
epithelium [9]. This transporter is shown to transport the
equivalent of 1 Na+ and at least 2 HCO3

− across cell
membranes by heterologous expression [103]. It is feasible
that NBCe2 transport, like NBCe1, can change direction
according to variations in the membrane potential.

Inhibition of K+,Cl− cotransport and other effects
of furosemide

Luminal furosemide-sensitive K+ and Cl−-dependent trans-
port most likely reflects the functional presence of a K+,Cl−

cotransporter [115, 116]. The protein mediating the ob-
served transport was later shown to be KCC4 [57]. The
luminal KCC was suggested to be important for sustaining
CSF secretion by recycling K+ to the lumen, thereby
supporting ongoing Na+,K+-ATPase activity, simultaneous
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with mediating Cl− secretion [116]. However, luminal
administration of another KCC inhibitor, R(+)-butylinda-
zone, did not have any effect on transport in vitro [53]. It
was the notion that KCC was not as important for CSF
formation as NKCC1, and that furosemide was more prone
to affect CSF formation when administered from the blood
side (see below).

Additional luminal processes

K+ conductances were first shown in choroid plexus by
Zeuthen and coworkers in amphibians [19, 116]. These
conductances were found on the luminal side of the
epithelium. The luminal K+ conductance in mammalian
choroid plexus is inwardly rectifying [56], and the
expression of mRNA encoding Kir7.1 [31] was soon
supplemented by its localisation to the luminal plasma
membrane [70]. Later, Brown and coworkers identified two
delayed-rectifying K+ channels, Kv1.1 and Kv1.3, in the
choroid plexus and localised both to the luminal surface
[99]. The K+ channels are thought to set the membrane
potential of the epithelial cells and to sustain the Na+,K+-
ATPase by providing an efflux pathway for K+ (in addition
to NKCC1 and KCC4).

Basolateral processes

In general, the basolateral Na+ and water transport
processes are not as well elucidated as those of the luminal
membrane. The basolateral Na+ transport mechanisms
supply the high luminal extrusion of Na+ by the Na+,K+-
ATPase. Nevertheless, it is largely unknown how Na+

enters the epithelial cells from the basolateral surface. Until
now, the only transporters that have been suggested to
mediate Na+ entry into the choroid plexus epithelium are
Na+-dependent acid/base transporters. Na+/H+ exchange
has to a very large extent been put forward as the most
probable mechanism for basolateral Na+ loading. Recent
studies suggest that Na+/H+ exchange is less important for
CSF formation than basolateral Na+ and CO2/HCO3

−-
dependent mechanisms. The evidence in favour and against
the involvement of Na+/H+ exchangers (NHEs) in trans-
epithelial Na+ movement is outlined below. However, one
should avoid neglecting the probability that the Na+ loading
may be ascribed to yet unidentified transport processes as a
Na+-channel or an unselective cation channels, etc.

Amiloride and Na+/H+ exchange

As mentioned above, Na+/H+ exchange has been widely
accepted as the main basolateral Na+-entry mechanism for

several reasons. Firstly, numerous studies have demonstrat-
ed an inhibitory effect of the NHE and Na+-channel
blocker, amiloride, on the rate of Na+ secretion when
applied from the blood side of the epithelium [67–69, 94].
This effect was also found when amiloride was applied to
both sides of the epithelium [28, 94]. To avoid the renal
and haemodynamic effects of the drug, Johanson and
coworkers conducted their experiments on functionally
nephrectomised rats by clamping the renal arteries. In
these studies abdominally installed amiloride inhibited
Na+ flux into the CSF, while the local blood flow was
supposedly unchanged.

The estimated local amiloride concentration would have
been sufficient to inhibit the most amiloride-sensitive NHE
form, NHE1 but was unlikely to inhibit other NHEs
effectively. Secondly, the secretion of CSF is dependent
on pH-sensitive Na+ uptake from the serosal side of the
epithelium [69]. In line with these observations, Kalaria and
colleagues demonstrated the presence of mRNA encoding
the Na/H exchanger, NHE1, in the choroid plexus of rat
[48]. In the corresponding model of CSF formation, the
NHE would be capable of ridding the cell of protons
formed by the hydration of CO2 and subsequent dissocia-
tion of carbonic acid to HCO3

− and H, and in the same
process provide the Na+ necessary to sustain CSF secretion.

Surprisingly, amiloride has little effect on Na+-dependent
pH recovery in the choroid plexus in the presence of CO2/
HCO3

− in vitro [63]. This suggests that the Na+/H+

exchanger plays a minor role in maintaining the pHi under
these conditions. Furthermore, NHE1 immunoreactivity has
never been detected in the choroid plexus [1]. The possible
existence of an amiloride-insensitive NHE1 splice variant
was recently rejected by comparing the full length NHE1
transcript from kidney and choroid plexus (own unpub-
lished data). These findings are in agreement with the
notion that NHE1 is often responsible for setting pHi in
epithelia or maintaining cell volume, rather than participat-
ing in transepithelial Na+ movement.

The mRNA encoding NHE3 and NHE8 has also been
found in the choroid plexus, but it is not yet determined
whether the epithelial cells or the interstitial or vascular
components carry the mRNA (own unpublished data).
However, none of these displays sufficient amiloride
sensitivity to explain the inhibitory effect of amiloride on
choroid plexus secretion. Like NHE1, the corresponding
NHE3 and NHE8 proteins have not yet been detected in the
tissue. Interestingly, the molecular and functional expres-
sion of the epithelial Na+ channel, ENaC, was recently
reported for the choroid plexus [6]. The authors found the
ENaC at the basolateral surface and suggested it as the
amiloride Na+-loading mechanism. However, the quite
modest amiloride sensitivity of CSF formation would not
fit well with the high sensitivity of ENaC.
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The finding is surprising in light of the ENaC tetramers
being found mainly in tight epithelia. Furthermore, another
laboratory found no significant amiloride-sensitive conduc-
tance in the choroid plexus epithelia (personal communica-
tions, Peter D. Brown) and both ENaC mRNA and protein
were apparently absent from this tissue in our hand (own
unpublished data). Thus, it remains highly important to
determine the molecular nature of the basolateral Na+

loader of the choroid plexus epithelium possibly by a broad
range of antibody methods and by studying the CSF
formation in gene knock-out models.

DIDS sensitive and insensitive HCO3
− transport

The basolateral electroneutral Cl−/HCO3
− exchanger AE2

was first cloned from the rat choroid plexus [58] and serves
as a DIDS-sensitive base extruder to maintain pHi in many
cells. AE2 is also expressed basolaterally in most other
epithelia, e.g. the distal renal tubules and collecting ducts
[2]. AE2 has been involved in HCO3

− reabsorption, which
may in fact be its net effect in the choroid plexus. Thus, the
protein is not likely to participate in the HCO3

− secretion,
but may well support luminal Cl− secretion by loading this
ion into the cells from the basolateral side. This view is
supported by the DIDS sensitivity of the transepithelial Cl−

flux and CSF formation when applied from the basolateral
side [29]. Other functions of AE2 may include cell-volume
regulation working in concert with e.g. the NHE1 or simply
protection of the cells against alkalisation.

A few years ago, two NaHCO3 transporters were
demonstrated in the basolateral plasma membrane of
choroid plexus epithelial cells, which could represent
alternative basolateral Na+ uptake pathways [85]. NCBE is
an electroneutral DIDS-sensitive NaHCO3 importer that
likely also extrudes Cl− with a proposed stoichiometry
equivalent to the uptake of 1 Na+, and 2HCO3

− for the
extrusion of 1Cl− [106]. NCBE was suggested as a major
Na+-entry route because the secretion of Na+ in addition to
basolateral pH is sensitive to the serosal [HCO3

−] [39] and
to basolateral application of DIDS [63]. The in vitro steady-
state pH of CPE was shown to be quite sensitive to DIDS and
to depend on extracellular Na+, suggesting that NCBE or a
similar DIDS-sensitive NaHCO3 transporter is responsible
for setting pHi.

In contrast, the second electroneutral basolateral
NaHCO3 transporter, NBCn1, is described as relatively
DIDS-insensitive protein when expressed in epithelia. For
this reason, NBCn1 is not likely to play a major role in the
transepithelial movement of Na+, but might serve to correct
intracellular acidosis in the choroid plexus epithelium. In
support of this view, Bouzinova et al. showed that a large
fraction of the pH recovery from acid load was mediated by
DIDS-insensitive NaHCO3 cotransport [9].

A few considerations are necessary to illustrate the
current lack of knowledge on the significance of the various
Na+-dependent acid/base transporters for Na+ uptake. As
mentioned above, the pHi would most likely have to be
around or lower than 7.1 for NHE1 to supply the cell with
Na+ to sustain CSF production. However, the reported
values for pHi in the choroid plexus epithelium differ
substantially with the observer. The in vitro data on pHi in
rat CP by fluorescence imaging (BCECF) indicates a
resting pHi of 7.38 in the presence of CO2/HCO3

− in our
laboratory [9]. This is quite a bit higher than the values
reported in vivo where pHi was 7.05 as assessed by
the distribution of radioactively labelled weak acid, 5,
5-dimethyl-2,4-oxazolidinedione (DMO) [44, 69].

On the other hand, our data are relatively close to the pHi

value of 7.3 obtained with the benzoate method in primary
cultures [63]. It is always reasonable to regard results
obtained in vivo, as more physiologically relevant than those
from isolated tissue. However, the accuracy of the DMO
method relies on various factors, and independent determi-
nations of cellular pH in vivo are necessary to confirm the
low pHi. Nevertheless, a steady-state pHi around 7.1
indicates that the outward chemical H+ and inward
HCO3

− gradients would be about twofold. These numbers
are relevant when considering electroneutral processes and
equally favour Na+/H+ exchange and NaHCO3 transport.

If the proposed stoichiometry for NCBE is correct, the
activity of this particular transporter would be more
influenced by low pHi than other transporters. For example,
AE2 transport would be halved at pHi 7.05 compared to
pHi 7.4; the pH gradients acting on NHE1 and NBCn1
would be doubled, while NCBE would go from net zero to
three times inward gradient (for 45 mM intracellular Na+)
or even to ten times net inward gradient (for 15 mM
intracellular Na+), if everything else was equal.

In addition to the pHi, one has to take into account the
distribution of Na+, Cl− and HCO3

− inside and outside the
cells to estimate the forces working on these electroneutral
transporters. Reports on intracellular ionic concentrations
have been provided by Johanson and colleagues (e.g. [44]).
The values were calculated from distribution of radioac-
tive tracers and carefully adjusted for extracellular volume
and blood constituents in the tissue. The mean values
from lateral ventricles and fourth ventricles were roughly
[Na+]i=45 mM, [K+]i=148 mM, [HCO3

−]i=12 mM and
[Cl−]i=65 mM. The high [Na+]i is somewhat striking in the
presence of a very potent and active Na+ extrusion
mechanism, i.e. the Na+,K+-ATPase.

Also, the sum of cations predicts a somewhat hyper-
osmolar intracellular milieu, which would be impossible
given the high abundance of water channels in the luminal
membrane and a CSF of around 305 mOsM. The compu-
tational error on [K+]i is expected to be less than for [Na+]i,
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as tissue K+ is mainly found intracellularly and most Na+ is
extracellular. Thus, parts of the extracellular Na+ space may
be inaccessible to the extracellular space marker (radioac-
tively labelled raffinose). Furthermore, it would take an
immensely powerful basolateral Na+ loading mechanism to
build up cellular Na+ despite constitutive open cation
channel with very high conductance or similar. Thus, one
could speculate that the true [Na+]i—as in other epithelia—
may lie closer to 15 mM in choroid plexus epithelial cells.
This way the sum of cations inside the cells would reach
the expected 150 mM.

Clearly, further studies on the polarised mammalian
choroid plexus are needed to uncover the role of each
basolateral Na+-dependent acid extruder and base loaders.
Again, the use of transporter-deficient mice may play a
central role and one should consider confirming the
reported intracellular ionic composition.

KCl cotransport and furosemide effects

As mentioned above there is a net absorption of K+ from
the CSF to the plasma, and it is therefore of some interest to
define how this cation leaves the cell basolaterally.
Systemic administration of furosemide was shown to inhibit
CSF formation [64, 105]. Although some of the effect
might have been caused by vasoconstriction, it is notewor-
thy that the K+,Cl− cotransporter, KCC3, has been
identified in the choroid plexus of mice [78]. This
mechanism to date represents the only known K+ efflux
pathway from cells to blood. However, the CSF secretion
itself is not changed by furosemide from the blood side,
when renal effects of the drug are prevented [105]. It was
found that furosemide has seven times higher affinity for
carbonic anhydrase than bumetanide, and this affinity is
indeed relevant with the applied dosage. Thus, it is feasible
that the effect of furosemide on CSF formation in vivo and
in the perfused tissue is mediated partly by haemodynamic
changes and partly by the inhibition of carbonic anhydrases
in the choroid plexus epithelium.

Unpolarised processes

Inhibition of carbonic anhydrases by acetazolamide

Inhibition of the carbonic anhydrases by acetazolamide
reduced CSF secretion by about 50% [104]. This was
interpreted as an inhibition of the cytosolic carbonic
anhydrase in the choroid plexus. Consequently, it was
concluded that most, if not all secreted HCO3

−, was formed
inside the epithelial cells. The H+ formed in the reaction
would leave the cell through a basolateral NHE. However,
recent studies imply that HCO3

− transporters of the SLC4a

family (as AE2, and electrogenic NBC) are functionally and
physically coupled to both intracellular CAII and external
plasma membrane bound forms of the carbonic anhydrase
[101, 102]. The current notion is that the high transport rate
through bicarbonate transporters may depend on the local
formation of HCO3

− or perhaps CO3
2−.

It was recently shown that CAXII and perhaps CAIX
are also expressed in the choroid plexus [38, 49].
Interestingly, CAXII was found in association with the
basolateral plasma membrane where more bicarbonate
transporters are located. It is, however, not established
whether the acetazolamide effect is entirely or partly due to
inhibition of extracellular carbonic anhydrases. In that case,
the secreted HCO3

− may arise from the plasma instead of
intracellular CO2 and H2O metabolism. Hence, it is of great
importance to settle this issue probably using membrane
impermeant CA inhibitors.

Water transport in the choroid plexus

Water transport across the epithelium is driven by the modest
luminal hyperosmolarity. The small osmotic gradient and the
high rate of water transport resemble that of the renal proximal
tubules. In both epithelia, constitutive water permeability is
desirable to meet the transport requirements. Thus, it is not
surprising that the choroid plexus epithelium—like the
proximal tubules—expresses a specialised protein, the water
channel AQP1, allowing the majority of the water molecules
to permeate the epithelium by a transcellular pathway. Nielsen
and colleagues showed that AQP1 is expressed in high
abundance in regions corresponding to the luminal plasma
membrane of the rat choroid plexus [72].

The AQP1 protein is also detected at the basolateral
membrane and in the endothelial cells, although in lower
abundance as exemplified in Fig. 4b. The epithelial local-
isation is especially interesting considering the apparent lack
of other water-transporting aquaporins in a tissue with such
high secretory rate [84]. Thus, AQP1 potentially provides
the basolateral membrane with a substantially higher water
permeability than the lipid bilayer would offer. The only
other two AQP transcripts found in the choroid plexus,
AQP4 and AQP11, were not expressed at detectable levels
in plasma membranes ([97], and own observations). Al-
though water may pass paracellularly from the blood side to
the CSF, it is feasible that the transcellular water transport
mainly occurs through basolateral and luminal AQP1.

In fact, the significance of AQP1 in choroid plexus water
permeability and transepithelial water flux was recently
studied in AQP1 gene knock-out mice. The authors reported
an 80% decrease in water permeability in the AQP1 knock-
out mice that was accompanied by a decrease in secretory
rate of only 25%. The potential discrepancy suggests that
compensatory changes in ionic gradients may have devel-
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oped, as proposed for the renal tubules of AQP1 knock-out
mice [74, 75, 92].

Other processes studied by patch clamp and mRNA
analysis

A number of transcripts for additional transporters have
been identified without confirmation of protein expression,
knowledge of exact site of expression or determination of
functional significance. For example, the KCC1 mRNA
expression was determined by two groups [50, 57]. The
same is the case for the anion exchangers of the SLC26a
gene family SLC26a7, SLC26a10 and SLC26a11, which
are in rat and human choroid plexus (unpublished observa-
tions). Future investigations will hopefully bring clarity to

the localisation and significance of these and other
additional transporters. Meanwhile, the transport proteins
of known localisation can be represented as shown in
Fig. 5.

Working models for CSF secretion by the choroid
plexus

It is tempting to suggest a single elaborate model for the
processes leading to the net secretion of NaCl and NaHCO3

and net reabsorption of KCl. However, there would be
several shortcomings in such a model, as more potentially
important details are not yet fully elucidated. Instead,
central aspects of the basolateral and luminal processes
are discussed in a few partial models of secretion. The

Fig. 5 Schematic representation of the ion and water transporters in
the choroid plexus epithelium. Aquaporin1, AQP1, is situated in both
the luminal and basolateral membranes, and the carbonic anhydrase
(CA) II and XII are found in the cytosolic and basolateral compart-
ments, respectively. The Na+,K+-ATPase and the Na+,K+,2Cl−

cotransporter (NKCC1) are strictly luminal plasma membrane transport
proteins along with the KCC4, three K channels (Kir7.1, Kv1.1 and
Kv1.3) and two types of anion conductance of unknown identity

(a volume-sensitive anion conductance, vAC, and a PKA-activated
anion conductance, pAC). The electrogenic Na+,HCO3

− cotransporter
NBCe2 or NBC4 is also found at the luminal membrane. Three HCO3

−

transporters are localised to the plasma membrane domain along with a
Na+/H+ exchanger: the base extruder AE2 and the two Na-base
loaders, NBCn1 and NCBE. KCC3 is the only known candidate for
mediating basolateral K extrusion
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models I suggest should not be regarded as mutually
exclusive and indicate that the interplay between the many
transporters is more complex than originally thought. In
fact, combinations of the models may be necessary to
explain all the effects of transport inhibitors described
above. For simplicity, the main task is to obtain a net gain
of roughly 14–15 Na+, per 11–12 Cl− and 3 HCO3

− in the
CSF originating from the plasma. As indicated above, one
could regard the luminal Na+ extrusion as the primary event
in CSF formation, although the hydration of CO2 or the
basolateral Na+ entry could just as well be chosen as a
starting point when modelling secretion.

At the luminal membrane, it is clear the Na+,K+-ATPase
is a crucial extruder of Na+, while it is uncertain whether
NKCC1 is normally involved in secretion or reabsorption.
Therefore, two models are considered for the luminal aspect
of secretion. In one model, the Na+,K+-ATPase secretes
virtually all Na+ molecules in nascent CSF above the
choroid plexus (Fig. 6a). Thus, 15 Na+ would be extruded,
and 10 K+ are taken up by the Na+,K+-ATPase, leaving no
room for contributions by NKCC1. As the net trans-
epithelial K+ absorption is very modest compared to the
Na+ secretion, roughly all 10 K+ should re-enter the CSF.
This could be accomplished by the KCC4, which would
also rid the cells of ten of the 12 Cl− molecules needed for
net NaCl secretion. The remaining 2 Cl− may leave the
cells through the luminal Cl− channels.

Alternatively, the combined action of K+ and Cl−

channels may substitute for KCC4 by extruding KCl.
Actually, some K+ channel conductance is necessary to
retain a membrane potential suitable for sustaining secre-
tion. In this model, HCO3

− would be excreted by the
HCO3

− permeable anion conductance pathway.
In another model, the Na+,K+-ATPase contributes less

to the extrusion of Na+, e.g. three times turnover of the Na+,
K+-ATPase would yield the exit of 9 Na+ and entry of
6 K+ (Fig. 6b). In parallel, four times turnover of the Na+,
K+,2Cl− cotransporter would provide the exit of 4 Na+,
4 K+ and 8 Cl−. Using these numbers, there is still a need
for extrusion of additional 1 Na+, 3 Cl−, 3 HCO3

− and the
K+ secreted is not sufficient to meet the Na+,K+-ATPase’s
requirement for extracellular K+. Again, the luminal KCC4
or combined action of Cl− and K+ channels may sustain
secretion by exporting 2 K+ and 2 Cl−. The turnover of the
luminal NBCe2 may mediate the translocation of the
remainder of the Na+ and all the secreted HCO3

−, given a
stoichiometry of 1:3 for outwards transport (1× turnover
yielding 1 Na+ and 3 HCO3

−).
This would also give a net electrogenic CSF secretion, as

the positive charges moved out by the Na+,K+-ATPase
would not be balanced by the negative charges extruded by
NBCe2. This may in turn increase the drive for the
remaining Cl− transport through luminal Cl− conductance
pathways. Interestingly, these models seem to imply a role

Fig. 6 Models for the translo-
cation of Na+, Cl−, and HCO3

−

from plasma to the CSF. The
main task is to transport the ions
across the epithelium in the
proportion of roughly 14 Na+,
11 Cl− , to 3 HCO3

−. a and b
show two representations of the
putative of luminal processes in
CSF formation. c and d are two
suggestions for the interplay
between basolateral processes
supporting CSF production.
Abbreviations are as in Fig. 5,
except for K-Ch, which repre-
sents any of the three K channels
of the choroid plexus, and AC is
one or both of the anion con-
ductances. The models are not
mutually exclusive (see text for
details)
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for K+ in recycling across the Na+,K+-ATPase-bearing
membrane, as is suggested for Na+ in other epithelia. Of
course, the actual transport mechanism could be any
combination of the two models.

The basolateral transport processes all seem to be
electroneutral, and the task is, again, to translocate Na+,
Cl− and HCO3

− across the plasma membrane with virtually
the same proportion of the major ions as in the nascent
CSF, i.e. to take up 14 Na+, with 11 Cl− and 3 HCO3

−. In
one model, the first step would be mediated by the
combined action of the NHE and AE2 to yield net NaCl
transport (Fig. 6c). The 11 times turnover for each of the
two transporters would yield a net import of 11 Na+ and 11
Cl− into the cell. This process of net NaCl loading would be
entirely dependent on the rapid intracellular formation of
H+ and HCO3

− catalysed by intracellular carbonic anhy-
drase. In addition to the NaCl import, NaHCO3 would enter
the cell by the combined action of NCBE and AE2, which
would mediate net NaHCO3 uptake. Three times turnover
for each transporter would provide the cell with the
remaining 3 Na+ and 3 HCO3

− needed to sustain NaHCO3

secretion.
In the other model, the NBCn1 rather than NHE acts in

concert with the AE2 to yield net NaCl transport (11×
turnover for 11 NaCl into cell). Again, 11 times turnover
for each of the two transporters would yield a net import of
11 Na+ and 11 Cl− into the cell. As opposed to the first
basolateral model, the NaCl uptake may be largely
independent on intracellular carbonic anhydrase, as
HCO3

− is recycled across the basolateral plasma mem-
brane. Interestingly, both AE2 and NBCn1 are found in
highest abundance in the basolateral membrane infoldings,
which may allow rapid HCO3

− recycling. However, it
remains an open question whether efficient bicarbonate
transport requires fast production HCO3

−/CO3
2− in close

proximity to the transporter.
The difference between the two models is that intracellu-

lar CO2 is actually only consumed in the model with AE2/
NHE synergy, while the AE2/NBCn1 model would have no
net effect on intracellular CO2. Nevertheless, three times
turnover of NCBE and AE2 would provide the cell with the
remaining 3 Na+ and 3 HCO3

− as for the first model.
It is also noted that the two combinations of transporters

AE2/NHE and AE2/NBCn1 may have slightly different
effects on pHi, although the combinations seem equivalent
at first glance. The combination AE2/NBCn1 is pHi neutral
as 1 HCO3

− is shuttled in and 1 HCO3
− extruded from the

cells with each 1 Na+ and 1 Cl− imported. In contrast, one
should bear in mind that the NHE and AE2 removes 1 H+

and 1 HCO3
− for each imported NaCl. This is actually not

pH neutral to the cytosol, as H+ or H3O
+ is the strongest

acid known and HCO3
− is weaker as base. Thus, the

equimolar removal of H+ and HCO3
− from the cytosol

would mimic cytosolic CO2 removal and increase pHi,
unless regarded as tightly coupled with intracellular
carbonic anhydrase activity. Nevertheless, both models of
basolateral transport may explain both the acetazolamide
and the DIDS sensitivity of the CSF production, while only
the first would be consistent with inhibition by amiloride.

As an alternative to these two models, the unconfirmed
presence of ENaC subunits may contribute to basolateral
cellular Na+ loading. Again, the actual transport mechanism
could be any combination of the two models of basolateral
transport. However, the basolateral KCC3 or paracellular
K+ leak could mediate the K+ reabsorption observed in the
choroid plexus.

The water formed by ATP production from glycolysis
and oxidative phosphorylation—to fuel the Na+,K+-ATPase
with ATP—almost equals the amount consumed by
hydration of CO2 to produce HCO3

− for the Cl− uptake.
This amount of H2O is extremely modest compared to that
accompanying the transepithelial movement of ions. The
transepithelial H2O would actually be more than two orders
of magnitude larger than the number of transported Na+

ions to maintain the modest osmolarity gradients during
secretion. Thus, the cellular water metabolism is of minimal
importance for the transepithelial water flux. It is feasible
that intracellular osmolarity is much closer to that of the
nascent CSF than the interstitial osmolarity, as AQP1 is
much more abundant at the luminal surface than the
basolateral membrane. Thus, a larger gradient for water is
needed basolaterally than luminally to permit sufficient
movement of H2O.

The presented models do not take into account the luminal
K+ channels in setting the membrane potential, which should
be more negative than −40 mV in order for e.g. NBCe2 to
contribute to HCO3

− secretion. Neither does the model
consider the contribution of paracellular H2O movement,
Cl− secretion and K+ absorption that may take place.

Regulation of CSF production

The receptors for several mediators have been located in the
choroid plexus, although it is presently unknown how many
of these actually affect the transport processes leading to
secretion of water and solutes into the CSF. Many of the
mediators may have roles in haemodynamics, metabolism
of nutrients and other compounds secreted into CSF.
Among the most interesting discoveries are the detection
of vasopressin-1 receptors [80] and receptors for atrial
natriuretic factor, angiotensin II, endothelin-1, serotonin,
bradykinin and insulin (for specific review [15]). It is
noteworthy that although many of the mediators are found
in blood; the transport pathways of the choroid plexus seem
relatively resistant to changes in plasma levels of these
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compounds. It seems that the mediators have to be formed
locally; some even appear in the CSF, to act on choroid
plexus function. CSF vasopressin levels are up to tenfold
higher than in plasma.

In fact, the choroid plexus itself produces or at least
releases a number of mediators as reviewed previously [15].
Peptides synthesised in CP with putative interest to the
secretory function may include adrenomodulin, endothelin-
1 and vasopressin. For example, vasopressin mRNA was
demonstrated in the choroid plexus [13], and immunoreac-
tivity for the corresponding peptide was found mainly in
the luminal part of the epithelial cells [18].

Vasopressin and angiotensin II have been shown to
decrease CSF formation by epithelial effects and not solely
through changes in blood supply. Faraci and colleagues
demonstrated that vasopressin in the systemic circulation
decreased blood flow and CSF formation through action on
V1 receptors [34]. It was not possible to discern a specific
epithelial effect of basolateral vasopressin from the type of
experiment. However, Johanson and coworkers showed a
dependence on ventricular V1 receptors of the decreased
luminal Cl− efflux when vasopressin was delivered via
artificial CSF [45]. A transient increase in [Ca2+]i in the
choroid plexus epithelium was observed upon vasopressin
administration [8], whereas vasopressin was without effect
on choroid plexus cAMP [21]. This is in line with the
presence of V1 rather than V2 receptors in the choroid
plexus. It is still unknown how the increase in [Ca2+]i
brings about the inhibition of Cl− efflux, as none of the
present anion conductances is known to be Ca2+ sensitive.

Ventricular angiotensin II was shown to reduce CSF
formation through AT1 receptors [17]. Interestingly, angio-
tensin II seems to act on CSF formation through the release
of vasopressin from the choroid plexus to the ventricles
[16]. This probably involved Ca2+ signalling [8], as cAMP/
PKA induction by angiotensin II in choroid plexus was
only reported for isoproterenol, prostaglandin, serotonin
and histamine [21]. However, one preliminary report
indicates that angiotensin II may also act on vasopressin
release through cAMP/PKA [14]. Is should be interesting to
validate the latter finding, as the transepithelial Cl− flux
from plasma to CSF, and therefore most likely also the CSF
formation increases when cAMP signalling is induced [30].
In light of the many putative agents acting on the choroid
plexus, numerous investigations are necessary to further our
understanding of the hormonal and nervous control of CSF
production.

Diseases with altered cerebrospinal fluid secretion

Several medical conditions are associated with changes in
choroid plexus function and/or morphology. These con-

ditions have recently been reviewed in great detail by others
[32, 43, 95, 108]. The most striking conditions are aging,
Alzheimer′s disease, stroke, brain edema and hydrocepha-
lus. It is evident that although the choroid plexus may only
have a direct influence on the pathogenesis of a few
conditions, the functional adaptation of the tissue would be
of utmost importance in all of the disorders. Recent
analyses suggest adaptive regulation of specific transport
proteins such as NKCC1 and AQP1 in Alzheimer’s disease
and systemic hyponatremia [43, 65]. Hopefully, future
studies will pursue similar aspects of adaptational changes
in choroid plexus function to severe strain. This would
enable researchers to determine the extent to which this
tissue is capable of meeting requirements of altered CSF
formation and ultimately reduce the impact on the CNS.

Conclusions and perspectives

Opposite the intentions, this review poses more questions
than answers to central aspects of the choroid plexus
function in water and solute secretion. However, it is the
hope that it still may inspire researchers in and outside the
field to undertake further investigations to clarify the many
unresolved issues. The choroid plexus is a minuscule yet
truly a fascinating tissue. It comprises less than 0.003% of
the total body mass and is nevertheless proven essential for
brain function and thereby for life in mammals. Thus, the
choroid plexus is both a biologically and clinically
important tissue.

It is concluded that more information on transport
processes and the responsible proteins is required to
incorporate the present detailed information into a fully
coherent model of the entire secretory processes. In this
author’s opinion the imperative questions are: How is the
Na+,K+-ATPase targetted to the luminal plasma membrane?
Is the net effect of NKCC1 ion secretion or reabsorption, or
does the direction, shift to meet varying demands? What is
the molecular identity of the two luminal anion conduc-
tances, and does NBCe2 contribute to the luminal HCO3

−

secretion? What Na+-dependent acid/base transporter medi-
ates the Na+ uptake from the serosal side of the epithelium?
Is ENaC in fact expressed in relevant numbers in the
choroid plexus epithelium or are yet undiscovered Na+

transporters present? Is intracellular or extracellular car-
bonic anhydrase necessary for CSF secretion?

In addition to the above questions, it is highly relevant to
uncover the entire signalling pathways for the various
agonists and antagonists of CSF formation. For example,
many of the luminal transporters are shown in other
systems to be subjected to phosphorylation by PKA, so it
would be important to find out whether acute cAMP
mediated regulation of some or all of these proteins hold
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a bearing for CSF production. One perspective would be
optimisation for the clinical management of diseases
involving altered CSF turnover or intracranial pressure. In
the long term, however, further investigations into choroid
plexus function are pertinent in the search for unique
pharmacological targets for either the reduction or stimula-
tion of CSF formation and optimised clinical procedures.
These targets may be found among any “choroid plexus
specific” isoforms of the transporters, enzymes, receptors,
and transcription factors, or perhaps in the mechanisms
underlying the unique membrane targeting of proteins in
this tissue.

Acknowledgement Helle A. Praetorius and Robert A. Fenton are
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manuscript.
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