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I. INTRODUCTION

For decades, the choroid plexuses have attracted much at-
tention because of their contribution to cerebrospinal fluid
(CSF) formation and because they are strikingly dissimilar
to most other transporting epithelia. The choroid plexus
epithelium (CPE) is a secretory epithelium par excellence
with unique cellular transport mechanisms that have been
revealed by contributions from many laboratories and
through the application of a wide variety of methods. The
cells of the CPE are among the most efficient tissues in terms
of secretory rate. The CSF is formed at a rate of ~0.4
ml-min~'-g tissue ', a transport rate only paralleled in
mammals by the cells of the renal proximal tubule and
pancreatic ducts (32, 72). The total volume of CSF in the
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3 E The choroid plexus epithelium is a cuboidal cell monolayer, which produces the majority
\ ~| of the cerebrospinal fluid. The concerted action of a variety of integral membrane
5 proteins mediates the transepithelial movement of solutes and water across the epi-

thelium. Secretion by the choroid plexus is characterized by an extremely high rate and by the
unusual cellular polarization of well-known epithelial transport proteins. This review focuses on the
specific ion and water transport by the choroid plexus cells, and then attempts to integrate the
action of specific transport proteins to formulate a model of cerebrospinal fluid secretion. Signifi-
cant emphasis is placed on the concept of isotonic fluid transport across epithelia, as there is still
surprisingly little consensus on the basic biophysics of this phenomenon. The role of the choroid
plexus in the regulation of fluid and electrolyte balance in the central nervous system is discussed,
and choroid plexus dysfunctions are described in a very diverse set of clinical conditions such as
aging, Alzheimer’s disease, brain edema, neoplasms, and hydrocephalus. Although the choroid
plexus may only have an indirect influence on the pathogenesis of these conditions, the ability to
modify epithelial function may be an important component of future therapies.

entire human CNS amounts to 150 ml, and ~500-600 ml
are produced in 24 h; thus the CSF is replaced three to four
times per day (49, 351). The CPE has appealed to scientists
working in the fields of epithelial transport, cell biology, cell
polarization, and neuroscience, because of these unusual
transport characteristics of the epithelium.

More than four decades have now passed since the canon-
ical and still most comprehensive review to date of the cho-
roid plexus function was written by Helen F. Cserr in 1971
(49). In the sections below, we seek to provide a thorough
and updated overview of the transport physiology of the
CPE. Recent advances in understanding the regulation of
CSF secretion are also discussed, and we highlight the
limitations of our current understanding of CSF forma-
tion and choroid plexus physiology. It should be noted
that important topics such as the CPE-mediated trans-
port of organic solutes, nutrient and drug transport, and
the release of mediators and hormones that do not relate
to ion and water secretion fall outside the scope of this
article. These topics have been reviewed recently else-
where (84, 139, 158, 302). The potential direct or indi-
rect roles of the choroid plexuses in pathophysiological
states, such as choroid plexus adenomas, hydrocephalus,
increased intracranial pressure, and the control of venti-
lation, however, are discussed. Our overriding aim is to
attract the interest of physiologists and neuroscientists in
general and of transport physiologists in particular, to
the complexities of the choroid plexuses.
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In a “Historical Note,” Hadju (112) credited the first de-
scriptions of CSF to Hippocrates (460 to 370 BC) as being
“water surrounding the brain” (119), and later to Galen
(129 to 200 AD) as forming an “excremental liquid” in the
ventricles (100). In 1744, Swedenborg referred to the CSF
as “lymph” that was being dispensed from the roof of the
fourth ventricle to the medulla oblongata and the spinal
cord. A few years later, von Haller presented evidence that
the “water” in the brain was actually secreted into the ven-
tricles. From this point onward, other prominent scientists
who made crucial contributions to CSF research include the
following: Willis, Magendie, Mestrezat, and Cushing. The
choroid plexuses were first suggested as sites of CSF secre-
tion by Faivre in 1854 (90) and by Cushing in 1914 (53).
The first direct experimental evidence for this was presented
in 1960 by Rougemont and colleagues (64), who also
showed that CSF was not a simple ultrafiltrate of plasma.
Despite the compelling evidence by Rougemont and many
others, the significance of the CPE in CSF formation is still
often debated. Nevertheless, it is now generally accepted
that the four choroid plexuses secrete the majority of the
intraventricular CSF. Most recent estimates indicate that
~80% of the CSF is secreted by the choroid plexuses, with
the remaining 20% coming from the interstitial fluid of the
brain which is generated by the blood-brain barrier (BBB)
(262). In humans, the reported surface area of the BBB is 20
m? (19), while the surface area estimate of the choroid
plexus is only 0.021 m?, or ~0.1% of the BBB (77). In rats,
however, the best estimate of luminal surface area is 75 cm?
(157), with a brain capillaries surface area of ~155 cm?, or
only twice the area of the choroid plexus. One reason for
the discrepancy between the estimates is the possible under-
estimation of the surface area in the human CPE. The cal-
culations did not take into account the surface extension of
the luminal microvilli in CPE. However, even with a maxi-
mal 50-fold surface extension by microvilli, there is still
ample space for other explanations of the discrepancy. An-
other reason for the discrepancy could be that a much larger
relative BBB surface area is required in the much more com-
plex human brain. In any case, the secretory capacity of the
choroid plexus per surface area is far greater than for the
BBB, and this may well be a main reason the large contri-
bution to CSF secretion by the CPE.

Demonstrating that the choroid plexuses actually secrete
fluid, however, exercised the ingenuity of many scientists
for much of the 20th century. Their work is reviewed in
depth by Davson et al. (62) and is only briefly summarized
here: 1) removal of the choroid plexus from one ventricle,
caused changes in ventricle volume consistent with a secre-
tory role for the choroid plexuses; 2) measurements of the
difference in hematocrit between arterial blood entering
and venous blood leaving the choroid plexus, demonstrated
fluid loss from the blood as it transits the choroid plexus;
3) determination of the composition of fluid collected under
oil from the surface of the exposed choroid plexus, showed
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that this fluid was almost identical to CSF collected from the
cisterna magna and therefore was not simply an exudate
formed by ultra-filtration of blood plasma; and 4) the dem-
onstration of the active secretion of Na*, CI~, and HCO3
from “blood” to “ventricle” in choroid plexus tissue iso-
lated from the bullfrog and mounted in an Ussing chamber.
Each of the different experimental approaches employed
has some limitations, as discussed by Davson et al. (62);
however, together these data provided strong evidence for
the role of the choroid plexus in CSF secretion.

In the last few years, even more persuasive evidence for the
role of the CPE in CSF secretion has been generated using
transgenic mice. These studies have shown that the rate of
CSF secretion is reduced in animals in which the genes for
specific transport proteins are silenced, as judged noninva-
sively by MRI imaging of ventricular volume or by measur-
ing intracranial pressure. Proteins studied in this way in-
clude NCBE (137) and AQP1 (234), both of which are
strongly expressed in choroid plexus but importantly show
limited expression elsewhere in the brain ventricular sys-
tem. In a further refinement to these methods, it has also
been shown that the ionic composition of the CSF is altered
in mice lacking the NBCe2 transporter (151) and the
KCNE2 channel protein (269). These data on transgenic
mice are perhaps the most convincing evidence to date sup-
porting the role of the choroid plexuses as the major sites of
CSF secretion.

Il. STRUCTURE OF THE CHOROID PLEXUSES
AND THE VENTRICULAR SYSTEM

A. Choroid Plexus Structure

Four choroid plexuses reside inside the ventricular system of
the brain: one in each of the two lateral ventricles, one in the
third, and one in the fourth ventricle. The choroid plexuses
arise as extensions of the ependymal lining of the ventricles
during development. In the mature brain, most of these
branched or sheetlike surface extensions floats in the ventric-
ular cavities surrounded by the CSF. Together, the four cho-
roid plexuses comprise a major part of the blood-CSF barrier
(BCSFB). The arachnoid membrane and the circumventricular
organs constitute the remainder of the BCSFB. The BCSFB
should not to be confused with the BBB formed between the
tight endothelial cell layer of the cerebral blood vessels and the
interstitial fluid of the brain (FIGURES 1 AND 3). The tight
endothelial layer of the BBB forms a barrier, which limits the
access to the brain parenchyma for most substances, whereas
the capillary endothelium in the BCSFB is quite leaky.

The choroid plexuses have a relatively simple structure.
They consist of a single layer of cuboidal to low cylindrical
epithelial cells that reside on a basement membrane (FIGURE 2,
A and B). Electron microscopic analysis of the epithelial
cells reveals a relatively large number of mitochondria
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FIGURE 1. Organization of the ventricular system of the brain. The brain parenchyma is shown in gray, the
ventricles and aguaducts are in yellow, and the choroid plexuses are marked in red. Cerebrospinal fluid is
formed by the choroid plexus of the two lateral ventricles, the 3rd and 4th ventricles. Lateral ventricle fluid
converges in the 3rd ventricle through the foramen of Monro and reaches the 4th ventricle via the aguaductus
cerebri (Sylvius). The cerebrospinal fluid exits from the 4th ventricle through the foramina of Magendie and
Luschka to the outer surface of the central nervous system. The majority of the fluid is reabsorbed in the
arachnoidal granulations draining to the superior sagittal sinus.

spread throughout the cytoplasm, a central nucleus, and
abundant Golgi apparatus located laterally and toward the
ventricular lumen. The cytoplasm also contains vesicles,
which increase in size towards the luminal surface (203). As
mentioned above, the surface area of the luminal membrane
of the CPE is greatly enhanced by the presence of dense
microvilli (FIGURE 2c€). The basal and lateral surfaces are
rather flat, but they develop a strongly folded labyrinth with
the neighboring cell at the transition from lateral to basal
surface (203). This pronounced folding in the membrane
expands the basal surface area and is perhaps to some ex-
tent restricting the diffusion of solutes from the interstitium
to the intercellular compartment, i.e., the lateral intercellu-
lar space.

Along with microvilli, both primary cilia and motile cilia are
found on the luminal surface (224). The most recent under-
standing is that CPE cells either have one primary cilium or
small tufts of smaller motile cilia (16). Structural defects in cilia
cause hydrocephalus due to an increase in CSF production by
the choroid plexus (309). Experimental removal of cilia by
chloral hydrate causes an increase in soluble adenylyl cyclase
and cAMP leading to increased transcytosis in a primary CPE
cell line (224), suggesting a sensory function of this structure.
Mice with defective cilia due to Tg737orpk mutations exhibit
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dramatically altered choroid plexus function, including
changes in intracellular cAMP, pH, CSF composition, and
resulting hydrocephalus (15, 16). The molecular mechanisms
behind the ciliar function and dysfunction are not completely
understood, but it has been suggested that the beating cilia
prevent the creation of unstirred layers, whereas the primary
cilia may serve as osmosensors and/or chemosensors.

The CPE cells are connected by junctional complexes at the
luminal membrane (FIGURE 2A), consisting of tight junc-
tions, adherens junctions, and desmosomes. The tight junc-
tions express several members of the claudin protein family
(167). Cellular claudin composition is a major determinant
for the selective tightness of an epithelium. The strong ex-
pression of claudin-2 and -11 in the choroid plexus tight
junctions means that they closely resemble those of the
proximal tubules, which are very water permeable (345). In
fact, the choroid plexus is often compared with the proxi-
mal tubule with reference to the large amount of fluid move-
ment, albeit in opposite directions.

Beneath the epithelial basement membrane is a network of
fenestrated capillaries that are surrounded by connective
tissue composed of fibroblasts and immune cells (FIGURE 2,
B AND D). The fenestrations of the capillaries are sealed
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FIGURE 2. Choroid plexus ultrastructure. A: transmission electron micrograph of a rat choroid plexus
epithelial cell. The luminal surface contains numerous microvilli and is separated from the lateral intercellular
space (LIS) by tight junctions (TJ). A labyrinth of plasma membrane infoldings is seen at the border between the
relatively smooth lateral and basal membranes. The basement membrane (BM) separates the epithelium from
the interstitium, which in this image lacks its connective tissue because of the preparation technique. B: dif-
ferential interference contrast micrograph of the tip of a 4th ventricle (4*" V). Choroid plexus villus with its
capillaries (Cap) in the sparse interstitial connective tissue and the single layer of cuboidal epithelium. C: scan-
ning electron micrograph of the ventricular surface of human choroid plexus. Examples of microvilli and motile
cilia are indicated. D: cryo-fractured preparation of mouse choroid plexus. The capillaries of the sheetlike
choroid plexus and the lateral ventricle lumen are indicated. (C and D are purchased from Corbis images.)

with thin diaphragms, which permit ions, water, and
small molecules (e.g., nutrients, vitamins, etc.) to pass
relatively easily into the interstitial fluid of each plexus. It
is, therefore, mainly the epithelial cells that constitute the
BCSFB.

B. Blood Supply and Innervation of the
Choroid Plexus

The choroid plexuses receive blood from both the internal
carotid arteries and the vertebral artery. In the two lateral
ventricles, the choroid plexuses are supplied by the anterior
choroidal artery, which branches from the internal carotid
(via the medial cerebral artery), and by the posterior cho-
roidal artery branching from the vertebral artery (via the
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posterior cerebral artery). The latter also supplies the cho-
roid plexus in the third ventricle. The choroid plexus in the
fourth ventricle is supplied from the anterior and posterior
inferior cerebellar arteries arising from the basilar and ver-
tebral arteries, respectively. The choroid plexuses are per-
fused with blood at a rate of 4 ml/min per gram of choroid
plexus tissue, which is approximately 10 times higher than
the rate of the blood supply to the brain parenchyma (157).
This high rate of perfusion means that blood flow is not
normally rate-limiting for the process of CSF secretion.

Blood flow to the choroid plexuses is controlled by the sym-
pathetic nervous system via fibers arising from the superior
cervical ganglion. Both the capillaries and epithelial cells are
innervated by these adrenergic fibers. The capillaries possess
both @ and B2 adrenergic receptors, and stimulation of these
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causes vasoconstriction or vasodilatation, respectively. On the
other hand, the epithelial cells contain 81 receptors, which
upon stimulation cause a decrease in the rate of cerebrospinal
fluid secretion. This is believed to be mediated via a decrease in
carbonic anhydrase activity (323). The capillaries and epithe-
lial cells also receive parasympathetic cholinergic nerve fibers
most likely arising from the glossopharyngeal and vagal nerves
(179). Parasympathetic stimulation reduces CSF production,
probably by a nitric oxide mediated decrease in Na™*-K™*-
ATPase activity (85).

C. Ventricular Circulation and Outflow
of CSF

Each of the choroid plexuses secretes CSF into the respective
brain ventricle (FIGURES 1 AND 3). Once in the ventricle, the
CSF is in contact with the ependymal epithelium, which lines
the ventricles and constitutes a leaky barrier between the ven-
tricle and the brain interior. Throughout the brain, the CSF
and the interstitial fluid of the brain parenchyma are separated
only by the leaky ependymal and the perivascular space that
surrounds the large blood vessels (310). As more CSF is pro-
duced, there is a constant directional flow from the lateral
ventricles towards the fourth ventricle and beyond. Thus the
CSF secreted in the lateral ventricles flows through the foram-

hemisphere

Ventricles

ina of Monro into the third ventricle. From here the fluid flows
through the aqueduct of Sylvius to the fourth ventricle. CSF
then leaves the ventricular system via the foramina of Luschka
and Magendie into the subarachnoid space. In the subarach-
noid space, the CSF is no longer in contact with the ependyma
but is now separated from the outer surface of the brain by the
pla mater.

Although there is no agreement on the topic, most researchers
believe that the CSF returns to venous blood in the brain si-
nuses, mainly via the arachnoid granulations and arachnoid
villi. The arachnoid granulations consist of a central core that
resembles the subarachnoid space. A capsule consisting of en-
dothelial cells from the venous layer, and connective tissue and
fibroblasts from the dura mater covers the core. The most
apical portion of the granulation is covered only by an arach-
noid layer and is in direct contact with the venous lumen (161).
The reabsorption rate is dependent on the pressure gradient
between the subarachnoid space and the venous sinus pres-
sure. A small fraction of CSF may return to the blood system
via the perineural sheets of cranial nerves to the cervical lymph
nodes (50), and in certain pathological conditions with in-
creased intracranial pressure, CSF can be forced into the ex-
tracellular space in the periventricular white matter through
the ependymal barrier (298).

hemisphere

Pia mater
Dura mater

FIGURE 3. The fluid compartments in the brain. Cerebrospinal fluid (CSF, blue arrows) is primarily produced
by the choroid plexus (CP) or blood CSF barrier (BCSFB) and flows through the ventricle system into the
subarachnoid space (SAS) between the dura and the pia mater. CSF returns to the venous blood through the
arachnoid granulations into the superior sagittal sinus (SSS). The blood supply to the majority of the brain is
restricted by the blood-brain barrier (BBB). The brain interstitial fluid makes up the final portion of CSF and

drains to the CSF though the perivascular spaces.
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D. Development of the Choroid Plexuses

The choroid plexuses are derived from the dorsal part of the
neural tube, which in humans develops early in the fourth
week of gestation (230). The ends of the neural tube close as
the anterior part of the tube develops into the brain and the
posterior into the spinal cord. As the neural tube closes, the
initial CSF is amniotic fluid trapped by the closing tube. The
ventricles subsequently expand faster than the brain tissue
grows. A transient occlusion of the spinal cord elicits an in-
crease in intraventricular hydrostatic pressure that enables the
expansion of the ventricles (68). The expansion is mediated by
the osmotic gradient generated in the embryonic CSF, which is
secreted by the neuroepithelium (188). The CP in the roof of
the fourth ventricle is the first to appear in the 9th week of
gestation, shortly after neural tube closure. The lateral ventri-
cle choroid plexuses develop from the neuroepithelium and
mesenchyme from the roof of the third ventricle and medial
wall of the cerebral hemisphere. The fully developed lateral
ventricle choroid plexus extends from the foramen of Monro
and posterior to the choroidal fissure. The choroid plexus of
the third ventricle is the last to develop and forms from the
roof of the ventricle. The third ventricle choroid plexus is a
continuation of the lateral ventricle choroid plexus through
the foramen of Monro (276). The functional capacities of the
choroid plexuses are fully developed shortly after the struc-
tures are formed (213, 144).

The development of the epithelium has four stages (82): 1) the
tissue appears as pseudostratified cells without apparent gly-
cogen content; 2) development of low columnar cells contain-
ing glycogen with apical nuclei; 3) cuboidal cells without gly-
cogen and a central to apical nucleus; and finally 4) the mature
choroid plexus with cuboidal epithelial cells with basal or cen-
tral nuclei and no glycogen (82). The role of glycogen is not
completely understood, but it may play a role in the develop-
ment of glycosaminoglycans in the basement membrane. No-
tably, carbonic anhydrase appears in the developing human
choroid plexus as soon as the tissue starts to form, and it
persists throughout development into the mature CPE. Imma-
ture choroid plexus cells contain common plasma proteins like
albumin, a-fetoprotein, transthyretin, and transferrin. With
the exception of transthyretin, these proteins are not found in
mature choroid plexus. Tight junctions are formed even in
early choroid plexuses, and they appear essential for further
epithelial differentiation (167).

Illl. THE UNIGUE POLARITY OF THE
CHOROID PLEXUS EPITHELIUM

Epithelia cover the internal and external surfaces of multi-
cellular organisms. They act in the first instance as barriers
against aggressive chemicals, thermal changes, and micro-
organisms. However, they serve many other vital functions,
such as sensing the external environment and mediating
selective transport (absorption and secretion) to maintain a
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constant and appropriate internal milieu. CPE cells appear
to perform all these functions, and as in other epithelia (13,
37, 209), this requires the asymmetrical distribution of
membrane proteins, i.e., cellular polarization (FIGURE 4).
The polarized distribution of plasma membrane proteins
requires the correct sorting of the membrane proteins, and
this is an absolute requirement for sustaining life in higher
organisms. Each type of epithelium expresses a specific ar-
ray of different types of transport proteins depending on the
required function. Membrane proteins are each targeted to
either the outward-facing luminal membrane or the inward-
facing basolateral membrane. In most epithelia, any given
membrane protein seems always to target either the baso-
lateral or the luminal membrane, e.g., the Na™-K*-ATPase
is normally expressed exclusively in the basolateral mem-
brane.

One striking feature of the choroid plexus that has attracted
the attention of both physiologists and cell biologists is the
apparent inverse polarization of the epithelial cells. It
should be restated that the CPE cells are polarized in a
similar way as every known epithelium, i.e., they have a
basolateral membrane residing on a basement membrane
facing the interstitium/blood side, and separation of the
basolateral and luminal membranes by tight junctions (FIG-
URES 2A AND 4). The epithelial cells also possess adherens
junctions beneath the tight junctions, and contain a su-
pranuclear microtubule-organizing center. Finally, the lu-
minal membrane bears both microvilli and kinocilia as de-
scribed above. All these are typical features of polarized
epithelial cells. Nevertheless, the Na"-K"-ATPase and sim-
ilarly “basolateral transporters” such as NKCC1, KCC4,
and NHE1 (see below) are all expressed in the luminal
membrane of the choroid plexus. In contrast, other typical
“basolateral transporters,” such as AE2, KCC3, and
NBCn1, occupy the same membrane domain as in other
epithelia. This highly unusual and almost unique distribu-
tion of membrane proteins remains a focus of those inter-
ested in protein trafficking (251).

In general, the cellular distribution of plasma membrane
proteins is determined by three mechanisms: 1) primary
protein structure, 2) sorting in vesicles destined for specific
membrane domains, and 3) membrane stabilization by cy-
toskeletal anchoring (3, 37, 209). Thus, for many mem-
brane proteins, specific consensus amino acid motifs are
included during protein synthesis in the endoplasmic retic-
ulum. These amino acids or special glycosylated motifs
added en route are recognized by chaperone molecules in
the rough endoplasmic reticulum (RER)-Golgi axis. These
motifs determine the sorting of proteins into transport ves-
icles that are targeted either to the luminal or basolateral
membrane from the trans-Golgi network (TGN). The
plasma membrane abundance of a protein also reflects the
balance between insertion of new protein, the stabilization
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FIGURE 4. Polarity of choroid plexus epithelial cells. The cartoon shows the typical distribution of the actin
and spectrin cytoskeleton in an epithelial cell such as the renal proximal tubule cell compared with the atypical
distribution in the choroid plexus cell. Integral plasma membrane proteins involved in cellular solute and water
transport are anchored to the cytoskeleton through adaptor or anchoring proteins, such as ankyrins, ad-
ducins, catenins, ezrin-radixin-moesin proteins, and syntaxins. The distribution of Na*-K*-ATPase (Na,K),
aquaporin-1 (AQP1), anion exchanger 2 (AE2), Na*-K*-2CI~ cotransporter 1 (NKCC1), the Na*/H™" ex-
changer 1 (NHE1), and E-cadherin (E-cad) is shown for both cell types as well as the tight junction protein
claudin-2. The mechanism behind the atypical polarity of the choroid plexus epithelial cell is at present unknown.

in the membrane by cytoskeletal anchoring, and protein
retrieval for breakdown.

Explanations for the unusual expression of proteins in the
CPE have been sought at each level of protein synthesis and
sorting. There is no evidence for the CPE-specific membrane
targeting being the result of changes in primary structure for
the luminal Na*-K*-ATPase, NHE1, or NKCC1 proteins
(Dambkier and Praetorius, unpublished observations). Thus
the mechanisms for the atypical protein targeting in CPE
may be sought for among differences in either TGN sorting
of membrane-bound vesicles or in plasma membrane reten-
tion. To date, TGN sorting has not been systematically
investigated in the choroid plexus, but some progress has
been made regarding the atypical selective membrane reten-
tion (see below). The basic paradigm is that membrane
proteins can either exist as free-floating proteins in the lipid
bilayer or as fixed proteins, anchored to the actin or spectrin
cytoskeleton through adaptor proteins such as ankyrins,
adducins, myosins, ezrin/moesin, or catenins (FIGURE 4). To
understand the cell biological principles involved in choroid
plexus polarization, it is necessary first to consider more
general principles of cell polarization in the following para-
graph.

Physiol Rev . VOL 93 . OCTOBER 2013 . www.prv.org

There are two central questions in cell polarization: 1) How
is polarity induced? 2) How do the first proteins reach a
given domain? If one first envisions a nonpolarized cell
meeting a neighboring cell, these cells can form early adhe-
rens junctions and tight junctions. These junctions then seal
off the luminal and basolateral domains in a beltlike fashion
(209). Once this process is complete, diffusion of membrane
proteins across the junctional complexes is restricted, so
any newly synthesized membrane protein must arrive by
vesicular carriers. These vesicles can target the intended
membrane domain via the system of SNAP-SNARE pro-
teins and Rab proteins targeting the vesicle to the intended
membrane domain. However, this specificity requires that
the given membrane domain already contain membrane
proteins specific to that domain. The membrane domain
specificity is either determined by proteins sorted during the
formation of cell junctions by guided lateral diffusion in the
membrane, or by some other mechanism inserting vesicles
to a specific domain without needing the target SNARE and
Rab protein of that domain.

Evidence from neurons, which also display cellular polarity,

provides support for such a dual mechanism (227). If we
assume the transition of a uniform rounded cell to a mature
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neuron is similar to the induction of epithelial polarity, then
we can equate the axon of the neuron to the epithelial
luminal membrane, whereas the dendrites and cell body of
the neuron equate to the basolateral membrane. In neurons,
the earliest event in the neurons leading to asymmetry is the
cytosolic accumulation of actin fibers beneath the plasma
membrane at a site that does not display any previous spe-
cialization. While vesicles from the TGN destined for the
cell membrane could reach all areas of the surface before the
actin accumulation, it appears that certain vesicles are un-
able to penetrate the actin mesh and, thus, are excluded
from the membrane above it. The actin accumulation oc-
curs exactly at the site where the axon grows out and spe-
cific vesicles are only delivered to the dendritic and cell body
surfaces. From this point, the membrane domains will differ
in membrane protein contents including docking proteins
for further vesicular cargo and specialization. In epithelial
cells, a similar actin network forms during the generation of
cell junctions beneath the luminal membrane: the terminal
web. One may envisage that insertion of vesicles into the
luminal membrane would be somehow restricted or selec-
tive to aid the initial cell polarization as observed in devel-
oping axons (227).

The earliest mechanistic insight into the atypical distribu-
tion of membrane proteins in the choroid plexus came from
two studies published in the early 1990s. In the first, Marrs
et al. (200) found that the Na™-K*-ATPase was complexed
by erythoroid ankyrin and fodrin to the luminal surface in a
triton-resistant membrane protein fraction. The now ac-
cepted nomenclature defines the erythroid ankyrin A as
ankyrin 1, whereas the former brain (and cardiac) ankyrin B
is ankyrin 2 and cardiac/neuronal ankyrin G is now ankyrin
3. Fodrin is a nonerythroid spectrin heterodimer composed
of all and BII subunits (erythroid type is ol and BI). There
are two a spectrins (al and oll) and five B spectrins (Bl to V)
forming the spectrin dimers. Marrs et al. (200) also found
that B-cadherin was expressed in the choroid plexus, and
found in a triton-soluble fraction, also complexed with
ankyrin and fodrin. Overexpression studies in fibroblasts
were performed to test whether the presence of B-cadherin
was involved in the lack of basolateral Na*-K*-ATPase. It
was concluded that only E-cadherin expression was ac-
companied by basolateral Na*-K*-ATPase localization,
whereas B-cadherin expression led to diffuse distribution of
the membrane protein. Whether this was based on selective
targeting of Na"-K"-ATPase vesicles to the apical mem-
brane in the absence of E-cadherin, or to a lack of E-cad-
herin-dependent retention of the protein in the basolateral
membrane remains unknown.

In the second paper, Alper et al. (5) applied a variety of
antibodies to demonstrate that the vast majority of ankyrin,
fodrin (spectrin), actin, myosin, and «-actinin colocalize
with the Na"-K"-ATPase in the luminal plasma membrane
domain in the choroid plexus. This is the opposite to most
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other epithelia, where ankyrin/spectrin cytoskeleton is pre-
dominantly found at the basolateral membrane domains. In
agreement with the study by Marrs et al. (200), spectrin was
also found at the basolateral domain but in a much lower
abundance. However, the immunohistochemical localiza-
tion of ankyrin with the luminal membrane in the Alper
study (5) was in stark contrast to the biochemical detection
of ankyrin in both domains of the cell by Marrs et al. (200).
Apart from the methodological difference, this discrepancy
may have been caused by differences in the ankyrin subtype
or antibody performance between the two studies. In Alp-
er’s study (5), the antibodies were directed against human
erythroid ankyrin (ANK1), while they were anti-chicken
ANKT1 in the Marrs study (200). No other ankyrins nor
spectrin forms have been studied thus far in relation to the
choroid plexus. Recently, Lobas et al. (184) localized E-
cadherin as well as B-catenin to the basolateral membrane
domain and ezrin to the luminal membrane domain. We
have recently verified the expression of E-cadherin in mu-
rine choroid plexus (Christensen, Damkier, and Praetorius,
unpublished data), thereby challenging the interpretation
by Marrs et al. that the pan-cadherin antibody recognized
B-cadherin in the choroid plexus.

It was recently shown that the subluminal ezrin distribution
in the CPE was completely disrupted in mice with genetic
ablation of the NaHCOj; transporter Ncbe (59). This is
accompanied with redistribution of the NHE1 from the
atypical position in the luminal membrane to the usual lo-
calization at the basolateral membrane. Ncbe gene knock-
out was also accompanied by a collapse of the ventricular
volume, indicating a greatly reduced CSF secretion by the
CPE. In the same study, however, we found that the abun-
dances of other key transporters such as the Na™-K*-
ATPase and AQP1 in the luminal membrane were markedly
reduced in the knockouts (59). Thus it is not established
whether the loss of Ncbe expression is the primary cause for
the decreased CSF volume. A similar decrease in ventricular
volume was observed by Lobas et al. (184), when protocad-
herin gamma was deleted in ciliated cells including CPE
cells. In this study, there were no obvious changes in the
CPE specific polarity with regards to tight junction proteins,
E-cadherin, or ezrin. Clearly, a systematic and coherent
comparison of the spectrin cytoskeleton and anchor protein
distribution is warranted to more precisely define the deter-
minants for the atypical polarization of CPE.

IV. MODELS FOR WATER AND SOLUTE
TRANSPORT ACROSS EPITHELIA

Many cellular substances are not evenly distributed across
plasma membranes. The distribution of a given solute
across the membrane depends on the electrochemical forces
acting on the solute and the permeability of the membrane
to that solute. In most animal cells, the active and electro-
genic extrusion of Na™ in exchange for K* by the Na™-K™-
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ATPase is the major generator of ionic and charge asymme-
try. This mechanism therefore drives most secondary active
transport of other solutes into and out of cells. These gen-
eral mechanisms are present in all mammalian cells. In
transporting epithelia, the asymmetric distribution of
plasma membrane transport proteins enables net transcel-
lular transport of ions, other solutes, and water in a given
direction, i.e., vectorial transport. In addition to transcellu-
lar movement of solutes and water, some epithelia facilitate
the paracellular transport of certain molecules via tight
junctions (26). One prominent example is the paracellular
reabsorption of Mg®* in the renal thick ascending limb of
Henle’s loop, where the lumen-positive potential difference
across the epithelium drives Mg " through claudin-16 (pre-
vious parcellin-1) to the interstitium (293). In electrically
leaky epithelia, cations or anions are able to pass the tight
junction to some extent, while electrically tight epithelia
virtually exclude such transport. In subsequent sections, we
will discuss the vectorial transport of Na*, ClI~, and HCO3
by the CPE from the blood side to the brain ventricles. In
this section, however, we first consider the potential mech-
anisms of transepithelial H,O transport.

In some epithelia where large transepithelial gradients exist,
e.g., the renal collecting duct, the routes of vectorial water
transport are quite well established (25). In contrast, the
explanations of how transport occurs when the osmotic
gradients are small or even undetectable remain controver-
sial. Several models have been proposed to explain how
water transport is coupled to solute movement across epi-
thelia to yield almost isotonic net transport. These models
were developed predominantly for absorptive epithelia;
however, the choroid plexus has also been investigated as a
key example of a secretory epithelium. Despite the involve-
ment of some of the most prominent physiologists in epi-
thelial transport, there is still no general agreement on this
fundamental matter. Here, we provide a brief overview of
the proposed models and their limitations to form a basis
for the current model of the secretory processes in the cho-
roid plexus.

A. Three-Compartment Model

The phenomenon of apparent isosmolar transport of water
and solute across epithelia was first described by Reid (265).
Since then, isosmotic transport has been described in small
intestine, gall bladder, renal proximal tubules, and the cho-
roid plexus epithelium (10, 52, 69, 70, 338, 339, 346). In
1962, Curran and Maclntosh (51) proposed the three-com-
partment model to explain isosmotic solute and water
transport across epithelia. The three-compartment model
involved a semipermeable membrane or barrier facing the
lumen, a middle compartment, and a nonselective membrane
or barrier facing the interstitial side (FIGURE 5A). The semi-
permeable barrier was highly water permeable but had a
low solute permeability (high solute reflection), whereas the
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nonselective barrier was almost freely permeable to solutes
and water (low solute reflection). The active transport of
solutes into the middle compartment from the adjacent cells
increased the osmolarity here, and water followed across
the semipermeable membrane to regain isosmolarity. The
solute and water transport also increased the hydrostatic
pressure in the middle compartment. This pressure thus
drove water and solutes from the middle compartment
across the nonselective membrane into the interstitial side
of the epithelium. The nature of the different compartments
and barriers, however, were not defined in this model (51).

B. Standing Gradient Model

In the very influential standing gradient model, the three-
compartment model was extended and the morphological
nature of the compartments was identified (71, 343). The
model depended strictly on transcellular transport, in which
the solute, such as Na™, was taken into cells across the
luminal membrane (i.e., the reflective or semipermeable
membrane in the three-compartment membrane, FIGURE
5B). A slight intracellular hyperosmolarity then favored wa-
ter movement across the same membrane to restore isosmo-
larity. Solute was actively transported into the lateral inter-
cellular space (LIS, middle compartment) by the Na™-K™-
ATPase in the area closest to the tight junction at the blind
end of the LIS. This produced a slightly higher osmolarity in
LIS than inside the cell so water followed the solute across
the lateral membrane. The resulting volume expansion in the
LIS generated a hydrostatic pressure gradient towards the in-
terstitial space below the basement membrane. The pres-
sure gradient caused the bulk extrusion of isotonic fluid
from the LIS to the underlying connective tissue on the
blood side. The hypertonic fluid at the blind end of the LIS
gradually became isotonic towards the open end, as the
major water movement from the cell to LIS occurred near
the open end. Over the years, several of the requirements for
the model were questioned (275, 305, 337). First, the Na™-
K" -ATPases were uniformly distributed along the entire
basolateral membrane, and not restricted to the area adja-
cent to the tight junctions as predicted in the model. Second,
the tight junctions were not impermeable in leaky epithelia.
Third, it was demonstrated that the walls of the LIS did not
form a restriction for diffusion of small molecules. Further-
more, with respect to the CPE, the model was not easily
applicable to secretory epithelia in which there are no com-
partments equivalent to the LIS.

C. Moadifications to the Standing Gradient
Model

The standing gradient model was modified many times
based on results obtained from absorptive epithelia. Boul-
paep and co-workers (275) noted the inadequacies of the
standing gradient hypothesis, so they offered two alterna-
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tive, but not mutually exclusive, models. The continuous
model dealt with the problem of “isotonic transport” by
including significant paracellular component of the trans-
port, a peritubular fluid of similar composition as the LIS,
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and slight hyperosmolarity as the fluid emerged from the
LIS (but not from the basal membrane). The model de-
pended on Na*-K"-ATPase in the lateral membranes and
suggested that the reduction in tonicity towards isosmolar-
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ity occurred across the capillary wall instead of inside the
LIS or after passing the basement membrane (FIGURE 5C).
Due to the high cell membrane water permeability, the
model predicted that even a small difference in osmolarity
of 2-3 mosM was sufficient to explain the observed isos-
motic reabsorption in proximal tubules. This model was
subsequently expanded into the five-compartment version,
where electrical driving forces and individual ionic fluxes
were taken into account. An intrinsic problem was that
experimental preparations of the isolated leaky epithelia
with no underlying connective tissue or capillary bed were
still capable of apparent isosmotic transport. The local os-
motic differences in the connective tissue depending on the
position relative to the LIS were not demonstrated directly
and would be difficult to sustain over time. Once again,
these models were only applicable to reabsorptive epithelia.

The basolateral recycling model was proposed by Ussing,
Larsen, and co-workers to explain the problem in the stand-
ing gradient model of decreasing fluid osmolarity along the
LIS. The hyperosmolar absorbate was still first normalized
at the mouth of the LIS where most of the water entered the
LIS from the cell (173). Furthermore, the decrease in fluid
osmolarity before extrusion from LIS was aided by recy-
cling Na™ and water across the basolateral membrane. The
Na"-K"-ATPase was distributed in agreement with evi-
dence from most epithelia, i.e., uniformly on the basal and
lateral surfaces. However, the model postulated that the
Na "-K*-ATPase must remain quiescent in the basal facing
membrane where Na™ was actually imported (in cotrans-
port with CI™ and probably K) for a new round of extru-
sion into LIS (FIGURE 5D). In leaky epithelia, the require-
ment for Na™ recycling was greatly decreased for the fluid
from the LIS to reach isosmolarity.

In the recycling model, equal amounts of water entered the
cells from the luminal and basal membranes. Both these
components were extruded from the cell into the LIS. To
explain net water absorption, a significant amount of the
water transport occurred through the tight junctions. It was
not clear from the model why the Na™-K*-ATPase in the
basal membrane would remain quiescent compared with
the identical molecules facing the LIS. The model was often
applied to the renal proximal tubule; however, there was no
molecular or experimental evidence for basolateral NaCl
import in these cells. The model also required a lumen-
positive transepithelial potential difference to drive Na™*
into LIS via the tight junctions, and this potential difference
was not present in the first half of the proximal tubules.
Furthermore, none of the three presented modifications to
the standing gradient model was easily transposed to secre-
tory epithelia.

D. Osmotically Driven Water Transport
Model

Spring (304), like Boulpaep, proposed that even a small
osmotic difference across the epithelium created by active
transcellular transport of Na* would be sufficient to ex-
plain the observed water movement. Spring based the os-
motic model on experimental evidence from proximal tu-
bules and gall bladder with a reported hyperosmolarity of
~2-15 mosM (22, 242). These values were close to those
reported from renal proximal tubules, small intestine, and
indeed the CPE (107, 113, 282, 358). A notable argument
in Spring’s model was that the area of the luminal mem-
brane must be ~10? times greater than the surface area of
tight junctions (303). This was even before correcting for
surface area extension by microvilli present in virtually all

FIGURE 5. Models for isotonic transport across epithelia. A: the three-compartment model was the founding model of isotonic transport. The
luminal barrier has a high solute reflection, so all solute and water enter other structures with a selective solute permeability (here exemplified
by H-0 and Na*). From here, solute is actively pumped into the middle compartment and water follows to maintain isosmolarity. This leads to
the generation of hydrostatic pressure in the middle compartment because of the isotonicity and the low solute reflection of the basal barrier.
Thus the solute and fluid are transported to the basal compartment (blood side). B: in the standing gradient model, the middle compartment was
identified as the lateral intercellular spaces (LIS). Furthermore, the concept of a solute gradient along the LIS from the blind end of the basement
membrane was introduced. Na* is mainly injected near the blind end of LIS, whereas water transport occurs mainly into the open end of the LIS.
It is still an increase in hydrostatic pressure that drives fluid out of the LIS into the blood side. C: the continuous model operates with an even
distribution of Na™ and water transport along the LIS. Here, the generation of a slightly hyperosmolar solution to drive water transport from the
cell to the LIS. The interstitial tissue beneath the LIS has the same higher osmolarity in contrast to the osmolarity of the interstitium beneath the
basal plasma membrane. Also, a paracellular contribution to solute and water was introduced. Again, hydrostatic pressure forces fluid from LIS
to the blood side. D: the recycling model is similar to the continuous model in many aspects, but depends on recycling of a substantial amount
of the water and sodium injected to the LIS across the basal plasma membrane. The majority of the net transport occurs through the tight
junctions, and basal Na*-K*-ATPase must remain quiescent. E: the osmatic model differs from the continuous model by the lack of significant
paracellular water transport, and the paracellular solute transport is mainly a necessity to maintain the transepithelial voltage difference low. The
model is not dependent on the variation in interstitial osmolarity or uneven distribution of transporters on the entire basolateral surface and may
apply to both absorptive and secretory epithelia. The transcellular solute transport creates a slight hyperosmolarity in the LIS as well as on the
basal side of the epithelium and creates an even driving force for water along the entire basolateral surface. F: the molecular water pump model,
as opposed to the above models of absorptive epithelia, was based on studies of the secretory choroid plexus. Here, the transport of water is
coupled to solute transport directly by the same transport protein, in this case the K*-Cl~ cotransporter. The transport is driven by the outward
K* gradient created by the Na*-K*-ATPase. In addition to explaining isosmotic transport, this model suggests a mechanism even for “uphill”
water transport, as 500 water molecules are transported with one of each ion. The model does not deal with the basolateral transport
processes.
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leaky epithelia. Thus the tight junctions were required to
have at least 10* the water permeability of the transcellular
route to account for 50% of the net water transport across
the epithelium. This was several orders of magnitude larger
than the observed water permeabilities.

In contrast to the previous models, the Na*-K*"-ATPase
was uniformly distributed along the basolateral membrane
in the osmotic model and solute was transported into both
the LIS and towards the basement membrane from the en-
tire basal cell membrane (FIGURE 5E). Thus the transported
fluid had identical composition whether it arose from LIS or
from the basal infoldings. In the model, selective cation or
anion permeabilities ascribed to tight junctions allowed ei-
ther the selective absorption of ions by the paracellular
route, or back-leak of ions to the bath and thereby pre-
served the relatively low transepithelial potential difference
that could otherwise hinder cellular uptake of solute.
Spring’s osmotic model, in contrast to the previous models,
was independent of the architecture of the cell surfaces such
as the LIS and basolateral infoldings and was therefore
applicable to both absorptive and secretory epithelia.

E. Water and lon Cotransport

Zeuthen and co-workers (193, 362) recognized that a poor
relationship between AQP expression and water transport
existed in some epithelia (FIGURE 5F). Furthermore, in many
epithelia they saw little evidence for osmotic water trans-
port driven by a stepwise change in osmolarity from lumen
to cell and from cell to the interstitium. Based on initial
studies of the choroid plexus, Zeuthen and colleagues pro-
posed an entirely different model for isotonic and even up-
hill water movement, i.e., water transport, which takes
places against an osmotic gradient. They proposed that ion
cotransporters moved significant amounts of water into or
out of cells, a so-called molecular water pump or secondary
active water transport (360, 361). They suggested that the
coupled ion and water cotransport was the only theoreti-
cally plausible mechanism for the uphill movement of wa-
ter, which had previously been reported in studies of gall
bladder, small intestine, proximal tubules, and choroid
plexus. The central dogma of uphill water transport was
denoted by Spring as “strength of transport,” and in all
cases it is only observed when there was an intact interstitial
layer beneath the epithelium. Indeed, many transport phys-
iologists believe that uphill transport is a methodological
artifact caused by the preservation of connective tissue be-
neath the epithelium (303).

Early observations in favor of water pumps came from stud-
ies of cell volume changes in Necturus CPE in response to
luminal hyperosmolarity (and assessed by microelectrode
measurments of intracellular ion concentrations). Volume
changes were shown to depend on whether mannitol, NaCl,
or KCI was used to increase the osmotic load. Increasing
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luminal osmolarity by 50 mosM using mannitol or NaCl
caused rapid shrinkage of CP cells as expected, as water was
moved from cells to the bath (360, 361). However, a robust
cell swelling was induced when KCIl was used to increase
osmolarity. This swelling was blocked by the cotransporter
inhibitor bumetanide, suggesting that swelling resulted
from water influx mediated by inward KCl and H,O
cotransport (360, 361). Theoretically the mechanism re-
quires that there is a relatively high intracellular hypero-
molarity, to prevent water leaving the cells via aqua-
porins driven by osmotic differences. Estimates of the
intracellular osmolarity in rat choroid plexus, based on
the measured Na® and K" concentrations (TABLE 2),
however, do not support the existence of this high intra-
cellular osmolarity.

The central dogma of uphill water transport was described
as “strength of transport” by Spring, and in all cases ob-
served in preparations with intact interstitial layer beneath
the epithelium. The interstitial connecting tissue would be
predicted to build up a hyperosmolarity similar to the bath
over time because of predominant solute transport into and
across the epithelium and perhaps an initial loss of water to
the bath. Uphill water transport has to our knowledge never
been demonstrated in denuded epithelia. However, further
evidence in support for the molecular coupling of solute and
water cotransport has come from the recently resolved crys-
tal structures and subsequent transport simulations of hu-
man Na™-glucose transporter SGLT-1 and Vibrio SGLT
(43, 281). The solute-binding pocket of the SGLT is pre-
dicted to contain 70-100 H,O molecules trapped with the
solutes in the occluded state. However, as the concentration
of water in a solution is ~56 M, the cotransporters would
be required to move more than 187 water molecules per
solute, to explain hypotonic or “uphill” water transport.
It will be interesting to learn how many water molecules
are contained in the ion binding pocket of the KCC
cotransporters studied by Zeuthen and co-workers. Thus
the subject of water cotransport for now remains contro-
versial.

F. Tight Junction-Based Models

A significant contribution from a paracellular pathway for
water formed a key component of several of the aforemen-
tioned models, i.e., the continuous model, the five-compart-
ment model, and the basolateral recycling model. Thus as
much as 50% of the total transepithelial water transport
was ascribed to paracellular pathways in mathematical
models of proximal tubule transport (336, 344). Three
mechanistic models have been proposed to explain how
transport may occur via the paracellular route.

In the mechanodiffusion model (FIGURE 6A4), Hill and
Shachar-Hill (118) argued for a central role for tight junc-
tions in net solute and water transport in epithelia that did
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FIGURE 6. Paracellular pathways for water and solutes. A: the
mechano-diffusion model explains paracellular transport of solutes
and water by sequential opening and closures of tight junctional
strands. When a tight junction strand opens, the fluid outside and
inside the given tight junction pocket equilibrates. After closure and
opening to the next intrajunctional pocket, the full contents of the
first pocket equilibrate across the newly opened strand, etc. This
way, chemical and to some extent electrical gradients will be dimin-
ished over time. It is worth noting that the mechano-diffusion model
cannat explain isotonic transport or size /charge exclusion. B: in the
electro-osmosis model, water is dragged along with positive ions
that are attracted by the negative surface charge along the tight
junction. Na* is attracted into the tight junction because of the net
negatively charged surface. This movement of a major solute will
drag bulk fluid in the same direction into the gap between neighbor-
ing cells is sufficiently wide to allow bulk fluid movement. C: certain
claudins are permeable to anions or cations and mediate significant
contribution to ion transport in many epithelia. Claudin-2 is ex-
pressed in the choroid plexus permeates and may permit paracellu-
lar transport of both cations and water. The transport of solutes and
water molecules is not coupled, although the movement appears to
occur in single file. The net transport will follow the electrochemical
gradients.

not involve osmotic flow through the junctions. As in most
of the above models, the movement of solute results in the
development of an osmotic gradient; however, in the
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mechano-diffusion model, it was claimed that paracellular
transport could be hypotonic leaving the final absorbate
isosmotic. The mechanism of fluid transport through tight
junctions involved active opening and closure of a series of
compartments formed between cell walls and the strands of
tight junction proteins. The bulk water was followed by
modest amounts of ions that because of size exclusion
lacked macromolecules. It was not explained how the selec-
tive permeability of various tight junctions could occur by
this scheme. The mechanodiffusion model predicted a hy-
potonic LIS, which contradicted the evidence of hyperos-
motic interspace and preceded the emerging field of claudin
research which gave rise to a molecular basis for paracellu-
lar transport (see below).

In the electrodiffusion model (FIGURE 6B), Fischbarg (96)
basically agreed with Hill’s model with a few prominent
differences. The exact mechanism by which fluid was trans-
ported through tight junctions by electrodiffusion was re-
quired to fully compensate for the relatively low surface
area of the junctions compared with the apical membrane.
In the electro-diffusion model, net negative charge in tight
junction “channel” structure and a lumen-negative transep-
ithelial potential difference drove paracellular Na* move-
ment into the negatively charged intercellular slit of the
tight junction towards the other side of epithelium. This
movement dragged bulk water along into the intercellular
slit as described for electro-diffusive water pumps and
would have had the potential of compensating for the small
surface area of the tight junctions. However, the idea was
not easily reconciled with results from the proximal tubule
or the choroid plexus. In the choroid plexus, the lumen-
positive transepithelial potential difference would have re-
pelled Na™, which would therefore have dragged water
from CSF to the interstitium. In proximal tubules, the lu-
men-negative potential in the first half segment would have
resulted in Na® and water movement into the renal tubule
lumen.

In 1999, Lifton and co-workers (293) discovered that a
specific tight junction protein, claudin-16 (then paracellin-
1), could mediate Mg>" transport between cells. Subse-
quent work has found that additional claudins, such as
claudin-1, -3, and -5, are present in electrically very tight
junctions, whereas others such as claudin-2, -10b, and -15
form cation-selective pores and claudin-10a and -17 are
anion selective (169). Claudin-2 was first discovered by Fu-
ruse et al. (99) and is expressed in leaky epithelia, such as
proximal tubules and the choroid plexus. The functional
significance of claudin-2 was further elucidated in Cldn2
knockout mice, in which proximal tubular paracellular re-
sistance is greatly increased, and the transepithelial trans-
port of Na™*, Cl™, and water is decreased (222). The role of
claudin-2 in water transport was further elaborated by the
demonstration that overexpression of claudin-2 induced a
fivefold increase in the water permeability of the principal
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cell MDCK-c7 culture model of tight epithelia (270). Im-
posing either osmotic gradients or Na™ gradients enhanced
water transport, and the results indicated a single-file trans-
port of molecules through the junctions (270). A model of
claudin-mediated ion and water transport as it would ap-
pear in the choroid plexus is shown in FIGURE 6C.

Although these data by Rosenthal and co-workers strongly
suggested that claudin-2 induced water permeability to the
epithelium, a fivefold increase in junctional permeability in
a very water tight epithelium may not have been sufficient
to contribute significantly in a leaky epithelium such as the
proximal tubules and choroid plexus. The increase in per-
meability by claudin-2 expression was relatively small com-
pared with the required 10*-fold higher tight junction per-
meability to compensate for the small surface area com-
pared with the luminal membrane. Spring and co-workers
found evidence against significant water flux across the
tight junction into the LIS in a model of leaky MDCK cells
(MDCK-II) and favored the idea that the vast majority of
water transport was transcellular. In the choroid plexus it
cannot be excluded that the K" secretion and a component
of the water movement might be mediated by paracellular
transport through claudin-2, as these molecules share the
outward transport direction here.

There are a few other unresolved questions regarding trans-
port in leaky epithelia that weaken any of the current mod-
els of water and solute transport. The problem related to the
current discussion is how to explain the observed transepi-
thelial movement of medium-sized molecules, such as glu-
cose and mannitol. With the modern insight into tight junc-
tion geometry and molecular composition, there is little
room for significant transport of the medium-sized mole-
cules or the phenomenon “solvent drag” across the tight
junctions. One proposed morphological possibility for such
transport is the cellular junctions where three epithelial cells
meet and where the tight junction proteins turn away from
the surface to follow the lateral cell corners to form a fun-
nellike tube. This pore may be large enough to allow the
permeation of some molecules, but is probably sealed by
the trijunctional protein tricellulin (198). Another expla-
nation to the reported transport of larger molecules is the
edge effects occurring when mounting tissue in Ussing
chambers or other artificial damages to the epithelial
monolayers. Hopefully, future studies will address all of
these questions.

G. Comparison of the Choroid Plexus to
Other Secretory Epithelia

While the above models adequately explain isosmotic ab-
sorption of fluid and electrolytes, most of these cannot eas-
ily be applied to secretory epithelia. In most secretory epi-
thelia, just as in absorptive epithelia (FIGURE 7A), the Na™-
K*-ATPase is the primary molecular machine driving
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epithelial transport, and in most secretory epithelia the
Na"-K"-ATPase is located in the basolateral membrane.
Thus, in the majority of secretory epithelia, secretion can-
not occur by a reversal or “mirror image” of absorption.
FIGURE 7B is a simplified representation of the model for
secretion by a typical glandular epithelium. In this model, it
is the transcellular transport of Cl ™, and not Na™, which is
central in the secretory process. Thus Cl™ enters the epithe-
lium via the NKCCT1 in the basolateral membrane. Influx of
Cl™ takes place against the electrochemical gradient by sec-
ondary active transport driven by the Na™ gradient. CI~
then exits the cell through CI™ channels in the apical mem-
brane. In contrast, the cell extrudes Na™ by the basolateral
Na*-K*-ATPase in such tissues, and Na™ probably trans-
locates to the lumen via the tight junctions driven by the
lumen-negative voltage created by the transepithelial Cl™
transport. This model forms the basis for discussion of
transport in most secretory epithelia, although it has been
subject to modification in studies of specific epithelia.

The sweat glands, salivary glands, and exocrine pancreas
are among the best-studied secretory epithelia. A two-stage
process of secretion is observed in both sweat and salivary
glands; the coil cells or acinar cells, respectively, secrete an
almost isotonic fluid driven by CI™ movement as described
above. These primary secretions are then modified by the
ductal cells under hormonal and nervous control to form a
more or less hypotonic product with lower Na™ and CI™
contents, but higher K™ and HCO3 concentrations (190,
191, 316). In contrast, in the exocrine pancreas, the acinar
cells secrete only a little Na™, Cl~, and water along with the
digestive enzymes, and it is the ductal cells which secrete the
majority of fluid together with Na™ and HCO3 as the pre-
dominant ions (34). In the cat pancreas, there is a strikingly
close correlation of almost unity between the blood-side
perfusate and the pancreatic juice osmolarities over a wide
range of osmolarities, but the ionic contents are always
slightly higher in the fluid of the main duct (38).

AQP1 and AQPS are expressed in the pancreatic duct cells,
with AQP1 in both apical and basolateral expression and
AQPS5 exclusively in the apical membrane (33). These aqua-
porins are thought to participate in the potent water secre-
tion by the ducts, but the hypothesis remains to be tested in
experiments on AQP1 and AQPS5 knockout mice and/or by
inhibition of aquaporins using mercuric compounds. In the
salivary glands, AQPS5 is most prominently expressed in the
apical membrane of the acinar cells, where it greatly in-
creases the water permeability (109, 110), and in AQPS
knockouts salivary secretion is greatly impaired (192).
AQP3 is expressed in the basolateral plasma membrane of
human salivary gland acinar cells (110), but there is no
evidence of aquaporin expression in the basolateral mem-
branes of salivary gland acinar cells from other species.
Little is known about aquaporin expression in sweat gland
coil cells, although AQPS knockout mice show little or no
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defect in sweat secretion (226, 297). These data indicate
that in some excocrine gland cells, the permeability of the
cell membranes may be sufficiently high to accommodate

A Proximal tubule reabsorption model
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isotonic secretion, or that perhaps the paracellular pathway
can mediate the water transport along with the well-estab-
lished paracellular Na™ secretion. With the exception of
claudin-2 in pancreatic ducts and claudin-16 in salivary
glands, however, no ion or water permeating claudins have
been detected in exocrine glands (168, 187, 197, 241, 259).
Overall, it seems that the pathways for the main ions in
potent secretory epithelia are well described, except for the
paracellular Na™ pathway in the acini. Little is known, in
contrast, about the relative contribution of transcellular
and paracellular water transport in these tissues despite
progress in the molecular mapping of potential water trans-
porting molecules for both transcellular and paracellular
transport.

By comparison to these typical secretory epithelia, ion
transport in the choroid plexus is very different. The highly
atypical localization of the Na™-K*-ATPase in the apical
membrane means that ion secretion in the choroid plexus
may take place by a process akin to the reversal of the
absorption in other epithelia. FIGURE 7Cis an early model of
ion transport by the choroid plexus. It shows that because
of the apical localization of Na*-K"-ATPase, transcellular
transport of Na™ is central to the overall transport process,
i.e., it resembles the inversely directed transport in renal
proximal tubules (FIGURE 7A). Thus the choroid plexus can

FIGURE 7. Comparison of models for typical absorptive, secretory
epithelia, and the choroid plexus. A: reabsorption by the renal prox-
imal tubule involves basolateral extrusion of Na* by the Na*-K*-
ATPase. This creates an inward electrochemical gradient for Na™*,
which is exploited by apical cotransporters such as Na*/H* ex-
change to import Na™. CI~ exchanges with HCO3 across the apical
membrane and exits the cell via basolateral cotransport with K*.
Thus K" recycles across the basolatral membrane. Water mole-
cules are transported across the cells mainly through transcellular
pathways, as the membranes have high intrinsic water permeabili-
ties. B: the classical model for secretion from sweat or salivary
glands. The Na*-K*-ATPase develops an inward gradient for Na™
and sustains inside negative charge. The NKCC imports Na*, K™,
and Cl™ into the cell. Thus Na™ is recycled across the basolateral
membrane along with most K* exiting via basolateral K™ channels.
Cl~ is extruded across the apical membrane through CI~ channels
generating a slight lumen-negative potential difference compared
with the basolateral side of the epithelium. This drives paracellular
Na™ secretion and transcellular K* secretion. \Water takes trans-
cellular or paracellular routes driven by a discrete luminal hyperos-
molarity. C: a preliminary model for secretion by the choroid plexus.
Before the molecular identity of the major transporters was known,
the madel for CSF secretion by choroid plexus was mainly based on
transport inhibitor studies (for details, see FIGURE 10). The Na™*-
K*-ATPase directly extruded Na™ into the CSF and created lumen
positive charge. CI~ and to a lesser extent HCO3 followed through
conductive pathways down the electrochemical gradient. The source
for Na™ and CI~ for secretion was the parallel action of Na*/H*
exchange and CI~ /HCOgz exchange across the basolateral plasma
membrane. Water was moved across the epithelium driven by slight
luminal hyperosmolarity. HCO3 was generated from hydration of CO,
catalyzed by intracellular carbonic anhydrase.
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be said to have more in common with the absorptive epi-
thelia than most if not all secretory epithelia.

The tight junctions of the choroid plexus have tradition-
ally been described as leaky similar to those in the renal
proximal tubules. However, it may be more accurate to
claim that they are intermediate with respect to the elec-
trical resistance (see below). The transepithelial potential
difference across the choroid plexus is small as is the case
in leaky epithelia. This, however, is not necessarily a
good indicator of leakiness, and it may just reflect the
careful balance between anion and cation transport in
this epithelium.

The expression of tight junction proteins determines the
degree to which paracellular transport of simple solutes can
contribute to CSF secretion or absorption, i.e., some clau-
din proteins form selective pores within the tight junctions.
Many claudins are expressed in the choroid plexus at the
mRNA and/or protein levels, including claudin 1, 2, 3, 5, 9,
11, 12,19, and 22 (99, 167, 313, 347). Of these, however,
only claudin-2 is a pore-forming claudin characterized as
both monovalent cation- and water-selective channel (169).
No other pore-forming claudins, i.e., claudin 10, 15, and
17, are found in the choroid plexus. Claudin-2 expression
per se does not always render an epithelium highly leaky,
but it is necessary for paracellular permeabilty. The absence
of other pore-forming claudins and factors such as the very
elaborate basolateral interdigitations—the basal labyrinth
may cause the intermediate resistance of the choroid plexus
epithelium. However, the recorded resistance is far from the
values of up to 2,000 Q reported in truly tight epithelia.

The water permeability of the CPE tight junctions is a sep-
arate matter. The expression of specific claudins is currently
believed to govern the particular permeability of epithelia,
and the CPE just as the renal proximal tubules (PT) ex-
presses the water selective claudin-2. The contribution of
claudin-2 to water transport in the CPE has not been deter-
mined, but in the PT claudin-2 deficiency leads to the exact
same phenotype with regards to water transport capability
asin AQP1 knockout. Furthermore, there is no information
available on the structure and development of the ventric-
ular system in the claudin-2-deficient mice. Thus the relative
contribution of paracellular and transcellular routes for wa-
ter in CSF secretion is unknown. Given the available data,
however, we suggest that the paracellular pathway makes
only a minor contribution to ion and water transport in the
direction from blood to CSF. A modest paracellular cation
flux in the opposite direction may also serve to maintain a
low transepithelial potential difference, and thereby indi-
rectly support the transcellular electrogenic transport.

In conclusion, the transepithelial transport of ions and water

appears to be essential for the overall process of CSF secretion.
The following sections in this review describe how a model of
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ion transport in CSF secretion by the choroid plexus has been
developed and elaborated over the last 50 years.

V. EARLY INVESTIGATIONS OF THE
MECHANISM OF CHOROID PLEXUS
SECRETION

In the second half of the 20th century, from about 1960 to
about 1985, ground-breaking experimental work aimed at
determining the mechanisms of ion transport in choroid
plexus function was performed using a wide variety of ex-
perimental methods. Here, we briefly describe the most
prominent methods, and then provide a brief overview of
the resulting data.

The method of sampling the newly formed fluid (nascent CSF)
from oil-covered ventricle choroid plexus was introduced by
Ames and colleagues (64) (FIGURE 8A). This method was of
key importance, because it meant that the composition of the
newly formed ventricular CSF could be compared with that of
the mixed fluid from the cisterna magna and, perhaps more
importantly, with blood plasma. Pappenheimer et al. (237)
developed the method of ventriculo-cisternal perfusion (FIG-
URE 8B), whereby changes in CSF composition and volume
were determined by infusing fluid of a known composition
into the ventricles at a controlled rate, and then sampling the
fluid further downstream. FIGURE 8C shows the approach
taken by Welch (339), who sampled the blood from the arte-
rial and venous side of the choroid plexus to determine what
was extracted by the passage. These values could be compared
with the bath solution surrounding CPE. This method was
extended significantly by Johanson et al. (142), who employed
radioactive tracers to precisely determine total water space,
red blood cell volume, interstitial space, and cell water space.

Today, most work on the choroid plexus involves the use of
rats and more particularly mice, where transgenic ap-
proaches have been taken. However, for technical reasons,
many of the experiments performed using the in vivo meth-
ods have employed larger mammals such as goat, cat, dog,
and rabbit, i.e., these methods are too elaborate for appli-
cation to smaller species. Important contributions to our
understanding of choroid plexus function were also made in
nonmammalian species. In shark and some amphibian spe-
cies, for example, the choroid plexus has a sheetlike mor-
phology with epithelium on only one side. Thus the tissue
can be mounted in Ussing chambers allowing transepithe-
lial fluxes to be measured, something which is not possible
with mammalian tissues. These methods were exploited par-
ticularly successfully by Wright and colleagues, who published
a series of key papers on the bullfrog choroid plexus in the
1970s and early 1980s (277,278,350, 351, 364, 365). Wright
and Zeuthen also refined the use of microelectrode impale-
ment of amphibian CPE cells with microelectrodes for electro-
physiological recordings, ion concentration, and volume mea-
surements (277, 363-365) (FIGURE 8D).
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FIGURE 8. Classical methods in the study of choroid plexus function. A: nascent CSF sampling was accom-
plished in vivo by installing an oil layer in the ventricle lumen surrounding the choroid plexus. The newly formed
cerebrospinal fluid was directly collected with a pipette for analysis of ionic composition. B: in ventriculocisternal
perfusion, artificial cerebrospinal fluid is introduced in the lateral ventricles at low flow rate. The perfusate is
collected from the cisterna magna in vivo, and the changes in ionic composition of the fluid after perfusion of
the ventricular system can be determined. The alterations in the collected fluid can form the basis for the
estimates of the CSF formed during the experiment. C: in vivo method with simultaneous sampling of arterial
supply, the venous drainage, and cerebrospinal fluid. The ventricle system in addition to the larger blood vessels
supplying the choroid plexus are cannulated and fluid samples extracted. These fluids are then analyzed for any
change of ionic composition. Collection and analysis can be extended to include radioactive tracer ions.
D: microelectrode analysis can be applied to record both the transepithelial potential difference and the
membrane potential. lon-sensitive microelectrodes are impaled into the epithelial cells with a reference
electrode placed in the bath. lon-sensitive microelectrodes have been used to study H,0 transport by moni-
toring changes in intracellular ion concentrations ex vivo.

One of the main outcomes of these early studies of choroid
plexus function was the precise determination of the com-
position of newly synthesized CSF as it appears in the ven-
tricles. The distribution of main ions between plasma and
CSF determined in rabbit and dog are presented in TABLE 1.
TABLE 1 shows that although the values in plasma and CSF
are similar, they are certainly not the same. Specifically, in
both species, the concentrations of K*, HCO3, and Ca**
are lower in the in the CSF, whereas the ClI™ concentration

Physiol Rev . VOL 93 . OCTOBER 2013 . www.prv.org

is greater in the CSF (61). A similar profile of ion concen-
trations is also found in the rat CSF (TABLE 2).

Another set of basic observations was that the CSF concentra-
tions of K*, HCO3 (126, 127), and Ca** (145, 217) all re-
main virtually constant when plasma concentrations were ex-
perimentally varied. Together, these data were vital in estab-
lishing that CSF is secreted by the choroid plexuses and is not
simply an ultrafiltrate of plasma (61, 62) as described in the
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Table |. The concentration of ions and osmolality in plasma
and CSF from rabbit and dog

Rabbit Dog

Plasma CSF Plasma CSF

Na*, mM 148 149 185 151
K*, mM 4.3 2.9 4.6 3.0
Mg+, mM 2.0 1.7 1.4 2.0
Ca®", mM 5.6 2.5 5.7 2.9
ClI~, mM 106 130 121 133
HCO5;~, mM 25 22 26 26
pH 7.46 7.27 7.42 7.42
Osmolality,

mosmol/kgH,0 288.5 305.2 299.6 305.2

Data from Davson and Segal (61).

introduction. The early studies also provided the first indica-
tion that the main ions transported from blood to ventricle by
the choroid plexuses are Na™, Cl~, and HCOj . Furthermore,
the movement of these ions created a small osmotic difference
(ventricle positive, TABLE 1), which may be sufficient to drive
the secretion of water. These data are summarized in the
model of the CPE in FIGURE 9.

At the same time as much of this work was being per-
formed, Wright and colleagues (278, 350) were taking ad-
vantage of the ability to mount bullfrog choroid plexus in
Ussing chambers. With this method they demonstrated that
Na*, ClI~, and HCOj are actively secreted by a transcellu-
lar route across the CPE (278, 350). These observations
were therefore in good agreement with the contemporary
mammalian studies (see above). Zeuthen and Wright (364)
also demonstrated that the epithelium mediates the net
transcellular absorption of K*. This observation may be
significant in explaining how CSF [K™] is maintained (see
below).

The Wright group also explored the electrophysiological
properties of the bullfrog choroid plexus. They measured a
transepithelial resistance of ~170 Q-cm? (261). The trans-
epithelial resistance is important, because it gives a measure

Table 2. The concentration of ions in rat plasma, CSF, and
lateral ventricle choroid plexus

Plasma CSF CPE
Na*, mM 148 152 49
K*, mM 4.6 3.0 97
Cl=, mM 114 129 64
HCO5;~, mM 21 24 11
pH 7.44 7.34 7.05

Data from Johanson and Murphy (140).

1864

(CSF positive)
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FIGURE 9. Electrochemical gradients across the choroid plexus
epithelium. The ionic composition of cerebrospinal fluid (CSF) and the
blood side of the choroid plexus epithelium. The values are from
rabbit (61). The cell has a membrane potential of approximately —60
mV and a transepithelial potential difference of 5 mV (CSF side
positive).

of the leakiness of an epithelium, i.e., whether or not there
is significant paracellular permeability. The resistance of a
typical leaky epithelium such as the renal proximal tubule is
on the order of 5-7 Q-cm? in rabbit and dog (25, 178) and
40 Q-cm? in amphibian Necturus (289). In contrast, tight
epithelia in which there is no or very limited paracellular
transport have resistances of up to 2,000 Q-cm?. The
resistance of the bullfrog choroid plexus can therefore be
said to be in the intermediate range. Thus the paracellular
route may be of limited significance in the choroid
plexus. Unfortunately, the electrical resistance of the in-
tact mammalian CPE cannot be measured directly be-
cause of the morphology of the tissue. However, the re-
cent development of methods to maintain monolayers of
mammalian choroid plexus cells in primary culture has
facilitated measurements of transepithelial resistance.
Values obtained are in the range of 50-200 Q-cm? (11,
150, 270, 344, 345), and therefore in good agreement
with the bullfrog data.

The values for membrane potential obtained from the bull-
frog, and later Necturus, were also in accordance with the
limited amount mammalian data. In amphibians, the mem-
brane potential ranged from —25 to —60 mV (intracellular
negative and depending on experimental conditions) with
an average around about —45 mV (277, 364). Similar val-
ues were obtained in studies of mammalian choroid plexus,
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e.g., rabbit —64 mV (340), mouse —40 mV (269), and rat
—36 mV (Brown, unpublished data). These data are impor-
tant because the intracellular negative potential is impor-
tant in driving anion (ClI~ and HCO3) secretion by the
choroid plexus. A value of =45 mV is given in the diagram
in FIGURE 9. The transepithelial potential difference is one
electrical parameter that differs between amphibian and mam-
malian choroid plexus, and can be an important determinant
of ion movement by any paracellular route. In mammals, there
is a significant body of data to suggest that the transepithelial
potential difference is ~5 mV lumen positive, as shown in
FIGURE 9 (116, 126, 340). In the bullfrog, a value of =1 mV
was recorded (278); the functional significance of this obser-
vation, however, has never been elucidated.

FIGURE 10 summarizes the results of experiments aimed at
determining the identity of the transport pathways respon-
sible for Na™*, Cl~, and HCOj secretion by the mammalian
choroid plexus. FIGURE 10 catalogues the array of transport
inhibitors applied in vivo to the choroid plexus. Many of
the inhibitors, which were known to reduce ion transport in
other epithelia, also negatively affected CSF secretion by the
choroid plexus. First of all, the Na™-K*-ATPase inhibitor
ouabain and the carbonic anhydrase inhibitor acetazol-
amide inhibited CSF formation by 40-100% (7, 60, 285,
350), whereas the NHE and ENaC transport blocker
amiloride induced 50% reduction, but only when infused
directly into the carotid arteries (60). The Na*-K"-2CI~
cotransport inhibitor bumetanide had no effect on CSF for-

DIDS

K+
Bumetanide CI-'—
Na*

Furosemide

Ouabain . ‘

CSF

mation from the blood side (324), and the KCC inhibitor
furosemide inhibited CSF secretion when used only in doses
that may be sufficient to inhibit carbonic anhydrase activity

(206, 208, 263).

Ion radioactive tracer studies, Na™ and CI~ uptake into
CPE was inhibited by bilateral application of acetazol-
amide, furosemide, bumetanide, amiloride, and the HCOj3
and Cl™ transport inhibitor DIDS (143). The Cl™ uptake
was most affected by a combination of DIDS and bumet-
anide, which almost completely blocked Cl™ entry. The
inhibition of CSF secretion by DIDS occurred when the
drug was applied to the basolateral side both in vivo and in
vitro and CSF secretion as such was sensitive to basolateral
pH and [HCOjS] (66, 205, 278). These data suggest that
CSF secretion depends on acid/base transporters in the ba-
solateral membrane of the CPE.

The work described in this section has shown that by the
mid-1980s the basic process of ion transport by the choroid
plexuses had been defined. However, the lack of specificity of
many of the inhibitors used in these studies meant that the
precise identities of the ion transport proteins involved in CSF
secretion remained unknown. From the mid-1980s onwards,
all this was to change with development of molecular genetics
and introduction of patch-clamp electrophysiology. These
“new” disciplines contributed on two levels to our under-
standing of ion transport processes by the choroid plexus.
First, they classified very accurately the wide diversity of ion

DIDS

Blood
side

FIGURE 10. Potential sites of action for known inhibitors of cerebrospinal fluid secretion. Among the
transport inhibitors applied to the luminal side of the epithelium, DIDS targets the Na*:HCO3 cotransport by
NBCe?2 and possibly CI~ and HCO3 conductances. Bumetanide mainly inhibits the Na*-K*-2CI~ cotransporter
NKCC1, whereas furosemide blocks K*-Cl~ cotransport by KCC3. Ouabain is a potent inhibitor of Na*-K*-
ATPases. Applied from the basolateral side, DIDS inhibits the ClI~ /HCO3 exchanger AE2 and amiloride blocks
either the Na*/H" exchanger NHE1 or Na™ channels, such as ENaC. Amiloride may also exert an action
mainly on secretion via the blood vessels of the choroid plexus. The carbonic anhydrase inhibitor acetazolamide
is cell permeant and inhibits secretion regardless of the route of administration.
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transport proteins, which even in the 1980s had not been fully VI. MOVEMENT OF SMALL MIONOVALENT

anticipated. Second, the use of patch clamp and molecular IONS ACROSS THE LUMINAL MEMBRANE

localization methods have very clearly defined transport pro-

tein and ion channel expression in the choroid plexus (FIGURE A. The Na*-K*-ATPase

11). In the following sections, we provide a comprehensive

survey of ion transport and ion transport protein expression in Na "-K*-ATPases hydrolyze a single ATP molecule to drive
first the luminal and then the basolateral membrane of the the “uphill” extrusion of three Na™ in exchange for two
mammalian choroid plexus. K™. This action is necessary for creating and maintaining

FIGURE 11. Transcellular pathways for small monovalent ions and water in the choroid plexus epithelium.
The schematic representation of the choroid plexus epithelial cell shows the integral plasma membrane
proteins believed to be involved in the secretion of cerebrospinal fluid. At the luminal membrane (CSF side): the
potassium channels Kv1.3, Kv1.1, and Kir7.1; the water channel AGP1; the Na*-HCO3 cotransporter
NBCe?2; the Na*,K",2CI~ cotransporter NKCC1; the Na*-K*-ATPase; the K™-Cl~ cotransporter KCC4; the
Na*/H" exchanger NHE1; and the Cl~ conductances VRAC and Clir. At the basolateral membrane: the K*-CI~
cotransporter KCC3, the water channel AQP1, the Na*-HCO3 cotransporters Ncbe and NBCn1, and the
Cl~ /HCOg3 exchanger AE2. Interconversion between CO, + H,0 and H* + HCOg is catalyzed by extracellular
and intracellular carbonic anhydrases (CAXIl and CAll, respectively).
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asymmetrical distributions of many solutes across the cell
membrane. The inward directed Na™ gradient created by
the Na"-K"-ATPase drives secondary active transport of
other ions and solutes necessary for specific cellular func-
tions such as secretion. In most secretory epithelia, the Na™ -
K™ -ATPase is essential for the secondary active transport of
Cl™ which is a fundamental step in the secretory process. In
these epithelia and elsewhere, the Na*-K "-ATPase is nearly
always localized to the basolateral membrane protein in
epithelia. In contrast, in the choroid plexus, the Na™-K*-
ATPase is now known to be located in the luminal mem-
brane (FIGURE 12A). Thus ventricular application of the
Na-K*-ATPase inhibitor ouabain abolishes the net trans-
epithelial Na™ flux and the CSF secretion (7). Ouabain
binding and Na™-K*-ATPase immunoreactivity are dem-
onstrated in the luminal membrane (88, 202, 253, 290,
258). The luminal localization of the Na™-K*-ATPase
means that Na™ is injected into the CSF by primary active
transport, and therefore, the Na™-K*-ATPase is of funda-
mental importance to the process of CSF secretion. In ad-
dition to this direct role in the Na* extrusion, the Na*-K*-
ATPase also establishes and maintains the Na* and K™
gradients, which ultimately drives all the other transport
proteins, which contribute to CSF secretion. Thus inhibi-
tors of the pump, such as ouabain, are very effective at
reducing CSF secretion (60, 249, 351).

Functional Na*-K*-ATPases are composed of two or three
subunits. The protein complex in the CPE consists of the
al-, and either B1- or B2-subunits (163, 333, 366) as well as
the cAMP-sensitive accessory protein or y-subunit, phos-
pholemman (FXYD1) (94). The combination «al, 1,
FXYD1 is a very typical distribution of subunits for an
epithelial cell and, hence, does not offer an explanation for
the luminal localization of the Na™-K*-ATPase in the cho-
roid plexus. The significance of the B2-subunits for mem-
brane targeting in CPE remains to be established. Interest-
ingly, phospholemman reduces the Na™ affinity of the Na™"-
K" -ATPase, thereby facilitating the task of maintaining a
supposedly high intracellular [Na™] (46) (TABLE 2). Swead-
ner and co-workers (94) suggested that phospholemman
may represent a target for the PKA-activated CSF secretion
by the choroid plexus. Na*-K*-ATPase expression in the
choroid plexus is also regulated by a-klotho, a protein as-
sociated with longevity, which is abundantly expressed in
the choroid plexus (171).

The luminal Na*-K"-ATPase transports significant amounts
of K" from the CSF into the CPE (29, 364), and constitutes the
most effective means of transporting K* out of the CSF. The
Na*-K"-ATPases have high affinities for K (K, for K*: oy 8,
=0.9 mM and «,8,= 1.2 mM; 47), and are therefore proba-
bly operating at maximum rate at normal [K™ ] concentra-
tions. However, the expression of all three of o, B4, and 3,
subunits is increased in tissue isolated from rats with experi-
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mentally induced hyperkalemia (163). This presumably re-
flects the increased need to remove CSF K™ in these animals.

As described above, the plasma membrane anchoring pro-
tein ankyrin is predominantly expressed in the luminal do-
main of the CPE (5) and form high-molecular-weight com-
plexes with the Na*-K"-ATPase (200). It remains to be
established how the luminal targeting of the Na*-K™-
ATPase is controlled. Nonetheless, the overwhelming evi-
dence is that the direct extrusion of Na™ across the luminal
surface by the Na"-K"-ATPase is absolutely required for
CSF formation.

B. H™ Transporting ATPases

The mRNA encoding the nongastric H"-K"-ATPase (244)
was identified in rabbit choroid plexus (181). Furthermore,
omeprazole applied to the ventricular side inhibited CSF
secretion in the same study. These data are potentially of
great importance, as the CPE seems ideally positioned for
controlling the pH of the largely CO,/HCOj -buffered CSF.
The H"-K"-ATPase may protect CSF pH against alkalosis
that is strongly associated with seizures. The expression of
another ATPase, the vacuolar H"-ATPase, in the luminal
plasma membrane has yet not been investigated directly.
However, the B1 subunit normally involved in plasma
membrane H™ extrusion is not expressed at mRNA level in
the choroid plexus (Christensen, Dambkier, and Praetorius,
unpublished data). Clearly, there is a need for further inves-
tigations to fully describe the expression of acid extruding
pumps in the CPE and their possible role in controlling the
pH of the CSF.

C. CI” and HCO; Channels

As in the majority of secretory epithelia, a substantial Cl™
efflux across the luminal membrane occurs via Cl™ channels
in the choroid plexus. Anion transport occurs to limit the
development of the potential difference caused by Na™
transport across the epithelium, and Cl™ is the major anion
in the CSF. The majority of CI™ moves via the transcellular
route, because DIDS, an inhibitor of many Cl™ channels
and ClI™ or HCOJj carriers, applied to the luminal or baso-
lateral side greatly reduces Cl™ secretion (66). Both CI™ and
HCOj3 are secreted by luminal electrogenic processes.
Whole cell patch-clamp studies have identified inward-rec-
tifying anion conductances (Clir) in CPE cells from rat
(160), mouse (159), and pig (147). The inward-rectifying
anion channels are constitutively active and are thought to
make a significant contribution to Cl™ efflux at the luminal
membrane. Channel activity is further increased by protein
kinase A (160) and inhibited by protein kinase C (148). It is
possible that the activation of these channels by protein
kinase A modulates the rate of CSF secretion, because chol-
era toxin (which increases cAMP production) has been
shown to stimulate CSF production in dogs (86).
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FIGURE 12. Localization of Na*-K*-ATPase, Ncbe, and aquaporin-1 in the choroid plexus. Mouse brain
sections were stained with antibodies against the indicated target proteins and visualized with fluorescent
secondary antibodies. A: the prominent luminal membrane Na*-K*-ATPase labeling of the 4th ventricle choroid
plexus epithelium is shown in red, and the strict basolateral staining for Ncbe is in green. Nuclei are labeled
blue. B: similar labeling with antibodies against aquaporin-1 reveals that this water channel (green) is ex-
pressed in capillaries (Cap) and the basolateral membrane along with abundant luminal expression. The
fluorescence image is overlaid on the corresponding differential interference contrast image. C: immunogold
transmission electron micrograph of the basal labyrinth of rat choroid plexus. The lateral intercellular space
(LIS) develops into a labyrinth of plasma membrane infoldings, and the basement membrane (BM) separates
the epithelium from the interstitium. The black spots at the basolateral plasma membrane indicate Ncbe

immunoreactivity.

Saito and Wright (277) proposed that HCO; -conductive
and cAMP-regulated ion channels form the main efflux
pathway in the luminal membrane of amphibian choroid
plexus. Patch-clamp studies of the mammalian choroid
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plexus actually indicate that the Clir channels possess such
high HCOj permeability (160). This, however, may be an
overestimate because the contribution of the NBCe2 (an
electrogenic HCOjJ transporter, see below) to the whole cell
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current was not considered in the calculation. These chan-
nels must therefore make a much less significant contribu-
tion to HCOjJ efflux in the mammalian choroid plexus than
was previously proposed (29).

The molecular identity of the Clir channel remains to be
determined. It is not, however, the cystic fibrosis transmem-
brane conductance regulator (CFTR), which is another ep-
ithelial anion channel regulated by cAMP. This has been
determined in a number of ways: 1) the relative anion per-
meability for halides was different from that of CFTR
(160), 2) CFTR mRNA was not expressed in the choroid
plexus in the same study, and 3) the anion conductance of
the choroid plexus was unaltered in a CFTR knockout
model (159). The voltage dependence of the channel resem-
bles that of CIC-2 channels, but the other properties, such
as halide selectivity, differ (160). Furthermore, the CI™ con-
ductance is still observed in CPE cells from CIC-2 knockout
mice (300).

A second class of CI™ channels identified in choroid plexus
belongs to the volume-regulated anion channel (VRAC)
family of channels (159, 160). VRACs appear to be almost
ubiquitously expressed, but the molecular identity of these
channels has proven difficult to determine (79). These chan-
nels make only a minor contribution to the Cl™ conduc-
tance at normal cell volumes, so they are thought to make
only a limited contribution to CI™ efflux during CSF secre-
tion (160, 212).

D. K Channels

In the amphibian choroid plexus, at least 90% of K*
pumped into the cells by the Na*-K"-ATPase in the luminal
membrane leaves the cells via ion channels in the same
membrane (364). The K" channels responsible for this
efflux also make a major contribution to the negative
membrane potential of the CPE cells, and sustain the
Na*-K"-ATPase activity by providing an efflux pathway
for K*. A similar role is also envisaged for K™ channels
expressed in the luminal membrane of the mammalian
CPE cells.

K™ channels were first identified by patch-clamp methods in
the luminal membrane of choroid plexus isolated from Nec-
turus maculosa (30, 44, 364). Two K™ conductances have
subsequently been identified in the mammalian choroid
plexus: a time-independent, inward-rectifying conductance
(Kir) and a time-dependent, outward-rectifying conduc-
tance (Kv) (166). The inward-rectifying conductance is car-
ried by Kir7.1 channels (78), whereas Kv1.1 and Kv1.3
channels make major contributions to the Kv conductance
(301). Recent data indicate that the KCNQ1/KCNE2 chan-
nels also contribute to the Kv conductance (269). All these
K™ channel proteins are exclusively expressed in the lumi-
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nal membrane of rat and mouse choroid plexus: Kir7.1
(223), Kv1.1 and Kv1.3 (269, 301), and KCNQ1/KCNE2
(269).

The activity of the Kv conductance in rat choroid plexus is
significantly reduced by serotonin acting at 5-HT, recep-
tors to stimulate PKC (301). It has always been difficult to
determine whether such changes in channel activity modu-
late choroid plexus function and CSF secretion. However,
recent experiments using mice in which the KCNE2 gene is
silenced (KCNE2 —/—) have elegantly demonstrated the
importance of the luminal K™ efflux to the overall process
of ion secretion. In these animals the magnitude of the Kv
conductance was increased twofold, due to an increase in
the Kv1.3 and KCNQ1 components (269). These changes
caused both a 9 mV hyperpolarization of V,, and an in-
crease in the [Cl™ ]gp (269). They were also accompanied
by the relocation of Kv1.3 and KCNq1 channel proteins
from the luminal to the basolateral membrane of CPE cells.
This relocation of channels to the basolateral membrane
may help explain why [K*]cse was not altered in the
KCNE2 —/— mice (269). It is interesting to note that mu-
tations to the human KCNE2 gene have recently been iden-
tified which cause neonatal seizures (117). Whether changes
in CSF composition have any influence on CNS activity in
these individuals still remains to be determined.

E. Na* Channels

Leenen and co-workers have published a series of reports on
the molecular and functional expression of the epithelial
Na™ channel, ENaC, in the choroid plexus (8, 9, 174, 318,
331). These data are somewhat surprising because ENaC
complexes are generally restricted to tight epithelia, as e.g.,
renal collecting ducts, distal colon, sweat gland ducts, and
airways. The mRNAs encoding ENaC «, 8 and vy subunits,
however, have been detected by RT-PCR in the rat choroid
plexus (9). Subsequent work by the same group has de-
scribed immunoreactivity for all of the three subunits in the
choroid plexus, and reported benzamil-sensitive **Na™ re-
tention in the cells, which was suggested to be consistent
with the expression of functional ENaC channels (8). The
massive inward electrochemical driving force for Na™
makes ENaC an obvious candidate as a Na™ entry pathway
at the basolateral membrane. Indeed, immunolocalization
studies demonstrated basolateral membrane expression of
the ENaC subunits, but expression was also reported in the
luminal membrane and cytoplasm (8). The authors pro-
posed ENaC at the basolateral membrane as an amiloride-
sensitive Na'-loading mechanism, which they suggested
may account for the relatively high intracellular [Na*] in
these cells (TABLE 2).

The localization data are to some extent consistent with

studies showing abundant cytoplasmic 8- and y-ENaC im-
munoreactivity regularly observed in renal collecting ducts.
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However, «ENaC has not previously been determined in
both the luminal and basolateral membranes of any epithe-
lia. Furthermore, these studies lack appropriate controls for
the immuno-gold electron microscopy and fail to describe
the immunohistochemical properties of the antibodies em-
ployed, i.e., in positive control tissues, such as kidney or
distal colon. In contrast to these data, we have identified
only the nonpore forming y subunit and the 8 subunit in the
luminal membrane of rat choroid plexus (Praetorius, un-
published findings), and we have no evidence of an
amiloride-sensitive component to the whole-cell conduc-
tance (Brown and Millar, unpublished data). The potential
contribution of ENaC to vectorial Na* transport therefore
remains in doubt.

F. Na*-K*"-Cl- Cotransporters

The Na"™-K"-2CI~ cotransporter isoform 1 (NKCC1) me-
diates electroneutral movement of one Na™, one K™, and
two Cl™ across the plasma membrane. The cotransporter is
inhibited by bumetanide and to a much lesser extent by
furosemide (274). In the majority of cells including other
secretory epithelia, NKCC1 mediates ion influx and is situ-
ated in the basolateral membrane. In contrast, the CPE cells
express NKCC1 in the luminal membrane (156, 246).
Given the relatively low [K "] of CSF and the relatively high
intracellular [Na™*] (TABLES 1 AND 2), it has been proposed
that the driving force for NKCC1 in CPE cells is close to
equilibrium (156). Perhaps not surprisingly then, both in-
ward and outward NKCC1-mediated transport has been
observed in the choroid plexus. In experiments with disso-
ciated cells, Wu et al. (353) concluded that NKCC1 in CPE
cells works in the inward mode reabsorbing solute from the
CSF. This was based on data showing that a high concen-
tration of bumetanide (100 uM) caused a decrease in cho-
roid plexus cell volume, whereas increasing [K ], from 3 to
25 mM produced ~40% increase in cell volume. CPE cells
from NKCC1 knockout mice were severely shrunken, both
in dissociated state in vitro as well as in situ (48) further
supporting a role in ion influx. In contrast, Bairamian et al.
(14) found that bumetanide applied at the luminal side of
the epithelium decreased CSF secretion, suggesting the ac-
tivity of NKCC1 in net ion efflux. Recently, Hughes et al.
(125) were unable to demonstrate a role for NKCC1 in
volume regulation studies, suggesting that at least in some
conditions the transporter neither contributes to ion influx
nor efflux. Such discrepancies in the data on NKCC1 activ-
ity may be due to differences in experimental conditions;
alternatively, it may indicate that the activity of NKCC1 in
the choroid plexus is carefully regulated. Thus we can only
conclude that the significance of the robust expression of
apical NKCC1 in CPE cells remains to be determined but
that the cotransporter does not appear to play a direct role
in CSF secretion.
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G. K'-Cl~ Cotransporters

The K*-CI™ cotransporters (KCCs) are electroneutral and
facilitate outward transport of the ions driven by the huge
difference in [K™] across cell membranes. Like NKCC1, the
KCCs are inhibited by furosemide, but bumetanide only
poorly inhibits KCC isoforms, i.e., ~1,000 times less potent
than NKCC1 (274). Luminal K*-Cl~ cotransport was first
evidenced by Zeuthen (360) as a furosemide-sensitive K-
and ClI™ -dependent transport in the choroid plexus (360). It
now appears that the CPE expresses both KCC3a and
KCC4. KCC3a is expressed in the basolateral membrane,
whereas KCC4 is in the luminal membrane (152, 240).
KCC4 may, therefore, contribute to the recycling of K*
across the luminal membrane helping to sustain the Na™-
K -ATPase activity. The exact contribution of the luminal
KCC4 to K™ and Cl~ efflux, however, has yet to be evalu-
ated using methods such as siRNA or using tissues from
knockout mice.

H. Na*-HCO; Cotransporters

The electrogenic cotransporter NBCe2 (or NBC4) mediates
the transport of one Na™ with two or three HCO3 depend-
ing on tissue-specific factors (280, 320). The normal elec-
trochemical gradients for Na* and HCOj therefore favor
outward transport with the 1:3 stoichiometry, while 1:2
coupling promotes inward transport. NBCe2 was immuno-
localized to the luminal membrane of rat choroid plexus
(27), and mediates the export of one Na™ for three HCO3
across the luminal membrane of mouse CPE (211). NBCe2
is believed to participate not only in Na™ secretion, but also
in the regulation of CSF pH by extruding HCO3. In ro-
dents, exposure to 11% CO, causes a significant increase in
Na™ content in CSF without a concomitant fall in CSF K™
(225). This observation is consistent with the participation
of a Na"-dependent acid/base transporters, such as NBCe2,
in compensating for the change in CSF Pco,.

In a recent study, NBCe2 was ascribed a major contribution
to CSF production as judged from the decreased ventricular
volume and reduced intracranial pressure in NBCe2 gen-
etrap knockout mice (151). Furthermore, the composition
of the CSF was altered in the knockouts with a significant
decrease in [HCO3 | from 24 to 20 mM, and an increase in
[K*] from 3.6 to 4.7 mM (151). These differences occurred
in parallel to profound changes in the localization of other
transporters in the epithelium, e.g., the NBCE/NBCn2
transporter was found in the luminal and basolateral mem-
brane expression of Na"-K*-ATPase subunits in this
NBCe2 genetrap mouse (151). Surprisingly, however, these
changes in ventricular dimensions and transporter expres-
sion were not observed in CPE from a conventional NBCe2
knockout mouse model (Damkier and Praetorius, unpub-
lished observations). Thus the full significance of NBCe2 in
CSF production and to pH regulation awaits clarification.
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I. Na*/H" Exchangers

The almost ubiquitously expressed Na“/H"* exchanger
NHE1 is an electroneutral acid extruder. It is driven by the
inward Na™ gradient and is inhibited by amiloride deriva-
tives such as EIPA (233). The choroid plexus expresses
NHE1 at the mRNA level (57, 149), and isolated epithelial
cells display EIPA-sensitive Na“/H" exchange, which is
also indicative of NHE1 function (27, 57). NHE1 is nor-
mally expressed in the basolateral membrane in epithelia
(233). This was also believed to be the case for the CPE, as
intravenous application of amiloride was reported to in-
hibit the rate of CSF secretion in vivo (216). Immunohisto-
chemical studies, however, have now demonstrated that
NHE1 is located in the luminal membrane of both mouse
and human choroid plexus (57, 151). Functionally, NHE1
seems to be the only plasma membrane NHE isoform in the
normal choroid plexus, as NHE1 knockout mouse showed
no residual Na™-dependent pH; recovery from acid values
in the same study. A recent transcriptome study of the cho-
roid plexus has identified mRNA for the organellar (Na™ or
K*)/H" exchanger NHE7 (SLC9a7) in the choroid plexus
(176). However, this is not a consistent observation (120,
199) so that it is far from certain that the NHE7 will have a
functional role in the CPE. The luminal membrane location
of the NHE1 in CPE, where it must mediate Na* absorp-
tion from the CSF, means that it almost certainly has a role
in maintaining either intracellular or CSF pH, and that it
does not directly contribute to CSF secretion.

J. Na*-Borate Cotransporter

NaBCl1 (slc4al1) was shown to transport Na* and borate
into cells but is otherwise a poorly characterized member of
a gene family. The protein was localized to the ventricular
membrane of choroid plexus in both rodents and humans
(58). Genetic defects in NaBCl1 lead to severe dysfunction of
the corneal epithelium (182) and development of familial
corneal dystrophy (67, 138). The significance of NaBC1 in
relation to choroid plexus function is unknown.

Vil. MOVEMENT OF SMALL MONOVALENT
IONS ACROSS THE BASOLATERAL
MEMBRANE

A. lon Pumps and Channels

There is little evidence for the expression of either ion
pumps or ion channels in the basolateral membrane of the
mammalian choroid plexus. As described above, the Na™-
K" -ATPase is normally strictly confined to the luminal
plasma membrane in the choroid plexus. Recent work,
however, has suggested that a1 subunit Na*-K*"-ATPase
may be expressed in both luminal and basolateral mem-
branes of CPE from NBCe2-targetted genetrap mice (151).

The functional significance of this observation is unknown
since similar changes in protein expression were not ob-
served in conventional NBCe2 knockouts (Damkier and
Praetorius, unpublished observations). There are no other
reports of ion pump expression in the basolateral mem-
brane of the CPE.

Cl™ and HCOj channels have neither been described nor
hypothesized to be in the basolateral membrane of the CPE.
A role for K* channels was suggested in amphibians (364),
but to date, there are no data to support the expression of
K™ channels in the basolateral membrane of the mamma-
lian choroid plexus. As mentioned above, the expression
and function of ENaC subunits have been proposed in the
choroid plexus (8, 9, 174, 318, 331), and basolateral ENaC
expression would explain the amiloride sensitivity of the
vectorial Na™ transport. However, most ENaC immunore-
activity was demonstrated in the cytosol, less in the luminal
membrane, and least in the basolateral membrane. Further-
more, the suggested specific regulation of choroid plexus
ENaC expression by aldosterone is questionable, as the
CPE does not express the 118-hydroxysteroid dehydroge-
nase type 2 that inactivates cortisol. Nevertheless, the im-
plication of ENaC in choroid plexus function remains a
very interesting new development and would have an enor-
mous impact on the understanding of Na* handling by the
choroid plexus.

B. Na"-HCO; Cotransporters

The slc4a10 gene product was characterized as a DIDS-
sensitive, electroneutral Na*-HCOj3 cotransporter (56,
104,238, 329), for which the inward direction of transport
is determined by the Na™ gradient. In early studies, Wang et
al. (316) and Giffard et al. (97) demonstrated a dependence
of HCOj transport on intracellular CI~ when heterolo-
gously expressing rodent slc4a10 in mammalian cell lines.
Furthermore, the protein was estimated to transport twice
as many acid-base equivalents as Na™, and to mediate
DIDS-sensitive net Cl™ efflux (56). Thus the transporter
was called Ncbe, the Na*-dependent CI"/HCO; ex-
changer. However, compelling evidence from Parker et al.
(226) working with the human SLC4A10 gene product ex-
pressed in Xenopus laevis oocytes found neither a depen-
dence on intracellular CI™ nor any net extrusion of Cl™. The
protein was therefore renamed NBCn2 by these scientists
(238). As this controversy has still not been fully resolved,
we will refer to the transporter as Ncbe in rodents and
NBCn2 in humans.

The Ncbe/NBCn2 protein is expressed in the basolateral
membrane of the choroid plexus (252, 253), and it was
therefore proposed to contribute to cellular Na® and
HCOj accumulation across the basolateral membrane (FIG-
URE 12, A AND C). The involvement in cellular Na™ and
HCOj uptake was indirectly supported by an equivalent
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reduction in both DIDS-sensitive and Na™-dependent
HCOj3 import into the choroid plexus cells in an Ncbe
knockout mouse model (57, 137). These studies in Ncbe
knockout mice indicate that the transporter is the principle
route for HCOj influx, with a 70% decrease in Na™"-de-
pendent HCOj uptake in the knockouts compared with
wild-type mice (137). Genetic ablation of Ncbe also caused
an 80% reduction in brain ventricle size, suggesting that the
rate of CSF secretion is greatly depressed in the knockout
animals (137). Ncbe mediates all the inward, DIDS sensitive
Na*-dependent HCO3 uptake in choroid plexus (57). Fur-
thermore, deletion of Ncbe leads to profound rearrange-
ment of proteins known to be critically involved in CSF
secretion in the same study, e.g., the abundance of the Na™-
K" -ATPase and water channel AQP1 is greatly reduced in
the Ncbe knockout mouse. It is worth noting that these
other changes in transport protein expression could ac-
count for the decreased ventricular volume, and the de-
duced reduction in CSF formation in the knockouts. Thus
the apparent reduction of CSF secretion in these animals
cannot be considered conclusive proof for the involvement
of the Ncbe/NBCn2 transporter in CSF secretion.

NBCn1, the electroneutral Na™-HCO3 cotransporter 1, is
most frequently observed in the basolateral membrane of
mammalian CPE cells (252), but it is also occasionally
found in the luminal membrane. The epithelial NBCn1l
form is relatively DIDS insensitive, and when first identified
in the rat choroid plexus much of the Na*-dependent
HCOj5 influx was ascribed to this transporter. This was
because a large fraction of the pH recovery from acid load
was mediated by DIDS-insensitive Na*-HCOj cotransport
(27). However, more recent observations indicate that
NBCn1 may not play a major role in CSF secretion. First of
all, the transporter is not strictly a basolateral transporter.
NBCn1 was localized to the luminal membrane of the cho-
roid plexus in certain mouse strains (57), and was even
demonstrated in both membranes in human choroid plexus
(253). Second, a significant fraction of the NBC activity and
the CSF secretion is DIDS sensitive, and finally, the NBC
activity in isolated choroid plexus cells from NBCn1 knock-
out mice is indistinguishable from that of wild-type litter-
mates and do not develop any apparent CSF-related pheno-
type (Damkier, unpublished results). Thus NBCn1 protein
is now thought to make only a minor contribution to trans-
epithelial ion transport. It may, however, function to cor-
rect intracellular acidosis in the CPE.

C. CI” /HCO; Exchangers

The anion exchanger 2 (AE2) is an electroneutral antiporter
of one Cl™ for one HCOj . Given the prevailing ion gradi-
ents it generally mediates the uptake of CI™ and the extru-
sion of HCOj. The transporter is more active at alkaline
pH and inhibited by DIDS (4). AE2 was first isolated from
mouse choroid plexus, where it was found to be expressed
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in the basolateral membrane (178). Similar expression has
also been reported in choroid plexus tissue from other
mammalian species (5, 253, 299).

AE2 is, at present, the only known basolateral entry mech-
anism for CI™, which is needed to sustain CSF secretion.
The first indication that Cl"/HCOj exchangers may be
involved in CSF secretion came from experiments in which
DIDS applied from the blood side inhibited Cl™ transport
into the CSF (66, 97). Subsequent work suggests that a
significant accumulation of CI~ by AE2 across the basolat-
eral membrane is possible in the choroid plexus given the
inward chemical gradient for CI™ (143). Cl™ uptake by AE2
is also supported by the ready supply of intracellular HCOS
accumulated by a variety of Na-coupled HCOJ transport-
ers (see above), and via the activity of carbonic anhydrases.
Indeed, CI™ accumulation mediated by AE2 has been ob-
served during cell volume regulation in mouse choroid
plexus cells in a HCOj -dependent manner (125).

The AE2 belongs to the slc4 gene family just like the Na™-
dependent HCOjJ transporters. It is also possible that mem-
brane proteins of the slc26 gene family could serve as anion
exchangers in the CPE. To date, only mRNA encoding the
slc26a7, slc26a10, and slc26a11 members of this gene fam-
ily have been detected at the mRNA level in rat and human
choroid plexus (Praetorius, unpublished observations), but
protein expression has not been examined. Further work is
therefore required to determine whether these proteins are
expressed and if they have any function in the CPE.

D. K*-Cl~ Cotransporters

Transport proteins that mediate K efflux must be ex-
pressed in the basolateral membrane to explain the net tran-
scellular K™ absorption. At present, a K*-Cl~ cotrans-
porter (KCC3) is the only such K™ efflux pathway from
choroid plexus cells to the blood side of the mammalian
epithelium (240). There are two isoforms of KCC3: KCC3a
and the truncated form KCC3b. Only the expression of
KCC3a was demonstrated in mouse choroid plexus by
Northern analysis. KCC3 protein was localized to the ba-
solateral membrane of rat choroid plexus using an anti-
body, which did not discriminate between KCC3a and
KCC3b (240). However, the authors of the study did note
that the optical resolution of the methods used did not
allow them to discriminate fully between the basolateral
membrane and underlying vascular or connective tissue.
Furthermore, the function of KCC3 in K™ reabsorption has
yet to be determined by gene knockout or knockdown
methods.

E. Na®/H" Exchangers

Na/H" exchange was once widely accepted to be the main
basolateral Na™-entry mechanism in the CPE for a number
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of reasons: 1) amiloride inhibited Na™ flux into the CSF
(216), 2) the secretion of CSF is dependent on pH-sensitive
Na™ uptake from the basolateral side of the epithelium
(220, 221), 3) NHE1 is normally the basolateral Na*/H™"
exchanger isoform in epithelia, and 4) mRNA encoding
NHE1 was demonstrated in the choroid plexus of rat. It
was therefore hypothesized that NHE1 would mediate Na™
uptake at the basolateral membrane and also facilitate Cl~
uptake by working in parallel with AE2. To date, however,
NHE1 has not been observed in the basolateral membrane
of isolated CPE from wild-type animals, although it is ex-
pressed in the basolateral membrane of Ncbe/NBCn2
knockouts (57) and NBCn1 knockouts (Damkier, Aalkjaer,
and Praetorius, unpublished data). In vitro, amiloride has
little effect on Na"-dependent pH recovery in the choroid
plexus in the presence of CO,/HCO3 (20S5). Thus a signif-
icant role for NHE1 at the basolateral membrane of the
CPE seems very unlikely, and Na™-HCOj cotransporters
appear to be the main candidate route for Na™ entry at this
membrane.

Viil. TRANSCELLULAR WATER
TRANSPORT

Vectorial transport of water across an epithelium, just like
that of solutes, can occur by two separate pathways: 1) the
transcellular route, whereby water moves in and out of the
cells via water channels or the lipid bilayer itself (95); or
2) the paracellular route, by which water molecules move
across the epithelium through the lateral intercellular
spaces and where the major limitation for transport is the
tight junctions.

In the CPE cells, the luminal membrane has high water
permeability (234, 352, 361) because aquaporin-1 (AQP1),
originally isolated from red blood cells (254), is abundantly
expressed (228). Here, it conveys the vast majority of the
luminal water permeability, as the permeability is reduced
by 80% in cells from AQP1 knockout mice (234). AQP1 is
also expressed in the basolateral membrane of the CPE, but
at much lower levels than those in the apical membrane
(228, 253) (FIGURE 12B). The AQP1 immunoreactivity of
the basolateral membrane is similar to that of the adjacent
capillary endothelium. There are, unfortunately, no mea-
surements of the water permeability of the basolateral
membrane, but is tempting to predict that it is far exceeded
by that of the luminal membrane.

Luminal membrane expression of AQP1 and the high cel-
lular water permeability per se do not represent an absolute
measure of the secretory capacity of the CPE. A driving
force for water movement must be present (as mentioned
above), and basolateral water entry, which remains more or
less undefined, may be rate limiting. Thus, in AQP1 knock-
out mice, only a 20% reduction in the rate of CSF secretion
is measured by ventriculocisternal perfusion, despite the
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80% reduction in luminal membrane water permeability
(234). This modest reduction in CSF secretion is supported
by the normal appearance and dimensions of the ventricular
space in AQP1 knockout mice. The discrepancy between
luminal permeability and the rate of secretion has received
little critical attention however; possible explanations in-
clude 1) the CPE may compensate for the decrease in (lumi-
nal) water permeability by increasing other transcellular or
paracellular water pathways, or 2) the osmotic driving force
for secretion may be increased. This issue remains to be

clarified.

The choroid plexus may express aquaporins other than
AQP1. Speake et al. (299) found immunoreactivity for
AQP4 in rat choroid plexus, but the signal was largely dis-
persed throughout the cytoplasm. Recently, AQP7 was
shown in human choroid plexus restricted to the luminal
membrane (Lebeck, Damkier, and Praetorius, unpublished
data). No other aquaporins have been convincingly demon-
strated at the protein level in CPE. Alternative routes of
H,O transport, such as NKCC and KCC, have been sug-
gested to contribute to transepithelial water movement.
However, in the CPE, these transporters are either ex-
pressed in “the wrong membrane”, or mediate ion trans-
port in the opposite direction to that required for transepi-
thelial water movement. Thus the low-level expression of
AQP1 in the basolateral membrane remains the best candi-
date to mediate water movement into the CPE from the
interstitium.

IX. CURRENT MODEL FOR CSF
SECRETION BY THE CHOROID PLEXUS

The bulk of ion transport from blood to the CSF occurs via
the transcellular route. Thus as in other secretory epithelia,
most researchers believe that transcellular transport of Na™
and ClI™ (with HCO3') generates the osmotic gradient that
drives secretion of H,O. While Na* and Cl™ are quantita-
tively by far the most important, other ions such as HCO3,
Ca?", and K" are also transported across the epithelium
predominantly by the transcellular route. The transport of
these ions is of considerable interest because their final con-
centrations within the CSF are known to be carefully regu-
lated, and they remain relatively stable even when plasma
concentrations vary (126, 127, 145, 217). Furthermore, the
overall process of CSF secretion is known to have a high
dependency on HCOj3. FIGURE 13 represents a current
model of the secretion of CSF by the CPE. This model is
described in detail below.

A. Na* Secretion

Na™ is quantitatively the most important ion transported
by the CPE. It provides the driving force for CSF secretion,
i.e., there is no secretion without Na™ extrusion across the
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CSF Epithelium side

FIGURE 13. Model for the transcellular “isotonic” transport by the
choroid plexus. In the simplest possible model of secretion by the
choroid plexus epithelium, the main ions are taken up from the blood
side by the action of AE2 and Ncbe in the basolateral membrane in
aratio 18 Na*:15 Cl":3 HCO3. A large fraction of the ClI~ and HCO3
influx is recycled across the basolateral membrane. At the luminal
membrane, the Na*-K*-ATPase extrudes most of the Na*, with a
small contribution from NBCe2, which mediates the HCO3 efflux.
The KCC4 secretes the majority of CI~ and is also a main luminal K*
recycling pathway. A fraction of the extruded Na* must reenter the
cell to keep the stoichiometry of the secreted ions to roughly 18
Na™:15 Cl~:3 HCO3 through the NKCC. This small recycling of Na™
is accompanied by the need of additional extrusion of the imported
K* and CI~ through their respective luminal ion channels. The tran-
scellular movement of ions is powered by the Na*-K*-ATPase, which
also directly pumps out net solute to the cerebrospinal fluid (CSF).
Net ion flux from blood side to the CSF side creates a small
difference in osmolarity, which drags water molecules across the
epithelium, most likely mainly through aquaporin-1 in both the
luminal and basolateral membranes.

luminal membrane (7, 60, 250, 338, 351). The major Na™
extruder to the CSF at the luminal membrane is without
doubt the Na*-K*-ATPase (258, 350, 365). In addition to
pumping Na™ into CSF, the Na"-K"-ATPase also creates
the electrochemical gradients that are exploited by a variety
of other transporters involved in CSF secretion. The signif-
icance of the dual action of the Na™-K*-ATPase is under-
scored by blockade of CSF formation by application of the
inhibitor ouabain to the luminal side. NBCe2 also extrudes
Na™ into the CSF, but only at a ratio of one Na™ for three
HCOj . Thus, because of this 1:3 stoichiometry, and given
the rate of HCOj secretion is significantly lower than that
of Cl™ secretion, NBCe2 must contribute <10% to the total
Na™* extrusion. In contrast, neither the luminal NKCC1 nor
ENaC (if expressed) is thought to make significant contri-
bution to Na™ secretion in the choroid plexus. Thus the
pathways for Na™ exit in the luminal membrane of the
choroid plexus closely resemble the basolateral Na™ trans-
port mechanisms in the renal proximal tubule, i.e., Na™-
K" -ATPase supplemented with an electrogenic NBC form.
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The precise details of how Na™ is transported into the cho-
roid plexus cells at the basolateral membrane are still not
clear despite molecular evidence for the expression of sev-
eral Na* entry pathways in this membrane. In support of a
role for Ncbe/NBCn2, knockout mice exhibit a decreased
ventricular volume, and a reduction in DIDS-sensitive,
Na *-dependent HCOj3 uptake. However, the reduction in
ventricular volume in Ncbe knockouts may also be due to a
secondary decrease in the expression of Na™-K*-ATPase
and/or AQP1 observed in these animals. Attempts to gen-
erate inducible Ncbe knockout mice to circumvent any
compensatory changes in expression of other transporters
have been unsuccessful thus far. Furthermore, determina-
tions of *Na™ influx and direct assessments of the rate of
CSF secretion in Ncbe knockout and wild-type mice are
needed to help establish Ncbe as the main Na™ entry path-
way. The NBCn1 is unlikely to be a major route for Na™, as
it is not always situated in the basolateral membrane. Nei-
ther ENaC subunits nor NHEs have been convincingly
demonstrated in the basolateral membrane using molecular
or functional assays. However, given the large amount of
functional data suggesting amiloride-sensitive influx, we
cannot dismiss the possibility that yet undescribed Na*/H™
exchangers or other Na™ transporters may contribute to
Na™ import at the basolateral membrane.

B. Cl~ Secretion

Current evidence, on balance, strongly suggests that Cl ™ is
transported via a transcellular rather than a paracellular
route across the CPE. First, the concentration of ClI™ in CSF
is much lower than predicted for simple diffusion given the
lumen-positive potential difference. Second, there is no ev-
idence that anion-selective claudins are present in this epi-
thelium. Third, the CPE expresses anion conductances and
cotransporters in the luminal membrane and anion exchang-
ers in the basolateral membrane. Fourth, the ClI™ uptake
into the choroid plexus is sensitive to the bath [HCO3 | and
is inhibited by the stilbene derivatives SITS and DIDS (295).
The molecular identity of the Cl™ transport pathways, how-
ever, remains to be precisely resolved. In other epithelia,
Cl™ entry at the basolateral membrane occurs via the
NKCCT1 (274), but this transporter is situated in the luminal
membrane of CPE. At present, AE2 is the only Cl™ import
mechanism described in the basolateral membrane, al-
though it is possible that slc26 proteins may also facilitate
Cl™ entry and may also be expressed in the basolateral
membrane. In the luminal membrane, CI™ channels and
KCC4 are thought to contribute significantly to Cl~ extru-
sion (148, 159, 160, 358, 359).

C. HCO; Secretion

There is a significant body of data to show that HCOJ is
essential for the overall process of CSF secretion. For in-
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stance, CSF secretion in rats is significantly inhibited by
carbonic anhydrase inhibitors (321), and in amphibians,
secretion is greatly reduced and Na*-K"-ATPase inhibited
in the absence of CO,/HCOj3 (278). Furthermore, in hu-
mans, intracranial pressure (an indirect measure of the rate
of CSF secretion) is reduced by the carbonic anhydrase in-
hibitor acetazolamide (45). Ncbe is a good candidate for
importing HCOj3 from the blood side, while NBCn1 may
assist when expressed in the basolateral membrane of CPE.
An unknown proportion of intracellular HCO3 could also
be generated by the system of potent carbonic anhydrases in
the cells. Luminal HCOj3 extrusion is mainly mediated via
NBCe2. Thus, in isolated choroid plexus cells, the rate of
HCOj5 extrusion by AE2 and NBCe2 seems to balance
HCOj3 import by Ncbe, NBCnl, and NHE1 (Damdkier,
unpublished results), leaving little room for other transport
processes. However, there may also be small amounts of
transport via the luminal anion conductances and possibly
by slc26 proteins if they are expressed in the luminal mem-
brane.

D. K* Transport

K™ transport by the choroid plexus is quite complex as
there appears to be a precise regulation of [K*]cgr. K is
secreted into the CSF by the CPE to replace K*, which is lost
from the ventricular system when CSF drains via the arach-
noid granulations. The secretory flux of K (blood to CSF)
is thought to occur via the paracellular pathway, perhaps
through claudin-2. K™ transport by the paracellular route is
limited, however, by the slight CSF-positive transepithelial
potential difference. Thus the theoretical maximum [K™]cgx
which can be attained by this pathway is 3.6 mM (assuming a
plasma concentration of 4.4 mM; TABLES 1 AND 2). [K™]csr
however is actually only ~2.8 mM, and this value is achieved
because the CPE also actively absorbs K by a transcellular
route (333). Modulation of transcellular transport is probably
necessary to maintain [K™*]gr at 2.8 mM, and this value re-
mains constant even when plasma [K ] is experimentally var-
ied (7, 113).

K™ absorption is explained by active uptake at the luminal
membrane by the Na*-K*-ATPase and possibly NKCC1.
Subsequently, the vast majority of the imported K™ is recy-
cled across the luminal membrane by a combination of K*
channels and the KCC4 cotransporter (331, 332). How-
ever, a minor fraction of this K", <10% in the bullfrog
(333), leaves the cell across the basolateral membrane ac-
counting for K* absorption. In the bullfrog, basolateral
efflux may be mediated by K* channels (333), but in mam-
mals it is thought to occur via KCC3a, which is the only K*
transport pathway known to be expressed in this mem-
brane.

It is important to note that the recycling of K™ at the lumi-
nal membrane by K* channels (and KCC4) serves two very
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important purposes. First, it avoids the excessive accumu-
lation of K™ in the cells, thus preventing both the inhibition
of the Na™-K"-ATPase and an increase in cell volume. Sec-
ond, efflux via the channels maintains the intracellular neg-
ative membrane potential, which makes a vital contribution
to the electrochemical gradient for CI~ and HCOj efflux
via anion channels and the NBCe2.

E. Water Secretion

The simplest model for transepithelial water movement in
the choroid plexus is a transcellular route, whereby AQP1
in both the basolateral and luminal membrane facilitates
H,O transport from the interstitium to the CSF. This move-
ment would be driven by a small, stepwise increase in os-
molarity from interstitium to cell, and from cell to CSF.
While it has been established that there is a transepithe-
lial gradient of 5 mosM, the intracellular osmolarity has
not been precisely estimated. For the time being, there-
fore, other mechanisms cannot be completely disre-
garded.

The relative lack of aquaporin expression in the basolateral
membrane is a matter of concern. It may be that the intrinsic
water permeability of the basolateral membrane may be
sufficient and reduce the need for high expression of aqua-
porins at this site. Nevertheless, one might equally claim
that the lack of aquaporin expression in the basolateral
membrane indicates a role for paracellular water transport
via claudin-2. In such a scenario, the abundant luminal
AQP1 would mainly become an efficient means of cell vol-
ume regulation. However, the reduced CSF formation rate
in AQP1 knockouts described above currently offers a
strong argument that AQP1 and transcellular water trans-
port are crucial for CSF formation. Furthermore, there were
no significant changes in the expression of other ion trans-
porters in the AQP1 knockout animals (59), so the reduc-
tion of CSF secretion must be due to the lack of AQP1
alone. In future studies it will be interesting to investigate
the water permeability and the rate of CSF secretion in
claudin-2 knockout mice.

F. Carbonic Anhydrases and Solute
Transport

Carbonic anhydrases catalyze the conversion of H,O and
CO, to H' and HCOj3. They are among the enzymes in
nature with the fastest turnover and are potently inhibited
by acetazolamide (196). Acetazolamide is known to reduce
CSF secretion by 50-100% (7, 60, 338), and much of this
inhibitory effect is thought to be due to actions on the CPE
cells, but the drug also exerts the vasoconstrictor effects on
cerebral vessels. This dual action may help explain why
there is a large variance in the net inhibition of CSF secre-
tion reported in the literature. At the time these experiments

1875

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



DAMKIER, BROWN, AND PRAETORIUS

were performed, only cytosolic carbonic anhydrase activity
had been described. The choroid plexus, however, is now
known to express the extracellular membrane-associated
isoforms CAXII and CAIX, in addition to the ubiquitous
cytosolic carbonic anhydrase CAII (150).

In the field of acid/base transport, there is currently much
debate about the potential associations of both external
membrane-bound and cytosolic carbonic anhydrases with
HCOj transport proteins of the slc4a family, e.g., AE2 and
NBCel (24, 207). Data indicate that there may be both
functional and physical coupling of the transporters with
the enzymes. Furthermore, it is thought that such interac-
tions may facilitate transport by supplying substrate to the
HCOj transporters (207). In the choroid plexus, CAXII is
localized in the basolateral membrane where many of the
key plasma membrane bicarbonate transporters are ex-
pressed. It is not yet established whether the originally re-
ported effect of acetazolamide on CSF secretion is caused by
inhibition of intracellular or extracellular carbonic anhy-
drases or both. In the case of intracellular conversion of
CO, and H,0 to HCO3, a potent H" extruder must be
expressed in the basolateral membrane. However, to date,
no such transporter has been identified at the molecular
level, and at a functional level the pH recovery following
acid loading is minimal in the absence of Na™ or CO,/
HCOj5 (27,57). Thus it is still possible that secreted HCO3
may arise directly from the plasma, and not from the intra-
cellular conversion of CO, and H,O.

X. REGULATION OF CSF WATER AND
MONOVALENT ELECTROLYTE BALANCE

Many of the key hormones and their receptors, which reg-
ulate systemic water and electrolyte homeostasis, such as
aldosterone, angiotensin I, and arginine vasopressin, are
also present in the choroid plexus/ventricular system. These
mediators are believed not only to have a local role with
respect to CSF production and brain extracellular fluid vol-
ume regulation (FIGURE 14), but they may also play a role
via the choroid plexus and CSF in the central regulation of
blood pressure.

The mediators may arise from local production in the
choroid plexus, from other regions of the brain, or from
the blood plasma. They either directly target epithelial
cell function, or have indirect effects on the vascular bed
underlying the epithelium. In considering the choroid
plexuses, it is important to remember that these tissues
constitutively secrete CSF and that any hormonal actions
are modulatory. This contrasts the situation in many se-
cretory epithelia, where significant secretion only occurs
upon stimulation with hormones or neurotransmitters,
e.g., in the salivary gland or pancreas. In this review, we
only consider hormones and mediators with direct rele-
vance to CSF secretion, although many other substances
affect the functions of the choroid plexus (229).
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A. Aldosterone

Aldosterone is a mineralcorticoid hormone that plays key
roles in systemic Na™* and H,O balance through its action
primarily on the kidney. Aldosterone acts on mineralocor-
ticoid receptors to conserve body Na ™ content. In the kid-
ney, the distal colon, and ducts from exocrine glands, this
occurs via increasing the abundance and activity of ENaC
and Na™-K*-ATPase (83, 123). In addition to production
in the adrenal glands, aldosterone is also produced in the
hypothalamus from where it may have local actions within
the CNS (124). High-affinity aldosterone binding and min-
eralocorticoid receptor expression (MR) have been demon-
strated in the choroid plexus (63, 335).

Concentrations of aldosterone in the CSF closely follow
those in plasma (106), and the brain content of aldosterone
is diminished following adrenalectomy, indicating that
much of the aldosterone in CSF is derived from the adrenal
glands. Aldosterone shows poor penetration of the BBB;
thus the hormone is thought to enter the brain via the cho-
roid plexus and other circumventricular organs in which the
BBB is absent (201). Local production of aldosterone in the
brain, however, is increased in response to increased
[Na™]gr and/or increased concentrations of systemic an-
giotensin II and contribute to the total brain aldosterone
(150). Many tissues including the choroid plexus express

Angiotensinogen <€4---
+Renin¢

AVP

Aldosterone
Blood

CSF side

FIGURE 14. Local actions of angiotensin Il, vasopressin, and aldo-
sterone on the choroid plexus. Angiotensin Il (ANG Il) and arginine
vasopressin (AVP) are both produced locally in the choroid plexus cell
and also reach these cells and cerebrospinal fluid (CSF) from the
systemic circulation. ANG |l mediates release of AVP from the cell
through AT, receptors. The systemic action of ANG Il is to decrease
blood flow. The epithelial cells contain both V,, and V,, receptors,
and through these AVP mediates decreased decreased Cl~ efflux
and CSF secretion. The vascular bed contains V, , receptors through
which AVP mediates decreased blood flow and increased capillary
permeability. Central and systemic aldosterone mediates decreased
Na*-K*-ATPase activity and thereby decreased CSF secretion. MR,
mineralocorticoid receptor; GR, glucocorticoid receptor.

Epithelium
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both MR and glucocorticoid receptors (GR), and cortisol
binds equally well to both receptors. Normally, plasma glu-
cocorticoid levels exceed aldosterone levels, and MR recep-
tor specificity is secured by the rapid intracellular conver-
sion of cortisol to the inactive cortisone by the enzyme
11B-hydroxysteroid dehydrogenase type 2 (11BHSD2).
However, the choroid plexus expresses 118HSD type 1,
and not 11BHSD2 (294). Thus it is not evident that aldo-
sterone can exert specific MR actions in the choroid plexus.

Intracerebroventricular administration of aldosterone causes
an elevation of systemic blood pressure (146, 335). This
effect is believed to be caused by a reduction in [K™] g, due
to an aldosterone-mediated increase in Na™-K*-ATPase ac-
tivity in the luminal membrane of the CPE cells. Thus, the
effect of aldosterone is abolished by 1) the infusion of K*
into the ventricular system, 2) administration of a miner-
alocorticoid receptor antagonist, and 3) the presence of
benzamil or digoxin (330, 335). The two latter are blockers
of ENaC and Na/H" exchange, and the Na"-K"-ATPase,
respectively, and the data suggest a role for one or more of
these transport proteins in the response to aldosterone. This
notion is supported by the expression of ENaC subunits as
well as ENaC-regulatory genes in the choroid plexus (9,
331). There is, however, no data to show that aldosterone
binding to the mineralocorticoid receptors in choroid
plexus causes an increase in ENaC abundance or activity.
Thus a clear role for aldosterone in the choroid plexus still
remains to be established.

B. Angiotensin Il

The CPE expresses other components of the renin-angioten-
sin-aldosterone system: renin, angiotensinogen, and angio-
tensin converting enzyme (ACE) are all produced in the CPE
cells (39, 40, 131, 133). Furthermore, the angiotensin II
receptor, AT1, is expressed by the choroid plexus (103).
Systemic administration of angiotensin II causes a decrease
in blood flow to the choroid plexus (195), and intraventric-
ular injection of both angiotensin I and II also cause a de-
crease in CP blood flow without affecting cerebral blood
flow. Systemic administration of ACE inhibitors does not
affect the blood flow to the choroid plexus (195), but intra-
ventricular administration of ACE inhibitors causes in-
creased CSF production in rat (322). This implies that the
effects on both CP blood flow and CSF production are
mediated through angiotensin II and that the AT1-depen-
dent inhibition of CSF blood flow is mediated through the
V1 receptor (42). Activating the AT1 receptor by angioten-
sin II is believed to lead to a production of arginine vaso-
pressin in the choroid plexus cell. This, in turn, acts on V1
receptors in CP cell as well as in the vasculature.

C. Arginine Vasopressin

Arginine vasopressin (AVP) has been detected in samples of
CSF (75). The AVP peptide present may be derived from
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peripheral blood, central release from the hypothalamus,
and/or from production within the CPE cells. Systemic ad-
ministration of AVP is known to increase the water content
of brain tissue (74), and to enhance brain edema during
brain injury and hemorrhage (73, 264). The effect of AVP
on the choroid plexus, however, is a decreased CSF forma-
tion rate and reduced choroid plexus blood flow (141). This
decrease occurs despite a simultaneous increase in choroid
plexus capillary water permeability (260). Vasopressin re-
ceptors exist as V1a, V1b, and V2 subtypes. The adult cho-
roid plexus possesses V1a receptors (235, 245) and, albeit
less abundant, V1b receptors (31). V2 receptors are not
found in the adult CNS, but they are expressed in the cho-
roid plexus in newborn rats (235).

As mentioned above, the AVP production by CPE cells is
stimulated by centrally released angiotensin II through AT1
receptor-mediated activation. The resulting decrease in CSF
formation rate is mediated via the V1a receptor in the lu-
minal membrane of the CPE (312), and in the capillaries
(286). Salt-loading of rats, which leads to hyperosmolarity,
causes increased AVP production locally in the choroid
plexus (311), as well as increased V1b receptor mRNA
(357). The effect of vasopressin on the CPE cells includes a
reduction of Cl™ efflux (141), but the complete understand-
ing of the molecular mechanisms behind the effect of vaso-
pressin on CPE cells remains to be determined. Hyponatri-
emia induced by administration of hypotonic dextrose so-
lution and AVP increases AQP1 and NKCC1 abundance in
the luminal membrane of CPE, as well as disrupting the
integrity of the BCSFB (162). The effect of hyponatriemia
on CSF production, blood flow, or water permeability has
not been investigated. Whether the effect is mediated
through CP vasopressin or angiotensin II production is un-
known.

There are still many unknown factors regarding the molec-
ular actions of aldosterone and vasopressin on CSF forma-
tion. The studies that have been conducted suggest a regu-
latory pathway influencing both the water and electrolyte
transporters located in the luminal membrane as well as the
influence of the blood flow and permeability of the capillary
bed. The complexity is further enhanced by the fact that the
peptides are also found in the bloodstream, making it diffi-
cult to decipher whether the effects are local or systemic.

D. CSF pH and Regulation of
Ventilatory Rate

The regulation of ventilatory rate is a complex interplay
between peripheral and central chemoreceptors which
sense changes in the chemistry of the blood and CSF respec-
tively, and “effectors” that modulate the ventilation of the
lungs. The precise extent of the distribution of the central
chemoreceptors in the brain stem is still debated and is
outside the scope of this review. However, the first chemo-
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receptors were identified on the ventrolateral medullary
surface (214), and in the following decades other chemo-
sensitive regions were reported across brain stem nuclei
200-400 wm below the ventral surface of the medulla (for
review, see Ref. 65). The central chemoreceptors respond to
changes in brain extracellular fluid H concentration. The
extracellular fluid pH is influenced directly by the CSF pH,
then indirectly by the metabolism of the brain, plasma Pco,,
and the local blood flow (342). The BBB and BCSFB are
relatively impermeable to H" and HCO3 but not to the
gaseous CO,. An increase in plasma Pco, therefore leads to
the diffusion of CO, from the cerebral blood vessels into the
CSF. The resultant change in pH in CSF is a main stimulator
for the chemoreceptors.

The [HCO3 |gp is regulated in face of plasma Pco, changes
(126, 154, 325), and this is of particular importance to the
control of ventilation. In the short term (e.g., seconds to
minutes), [HCOj |gp is tightly regulated at ~22 mM. This
relatively constant concentration is vital for maintain-
ing the responsiveness of the central respiratory chemore-
ceptors to changes of the CO, concentration (235), i.e., the
central chemoreceptors would be much less responsive if
[HCO3 | sr was not controlled. However, prolonged expo-
sure to Pco, changes (i.e., hours to days) causes a so-called
“resetting” of the central chemoreceptors. This involves
gradual changes in the [HCOj ] g which accommodate the
altered CO, concentration. Thus the pH of the CSF returns
towards pH 7.4, and the activity of the central chemorecep-
tors and ventilatory rate return to normal. At high altitudes
with decreased Pco,, the [HCOj |gr is reduced over a pe-
riod of days as the individual acclimatizes to the new envi-
ronment (93), whereas individuals chronically exposed to
high concentrations of CO,, e.g., in chronic obstructive
pulmonary disease, have increased [HCO3]cer (135).
These changes in [HCOjJ |gr may simply be the result of
prolonged changes in plasma [HCO; | which gradually in-
fluence the CSF. However, it is also possible that these
changes result from regulation of HCOj transport activity
by the choroid plexus. This view is now supported by data
from the NBCe2 knockout mice that have reduced
[HCO;S | (151). It will be interesting to learn whether
changes in Na"-HCOj3 cotransport in the choroid plexus
are part of the physiological response to changes in ambient
Pco,.

XI. MECHANISMS AND REGULATION OF
CALCIUM TRANSPORT BY THE
CHOROID PLEXUS

An evolving topic in choroid plexus physiology is their po-
tential role in Ca?" transport into the CNS. The recent
observation that a-klotho (an antiageing protein with key
roles in balancing systemic Ca** homeostasis) is highly ex-
pressed by the choroid plexus (132, 175) has focused atten-
tion on Ca®" transport into the brain. Ca** is known to
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play many key roles in the CNS, e.g., it controls neurotrans-
mitter release, contributes to depolarizing currents, and
modulates the activity of ion channels (21). It also regulates
processes such as long-term potentiation, neuronal plastic-
ity, and cell death (17, 186, 326). The regulation of the
intracellular [Ca®*] in neurons has been extensively studied
and is well understood (21). Ultimately, however, the sta-
bility of all these signaling pathways is dependent on the
long-term control of [Ca®*] in the CSF ([Ca®"]csy) and the
interstitial fluid of the brain in general, e.g., experimentally
induced changes in [Ca®* ] g have profound effects on neu-
ronal excitability (92, 296, 354). To prevent these un-
wanted changes in excitability, the cells of the BBB and
BCSFB regulate Ca*" transport into the CNS. This was
demonstrated in studies in which [Ca®" g remained rela-
tively stable (1.0-1.5 mM) when plasma [Ca®*] was exper-
imentally varied in the range from 1 to § mM (145, 217).
How this regulation of Ca®" is achieved is still very poorly
understood, but Imura et al. (132) recently suggested that
a-klotho may be at least partially responsible.

In humans, a minimum of 34 mg Ca”” is lost each day from
the CNS in the CSF as it drains from the subarachnoid space
into the vascular system. This amount, together with any
other Ca®" lost from the brain interstitial fluid, must be
replaced in order for homeostasis to be maintained. Flux
studies indicate that the CPE are the main route of Ca**
entry to the CNS, and that the transport of Ca>" across the
CPE occurs via a saturable pathway (219). This suggests
that carrier-mediated transport is involved and that Ca**
transport is not by simple diffusion via the paracellular
pathway. This conclusion is further supported by the fact
that claudin-16, which renders junctional complexes per-
meable to Ca®*, is not expressed in the epithelium (199,
347). A recent in vitro study (284) demonstrated the net
secretion of Ca*" across monolayers of primary cultures of
rat choroid plexus cells. The mechanisms by which Ca™ is
transported was not elucidated, but interactions between
Ca®" and Mn?" were reported which suggest that these
ions may be transported by similar pathways (284).

Imura (132) proposed that Ca** transport by the choroid
plexus may occur by a mechanism similar to that which
accounts for transcellular Ca** absorption in some other
epithelia, e.g., renal distal tubule and the small intestine
(122). In this proposed model, the first step is Ca** entry by
either or both the TRPVS and TRPV6 ion channels in the
basolateral membrane. Once in the cell the Ca** must be
bound to binding proteins such as the calbindins, which are
present in the cytoplasm and facilitate the transition of
the Ca®" from basolateral to luminal membrane (122). Fi-
nally, extrusion of Ca®" into the CSF at the luminal mem-
brane is mediated by a combination of Ca®"-ATPase
(PMCA) and Na*/Ca®* exchange (NCX) (122). This
model is theoretically plausible for the choroid plexus; how-
ever, it is not really supported by the existing evidence, and
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alternative mechanisms must be considered. The following
sections summarize what is currently known about Ca**
transport by the choroid plexus, and then suggests alterna-
tive mechanisms for Ca®* transport.

A. Expression of Proteins Mediating Entry
or Exit of Ca®*

There are no data in support of the expression of either
TRPVS or TRPV6 in the choroid plexus (Brown, Millar,
and Hoenderop, unpublished data). Patch-clamp experi-
ments have identified a Ca>"-permeant nonselective cation
conductance in the choroid plexuses (210). The conduc-
tance may be carried at least in part by TRPV4 (177) and
TRPM3 channels (231), because mRNA for both is ex-
pressed in the choroid plexus. The TRPV4 channel protein,
however, appears to be predominantly localized in the lu-
minal membrane of the cells (132) where it cannot contrib-
ute directly to Ca®" secretion, i.e., it can only mediate an
absorptive influx of Ca>" from the CSF. In contrast, the
current-voltage relationship for the conductance has simi-
larities to that of heterologously expressed TRPM3. It is not
yet known, however, whether the TRPM3 channel protein
is expressed in basolateral membrane of the choroid plexus.

PMCA mediates the primary active transport of ions by
hydrolyzing ATP and exchanging intracellular Ca** for ex-
tracellular H". Two isoforms, PMCA3 and PMCA4, are
expressed in the luminal membrane of the human, cat, and
rat CPE (23, 306, 307). This pump is normally involved in
maintaining a suitable intracellular Ca>" level in collabora-
tion with Na*/Ca®" exchangers (NCX), and in certain ep-
ithelia it plays a role in vectorial transport of Ca>". There
are no data to support the expression of NCX of the SLC8
family in the choroid plexus, although these transporters
are expressed elsewhere in the CNS (36). Expression of
SLC25a5 mRNA, encoding a Na*/(Ca**-K™) exchanger
has been reported (120), but whether functional proteins
are expressed in the luminal membrane has not been deter-
mined. Several studies have examined calbindin expression
in the choroid plexus, but they have produced equivocal
data on calbindin-D, gy expression. It is expressed in dog-
fish (268) but not in rat choroid plexus (101). The expres-
sion of caldbindin-Dgy expression has not been investigated
in the choroid plexus.

B. An Alternative Model for Ca®* Transport

The current lack of evidence for key components of the
conventional Ca®* transepithelial transport model, e.g.,
TRPVS or TRPVG6, intracellular calbindins, and luminal
NCX, suggest that transport may not occur by this arrange-
ment. Furthermore, the in vitro observation that Ca?>* and
Mn?** may share a common pathway across the epithelium
(284) also argues against the conventional route for a sig-
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nificant component of the transport (since Mn?™ is trans-
ported neither by the NCX nor the PMCA). An alternative
model may be that Ca?" is secreted by mechanisms similar
to those observed in the mammary gland epithelium (319).
Here, the precise route of basolateral Ca** entry remains to
be determined, but once in the cell much of the Ca®" is
sequestered into the Golgi apparatus by secretory pathway
ATPases (SPCA1 and/or SPCA2), which transport Mn?* in
addition to Ca?". From here, the Ca®* is “trafficked”
across the cell in vesicles, and extruded at the luminal mem-
brane by exocytosis (319). It remains to be determined
whether such mechanisms contribute to Ca** transport by
the choroid plexus. However, both SPCA1 and SPCA2
mRNA are expressed in rat and pig choroid plexus (243).
Furthermore, there are data demonstrating that exocytosis
of proteins containing vesicles occurs at the luminal mem-
brane of the choroid plexus (41).

C. Regulation of Ca®* Transport

In the systemic circulation, Ca** homeostasis is governed
by hormones such as 1,25(OH),-cholecalciferol (the acti-
vated form of vitamin D), parathyroid hormone (PTH)
(122), and the recently identified modulator a-klotho (170).
Data on whether Ca?* transport by the choroid plexus is
modulated by these factors are very limited and equivocal.
For instance, an increase in the rate of Ca’>" entry was
observed in studies of hypocalcaemic rats in which both
plasma 1,25(OH),-cholecalciferol and PTH concentrations
would be elevated (18, 218). A slight decrease in the rate of
entry was observed in hypercalcemic rats (218). However,
these changes in the rate of transport appeared to be inde-
pendent of directly administered vitamin D; (218), even
though receptors for 1,25(OH),-cholecalciferol are ex-
pressed (328). Keep et al. (155) on the other hand demon-
strated a large increase in PMCA protein expression in
brain microvessels, suggesting increased transport by the
BBB, but there were no significant changes in expression in
the choroid plexus. The direct effect of PTH on transport
into the brain, however, has not been investigated, although
the PTH receptor is expressed in the CPE (334).

While our knowledge of the regulation of Ca** transport by
conventional messengers such as 1,25(OH),-cholecalciferol
and PTH remains rather confused, there are more definitive
data on the role of a-klotho. For example, the [Ca®"| gy is
reduced by over 25% in transgenically modified mice in
which the klotho genes has been silenced (132). The reduc-
tion in [Ca® "]y in the absence of a-klotho was suggested
to be caused by a decrease in Ca?" extrusion via NCX as
Na"-K"-ATPase activity is also reduced (132). However, if
NCX does not contribute to Ca** transport in the choroid
plexus (see above), alternative explanations must now be
sought.
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Xll. PATHOPHYSIOLOGY RELATING TO
CHOROID PLEXUS CSF FORMATION

A. Age-Related Changes of the Choroid
Plexus and Alzheimer’s Disease

The CPE cells undergo flattening with age, and this in hu-
mans amounts to an 11% decrease in cell height from in-
fancy to 88 yr of age (255). In rats, Serot et al. (287) showed
that the decrease in cell height started after 18 mo of age,
indicating that it is not a normal phenomenon in the
younger animals (287). In addition to the changes in height,
the basement membranes of both the endothelial and epi-
thelial cells thicken (287) and the thickness of the underly-
ing connective tissue increases. Furthermore, increases in
the number of intracellular inclusions of both lipid byprod-
ucts and protein tangles that resemble the plaques found in
Alzheimer’s disease in the content of amyloid-B8 protein
epitopes are observed (341). Most of these changes, how-
ever, are also seen in non-Alzheimer’s patients, and the
general increase in number of these inclusions reaches a
plateau at the age of 70 yr in humans.

The rate of CSF secretion by the choroid plexus decreases
with ageing, as demonstrated in both sheep and humans
(55, 255). The volume of CSF, however, increases with age
due to moderate brain atrophy and increased CSF drainage
resistance (2). The increased resistance is at least partially
due to fibrosis of the meninges, which probably reduces
outflow via the arachnoid granulations (20). Elevated cen-
tral venous pressure due to vascular disease has also been
implicated in the increased resistance of CSF drainage
(272). The increased CSF volume, the lower rate of CSF
secretion, and reduced drainage all result in a general de-
crease in the rate of CSF turnover. This leads to age-depen-
dent increases in CSF/plasma concentration ratios of many
compounds normally removed from the brain by CSF
drainage, including proteins such as IgG and albumin (102).
These age-related changes in CSF composition should not
be misinterpreted as a simple mechanical breakdown of the
BBB or BCSFB functions.

Alzheimer’s disease is a detrimental neurodegenerative dis-
ease, which is normally fatal within a few years after diag-
nosis. The incidence of the disease increases with age, and
late-onset Alzheimer’s disease (observed after 65 years of
age) is the most common form. Although Alzheimer’s dis-
ease has been studied in great detail, the role of the choroid
plexus in Alzheimer’s disease is not fully understood. In
recent years, a number of studies have suggested that
changes in the rate of CSF turnover may be important in the
progression of the disease.

Basically, Alzheimer’s disease is known to present two types

of lesions: extracellular amyloid plaques and intracellular
neurofibrillary aggregation (81). The amyloid plaques con-
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sist of extracellular deposits of amyloid-8 (AB) peptide fi-
brils. AB is generally considered to be a waste product, and
it is normally produced at low levels, which act positively
on brain synapses at picomolar concentrations (257). The
intracellular neurofibrillary tangles consist of abnormally
phosphorylated tau, a microtubule-associated protein (MAP)
(81). The accumulation of tau is believed to have severe con-
sequences for neuronal function, and the density of these ac-
cumulations is correlated to severity of symptoms. Both AB
and tau are normally present in CSF, and the drainage of CSF
is believed to be the main pathway by which A is removed
from the CNS (314). In late-onset Alzheimer’s disease, concen-
trations of AB in CSF are decreased, but those of tau are
increased and probably reflect neuronal damage (136). These
changes can be measured in CSF before the onset of any other
symptoms, and they can therefore be used as a diagnostic
marker for the disease (315).

In Alzheimer’s disease (341) and systemic amyloidosis
(279), the number of amyloid deposits increases in the epi-
thelial and endothelial cells, respectively. The impact of the
deposits on choroid plexus function may be abnormal CSF
secretion. It was also suggested that AB found in cerebro-
spinal fluid may be produced by the choroid plexuses and
may contribute to the deposits in the brain seen in Alzhei-
mer’s disease (256). A general decrease in CSF turnover is
thought to be important in the development of Alzheimer’s
disease, because it decreases the rate at which waste prod-
ucts are cleared from the brain. It is also thought to increase
the contact time for proteins with glucose in the CSF, which
promotes the glycosylation of CSF proteins and increased
oxidative stress (289). In patients suffering from Alzhei-
mer’s disease, CSF turnover and thereby also CSF clearance
is indeed decreased by 50% (292). Although it has not yet
been determined, the decrease in CSF turnover may be re-
lated to a decrease in the activity of the Na™-K"-ATPase in
the choroid plexus with age. In contrast, the opposite effect,
i.e., decreased deposition of AB and an increase in Na™-K™-
ATPase, were observed in mice after the administration of
caffeine (11, 115).

CPE cells may also play a direct role in removal of proteins
from the CSF by receptor-mediated endocytosis via recep-
tors such as the low-density lipoprotein receptor related
protein-1 (LRP-1) and -2 (megalin). The abundance of
LRP-1 in the choroid plexus increases with age, whereas the
abundance of megalin is reduced. LRP-1 seems to be shed
from the membrane upon stimulation of AB. This leads to
AP accumulation in CSF by binding to LRP-1 and thereby
preventing aggregation. The bound A can be cleared from
the central nervous system to be degraded in the systemic
circulation (183). Megalin is thought to contribute to the
clearance of AB protein through the choroid plexus (114),
and a decrease in megalin was shown in the CPE cell of
Alzheimer’s disease (6, 239). Megalin has been shown to
transport solutes both from blood and CSF into the choroid
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plexus, but the fate of the solutes is not known. One expla-
nation could be that they are degraded in the choroid plexus
or transcytosed through the cells. For both LRP1 and mega-
lin, altered expression can lead to accumulation of A in the
CSF. However, it is not clear whether these changes are the
cause or effect of the pathological changes observed in Alz-
heimer’s patients. Changes in vitamin transport into the
CSF by the choroid plexuses may also play a role in the
development of Alzheimer’s disease. Decreased concentra-
tions of vitamin B, and folate within the CSF have been
observed (130), which in vitro has been shown to increase
plasma tau levels (121). Reduced antioxidant levels in the
CSF, primarily ascorbic acid, are also predicted to cause a
cognitive deterioration with age (28).

B. Role of the Choroid Plexuses in the
Control of Intracranial Pressure

The intracranial pressure (ICP) is normally between 7 and
13 mmHg, and it is equal throughout the brain parenchyma
and the cerebrospinal fluid (25). In a supine position, the
ICP is equal to the pressure in the spinal canal, while it
decreases in the erect position, and increases in response to
the Valsalva maneuver. ICP can be monitored by invasive
ICP measurements through the skull. Alternatively, CSF
pressure can be measured as the opening pressure when
performing lumbar puncture with the patient placed com-
pletely horizontal. However, this latter measurement can be
complicated by the anxiety often experienced in conscious
patients during this procedure (356).

After closing of the skull sutures during neonatal develop-
ment, the rigid bone structure of the skull hinders any ex-
pansion of the volume inside. According to the Monro-
Kellie doctrine, this means that changes in volume of one
compartment of the brain (brain tissue, blood, CSF) must
entail an opposite change in another compartment (54). A
venous plexus surrounds the dura in the spinal canal, and
sudden increases in pressure (e.g., when coughing) are fol-
lowed by compression of this venous plexus. Depletion of
CSF, on the other hand, leads to an accumulation of venous
blood in the plexus and expansion of the vascular volume.
Loss of CSF volume is seen in individuals with dural defects
or as a consequence of the lumbar puncture procedure, e.g.,
patients often experience headaches after a lumbar punc-
ture. These headaches are most likely the consequence of
the decrease in CSF content and a subsequent increase in
vascularization (89). Increases in CSF volume or other
space-occupying lesions, on the other hand, cause efface-
ment of cerebral sulci and potentially brain herniation.

A number of clinical conditions lead to an elevated ICP,
e.g., traumatic brain injury, stroke, edema, tumors, infec-
tion, or hydrocephalus. Increases in ICP to 30 mmHg are
considered pathological, whereas a pressure above 40
mmHg is life threatening. The relationship between ICP and

the secretion of cerebrospinal fluid has been investigated
with varying results. Increased ICP in infant hydrocephalus
was shown not to affect the cerebrospinal fluid formation
(332). In calves, however, an increase in ICP was shown to
decrease CSF formation by 50% (35). Later studies suggest
that chronic elevations of ICP decrease CSF formation rate,
but acute ICP changes do not have such an effect (291).

In other cases of increased ICP where damage to the brain
occurs as seen in traumatic brain injury or stroke, the
BCSFB can be disturbed either by direct damage to the CPE
with consequences for the barrier function; or by the accu-
mulation of cellular debris in the ventricular system that can
interfere with the reabsorption of the CSF in the arachnoid
granulations. The damage to the CPE can cause an in-
creased permeability of solutes into the CSF with conse-
quences for the osmotic pressure (153). This results in an
increase of osmotically driven water transport into the ven-
tricle system. The choroid plexuses have a reabsorptive role
in these instances; following traumatic brain injury an ex-
tensive vacuolar appearance is found in the CP that was
shown to reflect great lysosomal activity and digestion of
the waste products accumulating in the cerebrospinal fluid
(153, 236). Following brain injury, the CPE cells show
other structural changes indicative of their role in protect-
ing the brain. This includes widening of intercellular spaces
and enlargement of the luminal microvilli. Following hem-
orrhage into the CSF, immune cells (monocytes) appear in
the intercellular clefts (204) and CSF where they differenti-
ate into macrophages (Kolmer cells). The macrophages in
CSF bind to the apical membrane glycocalyx where they
most likely affect the clearance of debris through the CPE
cells. Additional removal of waste occurs via the arachnoid
granulations into the venous system (111, 248). The CNS
lacks a true lymphatic system, which makes the process of
removing toxic substances important for the CPE and CSF.

When ICP increases, the compression causes a decrease in
the blood flow to the entire brain, including the choroid
plexuses. Although a decrease in blood flow does not in
itself reduce the rate of CSF production, the substrate avail-
ability from the vasculature can become rate-limiting. In
addition, atrial natriuretic peptide (ANP) is released into
the CSF when ICP is increased (355). ANP binds to the
choroid plexus cell and inhibits CSF production by up to
35% (308). Other peptides released in response to increased
ICP include AVP and basic fibroblast growth factor, both of
which are known to decrease CSF formation (185, 285).

C. Hydrocephalus

Hydrocephalus is a condition in which there is an enlargement
of the brain ventricular size with an abnormally increased
volume of CSF. Several criteria are used to discriminate be-
tween a variety of different classes of hydrocephalus. The dis-
ease complex is divided into infantile, juvenile, or adult forms.
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Hydrocephalus can be further classified into either high-
pressure or normal-pressure hydrocephalus. The disease com-
plex exists in communicating or noncommunicating forms
depending on whether there is free passage between the ven-
tricles and the subarachnoid space (87). Finally, hydrocepha-
lus is also divided into active or arrested hydrocephalus de-
pending on the progression of symptoms.

Hydrocephalus can arise from an increase in the rate of CSF
secretion, an obstruction of flow in the ventricular-sub-
arachnoidal pathway, or a decrease in drainage to the ve-
nous system (232). Increased CSF secretion by the choroid
plexus is rare and mainly described in the case of choroid
plexus-papillomas. Cessation of the ventricular-subarach-
noidal flow can occur after obstruction of any of the narrow
parts of the CSF flow system, i.e., the foramina Monroi, the
third ventricle, the aqueduct of Sylvius, or the fourth ven-
tricle (FIGURE 1). These obstructions are observed after a
subarachnoidal hemorrhage or an infection (meningitis) be-
cause of accumulation of debris. A blockage to flow in the
narrow parts of the ventricle system will lead to an accumu-
lation of CSF proximal to the blockage. Finally, the absorp-
tion of CSF through the arachnoidal granulations to the
venous system can be disturbed either through congenital
malformations in the villi or through neoplasms or inflam-
mation in the arachnoid granulations (232).

The treatment for hydrocephalus is dependent on the extent
to which the ICP is elevated. As mentioned in the previous
section, increases in ICP can be life threatening. In the cur-
rent context, it is worth noting that hydrocephalus can be
alleviated in the short term by targeting carbonic anhydrase
with acetazolamide or KCCs with furosemide. Both of these
drugs are thought to reduce ICP by inhibiting CSF secretion
by the choroid plexus (247). The hemodynamic effects of
the drugs are unlikely to explain the decrease in CSF pro-
duction, as they are secondary to actions on the kidney, and
are also observed in nephrectomized animals (263). Fur-
thermore, the immediate reduction in CSF secretion cannot
be explained by development of acid-base disturbances, as
this would require a longer time to develop (206). Finally,
intraventricular furosemide decreases CSF formation (208),
which cannot be secondary to renal effects of the drug. In
the long term, hydrocephalus is almost always alleviated by
insertion of a ventricular shunt to either the heart atrium or
to the peritoneum. Endoscopic removal of tumors or debris
causing blockage of the flow can in some cases alleviate the
hydrocephalus.

The impact of hydrocephalus on the choroid plexus is similar
to what is seen in other conditions of increased ICP. In an
animal model, the epithelial cells appear flattened and vacuol-
ized, and the lateral intercellular spaces are dilated (194). In
humans with chronic hydrocephalus, the CP has a sclerotic
stroma and the epithelium is atrophied (288). The CP is also
found to contain a larger number of macrophages (Kolmer
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cells) than normal, and this is believed to reflect local inflam-
mation and appearance of debris in the CSF (189). Other
studies, however, have shown that the changes that occur in
CP after the onset of hydrocephalus are reversible after a day
of pressure and volume relief by shunting (76).

The increased ICP in hydrocephalus causes a decrease in
blood flow to the CP. It also causes the central release of
AVP, which reduces blood flow and probably also decreases
the rate of CSF secretion (91, 164). Other studies show
decreased atrial natriuretic peptide (ANP) binding sites in
rats with congenital hydrocephalus, but increased binding
in rats with kaolin-induced hydrocephalus (215). In human
CSF, ANP increases proportionally with intracranial pres-
sure and independently of serum ANP levels (355). In a
rabbit kaolin-induced hydrocephalus model, the CSF for-
mation rate is decreased both 3 h and 3 wk after onset of
hydrocephalus (180).

D. Idiopathic Intracranial Hypertension

Idiopathic intracranial hypertension (ITH), or pseudotumor
cerebri, is a condition in which the intracranial pressure is
raised, but there are no signs of any intracranial expansion.
Thus brain ventricular volume is normal (108). The criteria
for diagnosis include the presence of increased CSF pressure
(above 20-25 ¢cmH,O) with normal composition of CSF
and normal CT/MRI scans of the ventricular system. Pa-
tients present with symptoms associated with elevated ICP,
i.e., papilledema (optic disc swelling), headache, and visual
disturbances (108). The condition is most prevalent in
women between 20 and 50 yr and is strongly associated
with obesity. The incidence is low at between 1-3 per
100,000 per year (80). The condition can be quite detrimen-
tal to the vision, and vision field losses occur in up to 50—
75% of patients (271, 327).

The pathogenesis of the condition is not precisely known,
but IIH may be caused by an increased resistance to CSF
absorption, an increased CSF production, or increased ve-
nous sinus pressure (128, 129). In all instances, the result is
an increase in CSF pressure. Medical treatment aims at
lowering ICP using acetazolamide and in some cases, but
less effectively, furosemide, both of which are known to
decrease CSF formation as mentioned earlier (273). The
condition can also in some cases be relieved by serial lumbar
punctures or on a more long-term basis through surgical
intervention with insertion of a CSF draining shunt. Surgi-
cal intervention is particularly necessary when the increase
in pressure is acutely threatening vision. When obesity is
present, the condition may also be alleviated through
weight loss (317).

E. Neoplasms of the Choroid Plexus

Neoplasms of the choroid plexus are rare (0.4-0.6% of
all intracranial neoplasms; 1); however, the prevalence is

Physiol Rev . VOL 83 . OCTOBER 2013 - www.prv.org

Downloaded from journals.physiology.org/journal/physrev (106.051.226.007) on August 4, 2022.



CHOROID PLEXUS AND CSF SECRETION

higher in early childhood. Thus, throughout childhood,
choroid plexus tumors constitute 2-3% of all tumors
(105), whereas in infants these tumors make up 13.1%
(267). Congenital papillomas make up 7.9% of tumors
diagnosed prenatally by ultrasound (266). Choroid
plexus tumors are associated with hydrocephalus due to
either CSF overproduction or blockage of CSF circula-
tion through the ventricular system (98). Choroid plexus
papillomas are five times more common than carcinomas
(1). Most primary tumors of the choroid plexus are de-
rived from the epithelial cells, whereas angiomas are de-
scribed rarely.

Papillomas in the choroid plexus are benign papillary tu-
mors (WHO grade I neoplasm) that resemble the normal CP
epithelium, but the cells are more tightly packed and elon-
gated. The cells have tight junctions, microvilli, cilia, and a
basement membrane. Additionally, papilloma cells show
accumulation of glycogen granules (172). The papillomas
do not invade the brain parenchyma and, unlike the carci-
nomas, they are not necrotic. The choroid plexus carcino-
mas are invasive tumors that can be solid, hemorrhagic, and
necrotic. They are most commonly located in the lateral and
fourth ventricles. The malignancy diagnosis, choroid plexus
carcinoma (WHO grade III tumor) is based on cytological
changes: the cells show increased mitotic figures, nuclear
pleomorphism and necrosis. The carcinomas are fast grow-
ing, and the 5-yr survival rate is ~40%. The tumor spreads
through the cerebrospinal fluid, and systemic metastases
have been shown in patients with longer survival (134). The
treatment is aimed at complete resection of the tumor. Ad-
juvant chemotherapy or radiation therapy is also generally
considered for the individual patient (261, 283, 348, 349).

Other tumor types have been described in the choroid plexus
including the papillary meningioma (WHO III neoplasm) that
in rare cases can arise in the choroid plexus (12). In adults,
tumors found in the choroid plexus are most often metastatic
neoplasms. The incidence of these is low (0.14% of all cerebral
metastasis). The origin is most commonly renal cell carcinoma
and lung cancer, but also primary tumors in breast, stomach,
and colon have been described (165).

Xill. PERSPECTIVES AND FUTURE
INVESTIGATIONS

Many aspects of choroid plexus biology have an impact
far beyond the simple secretory function of this modestly
sized tissue. From a cell biological perspective, the atyp-
ical polarization of the CPE is of major interest. Para-
digms of polarized cell growth and differentiation are
largely based on model epithelia grown in cell culture,
but these paradigms are challenged by data from the
CPE. These data suggest that many of the proposed rules
of polarization may not be global after all. The unique
mechanisms of membrane targeting of ion transporting
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proteins and anchoring proteins in the CPE may have
bearing for diseases of cell polarization such as cystic
fibrosis and polycystic kidney disease.

At the same level of fundamental cell biology, the architec-
ture and permeability of the tight junctions and tricellular
junctions in the choroid plexus may hold important infor-
mation on the contribution of claudins to unidirectional ion
and/or water movement. At present, the claudins are be-
lieved to permit ion flux in single file just like most cellular
ion channels. It is unknown whether the same claudin can
mediate H,O secretion and K™ transport simultaneously. If
the tricellular junctions do not form large pores between
cells, the morphological basis for the idea of “solvent drag”
in leaky epithelia is centrally challenged. It also remains to
be determined whether the very well developed lateral in-
foldings of the basolateral membrane have any importance
for transepithelial H,O or solute movement. Finally, the
existence of the kinocilia or primary cilia on the luminal
membrane may vary between species, and their respective
functions may therefore also differ. One role of kinocilia
could be preventing a functional unstirred layer to develop
and/or to ascertain proper mixing of nascent and bulk CSF
for proper CPE cell sensing of CSF. In turn, the primary cilia
could serve sensory functions.

The pathway for H,O through the CPE needs to be deter-
mined in more detail by transport physiologists. It is critical
to know the water permeability basolateral membrane to
determine whether the paracellular pathway may also con-
tribute to secretion. The surface area of the tight junctions is
orders of magnitude lower than the permeable luminal
membrane, but tight junction H,O permeability may be
important if the basolateral membrane is relatively imper-
meable to water. We should also keep an open mind regard-
ing the potential contribution of KCC4-mediated water
transport. Answers to these question may soon be deter-
mined as both claudin-2 and KCC4 knockout mouse mod-
els are available for testing these central issues. Moreover,
estimation of the intracellular osmolarity is also warranted
to firmly establish whether there is an expected stepwise
increase in osmolarity from interstitium to cytoplasm and
from cytoplasm to CSF as the basic paradigm for osmotic
water transport dictates.

The molecular mechanism for basolateral Na™ entry needs
to be identified with greater certainty. This should be pos-
sible by combining flux studies with the genetically modi-
fied mice in existence. At the opposite side of the epithelium,
an interesting development is the idea of CPE sensing the
CSF and modulating the composition of the nascent CSF
accordingly. For example, changes in CSF pH, HCO3, or
CO, may be sensed by the CPE, and the cells might react by
extruding more acid or base equivalents to sustain a suitable
intraventricular milieu. Both the study of sensor proteins
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and the cellular response in terms of transport will need to
be investigated in the future.

There is significant interest in being able to manipulate the
rate of CSF production. In conditions with high intracranial
pressure or volume, it would be most helpful if further CSF
volume secretion could be prevented by pharmacological
means. Conversely, there is some evidence of lower CSF
volume that perhaps would increase the risk of brain dam-
age because of the greater mechanical forces acting on the
brain parenchyma. Obvious targets for future therapy
would include AQP1, Ncbe, AE2, and the V1a vasopres-
sin receptors. Thus there are plenty of reasons for a con-
tinued strong interest in choroid plexus biology from the
point of view of the cell polarization biologist, the epi-
thelial transport physiologist, as well as the neurologist/
neurosurgeon.
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