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Abstract

Na* is commonly designed as the culprit of
salt-sensitive hypertension but several studies
suggest that abnormal CI- transport is in fact the
triggering mechanism. This review focuses on the
regulation of blood pressure (BP) by pendrin, an
apical CI/HCO, exchanger which mediates HCO,
secretion and transcellular CI- transport in type B
intercalated cells (B-ICs) of the distal nephron.
Studies in mice showed that it is required not only for
acid-base regulation but also for BP regulation as
pendrin knock-out mice develop hypotension when
submitted to NaCl restriction and are resistant to
aldosterone-induced hypertension. Pendrin contrib-
utes to these processes by two mechanisms. First,
pendrin-mediated CI- transport is coupled with
Na* reabsorption by the Na*-dependent CI/HCO,
exchanger NDCBE to mediate NaCl reabsorption in
B-ICs. Second, pendrin activity regulates Na* reab-
sorption by the adjacent principal cells, possibly by
interaction with the ATP-mediated paracrine

signalling recently identified between ICs and
principal cells. Interestingly, the water channel
AQPS5 was recently found to be expressed at the
apical side of B-ICs, in the absence of a basolateral
water channel, and pendrin and AQP5 membrane
expressions are both inhibited by K* depletion,
suggesting that pendrin and AQP5 could cooperate
to regulate cell volume, a potent stimulus of ATP
release.

Copyright © 2011 S. Karger AG, Basel

Introduction

Arterial hypertension is one of the most common
diseases affecting the human population. Hypertension
is a complex trait influenced by many environmental and
genetic factors acting both alone and in concert. Several
organs (e.g. the kidney, heart, vasculature and central
nervous system) are involved in the maintenance of blood
pressure. Transient disruption of any of these systems
can lead to an acute variation in blood pressure.
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However, A. Guyton proposed almost 40 years ago, us-
ing a complex and sophisticated mathematical and com-
putational analysis, that abnormal ion transport by the kid-
ney and subsequent disruption of body fluid volumes are
responsible for the development of hypertension [1]. The
central role of the kidney in this pathology has since been
confirmed by human genetic studies, which have shown
that most of the genes mutated in monogenic forms of
hypertension encode either ion transporters/channels of
the distal nephron or their regulators [2].

Na* is commonly designated as the culprit in salt-
sensitive hypertension. Several lines of evidence how-
ever suggest that it is in fact an increase in Cl- transport
that leads to an increase in extracellular volume and hy-
pertension. In 1929, Berghoff et al. reported that blood
pressure increased in seven hypertensive individuals on
a high NaCl intake, but not on a high sodium bicarbonate
intake [3]. This observation was subsequently confirmed
[4]. In humans and animals with salt-sensitive hyperten-
sion, selective dietary loading of Na™ without Cl- has re-
peatedly failed to induce a pressor effect [5-9], leading
to the proposal that Cl- restriction might be more appro-
priate than Na™ restriction in the treatment of essential
hypertension [10]. Furthermore, in hypertensive and nor-
motensive individuals, substitution of dietary NaCl with
equimolar sodium bicarbonate leads to a blood pressure
reduction [11, 12]. Finally, it has been proposed that pri-
mary alteration in distal Cl transport per se may have
consequences on blood pressure [13, 14]. In this context,
recent studies have highlighted the role of the CI/HCO,
exchanger pendrin in the regulation of blood pressure.

Chloride transport in the distal nephon

As mentioned above, numerous studies have estab-
lished that excessive ion transport in the distal nephron
leads to the development of hypertension. This part of
the nephron comprises the Distal Convoluted Tubule
(DCT), the Connecting Tubule (CNT) and the Collecting
Duct (CD). Each segment expresses a specific subset
of'ion transporters and channels, reflecting a high degree
of functional specification [15].

DCT cells express the Na*-Cl" cotransporter NCC
and are thus responsible for electroneutral Na* and CI°
reabsorption. NCC activity is blocked by one of the most
widely used class of anti-hypertensive agents, the thi-
azide diuretics [16]. Inactivating mutations of NCC in
humans [17] and mice [18] cause Gitelman syndrome,
an inherited recessive disease characterised by salt wast-

ing and low blood pressure. Conversely, increased activ-
ity of this cotransporter triggers the development of Fa-
milial Hyperkalemic Hypertension [19, 20], a rare Men-
delian form of human arterial hypertension, also known
as Gordon’s syndrome or Pseudohypoaldosteronism type
I1[21]. These studies thus demonstrated that NCC plays
an important role in the regulation of blood pressure.
However, given that it reabsorbs Na* and CI concomi-
tantly, the impact of Cl- on blood pressure is not dissociable
from that of Na™ in DCT cells.

In contrast, Na* and CI- transport are not molecularly
linked in the CNT and CD. These segments are com-
posed of two cell types: the Principal Cells (PCs) and
Intercalated Cells (ICs). While Na* is reabsorbed in PCs
by the Epithelial Na* Channel ENaC, CI- transport oc-
curs in ICs and, at least in theory, through a paracellular
pathway [22]. At least two subtypes of ICs coexist in the
CNT and CD [23, 24]. The A-type (A-ICs) secrete H*
through an apical vacuolar H*-ATPase and reabsorb
HCO," via a basolateral CI/HCO,” exchanger while the
B-type secretes HCO,". In vitro microperfusion and
patch-clamp experiments on isolated CDs show that CI-
can only be actively reabsorbed by the B-type, via an
apical electroneutral CI/HCO, exchanger. Cl then exits
this cell via a basolateral Cl- channel. This anion exchange
process, which can also operate in a Cl- self-exchange
mode and is regulated chronically by in vivo acid-base
status [22], is mediated by pendrin [25].

Pendrin localisation and regulation in the
distal nephron

Pendrin, encoded by the Sic26a4 gene, was origi-
nally identified by the genetic analysis of the Pendred
syndrome, a syndromic deafness with progressive sen-
sorineural hearing loss associated with goiter [26]. It can
operate as a Cl/iodine, Cl/formate or CI/HCO, ex-
changer [27-29]. In addition to being expressed in the
inner ear and the thyrocytes, pendrin is localised at the
apical membrane of the B-ICs [25, 30, 31] and
microperfusion studies in CD isolated from Scl26a4™”
knock-out mice clearly showed that pendrin is responsi-
ble for the CI/HCO, exchange in these cells [25]. Im-
portantly, the same study also demonstrated that pendrin-
mediated CI transport is the most important, if not the
only, pathway for Cl- absorption in the CNT and CD.

The role of pendrin in kidney homeostasis has first
been assessed by describing its regulation in response to
several challenges in vivo. As pendrin was identified as
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the apical mechanism of bicarbonate secretion by B-IC,
the first studies were initially designed to test the effects
of metabolic alkalosis and acidosis and logically observed
that pendrin expression is decreased by metabolic acido-
sis and increased by metabolic alkalosis as reviewed ex-
tensively elsewhere in this issue (reviewed by C.Wagner
in this issue of the journal). However, we also reported
that pendrin expression in rat is increased when CI- ex-
cretion decreases and vice-versa, independently of the
administered cation or acid-base status [32, 33].

Vascular volume depletion and aldosterone admin-
istration are known for triggering metabolic alkalosis and
aldosterone increases apical anion exchange in B-1Cs [34,
35]. Accordingly, aldosterone was shown not only to in-
crease pendrin transcription level but to also induce a
shift of pendrin subcellular distribution towards the apical
membrane of B-ICs [31]. Angiotensin II also stimulates
pendrin expression in the kidney [36].

Taken together, the aforementioned studies sup-
ported the critical role of pendrin in acid-base regulation.
However, the observation that Cl- might be an even
stronger regulator than acid-base status and that pendrin
is stimulated by component of the renin-angiotensin-al-
dosterone axis raised the possibility that pendrin might
also be involved in the control of extracellular fluid
volume.

Regulation of extracellular fluid volume by
pendrin

Genetic inactivation of pendrin in humans (Pendred
patients) and mice (Slc26a4” model) does not appar-
ently impair acid-base and electrolyte balance [25].
Verlander et al. tested the hypothesis that a renal pheno-
type could be unmasked by “stressing the phenotype” of
Scl26a4” mice [31]. The authors therefore submitted
Slc26a4"* and Slc26a4” mice to a chronic administra-
tion of DOCP (deoxycorticosterone pivalate), an aldos-
terone analogue. They observed that, following this treat-
ment, mice devoid of pendrin develop metabolic alkalosis
and that CCDs isolated from these mice are not able to
secrete HCO,". However, the authors also observed that,
while Slc26a4** mice receiving DOCP chronically gain
weight and become hypertensive, the body weight and
blood pressure of the mutant mice remain stable. This
study thus demonstrated that, in the absence of pendrin,
aldosterone is not able to provoke renal NaCl retention
and extracellular fluid expansion. The same group then
studied the effect of dietary NaCl restriction on acid-

base and electrolyte balance as well as blood pressure in
Slc26a4” mice [37]. Under a moderate NaCl restric-
tion, Slc26a4" mice have increased urinary volume and
CI excretion. Under these conditions, blood pressure level
is not modified, even though the mice show signs of
hypovolemia, whereas they develop hypotension under
complete NaCl restriction. Taken together, these studies
demonstrate that a perturbation of pendrin function could
lead to variation of the blood pressure level in mice.

In order to better understand how pendrin can regu-
late extracellular volume and blood pressure, the expres-
sion of the Na* channels and transporters along the ne-
phron was quantified in Slc26a4” mice, compared to
Slc26a4*", at baseline or under conditions of increased
circulating aldosterone level [36]. Inmunoblotting experi-
ments showed that the expression of the a- and y-subunits
of ENaC is lower in the mutant than in the control mice
when aldosterone is increased. The decreased expres-
sion of the two subunits is associated with a decrease in
activity of the channel, as evidenced by decreased
amiloride-sensitive Na* transport in microperfused CD
isolated from Sic26a4” mice compared to that of con-
trol mice. This difference could be due to a lower level of
aldosterone-induced ENaC stimulation in Slc26a4” mice.
Another potential mechanism is the inhibition of ENaC
activity by a decreased distal luminal HCO," concentra-
tion, as ENaC activity is pH-dependent and metabolic
alkalosis decreases the expression of ENaC subunits. An
increase in luminal HCO, following inhibition of HCO,’
reabsorption in the proximal tubule by acetazolamide, in-
deed restores ENaC expression and function in aldoster-
one-treated pendrin-null mice [38].

Taken together, these studies clearly demonstrate
that an alteration of CI transport in B-ICs influences Na*
reabsorption by the neighbouring PCs. Interestingly, an
ATP-dependent paracrine regulation of ion transport in
the distal nephron and blood pressure has very recently
been identified. Several sets of data showed that ATP
binds the P2Y purinoceptor 2 (P2Y?2) present at the api-
cal side of CNT and CD cells and reduces ENaC activ-
ity and that inhibition of this system leads to the develop-
ment of salt-sensitive hypertension in mice (for review,
see [39]). Elegant studies involving the use of a fluores-
cent biosensor to measure ATP release by the different
cell types showed that the main ATP-releasing cell type
is the IC [40]. The role of pendrin in this paracrine signaling
remains to be established. However, as detailed in the
following paragraph, one possibility is that pendrin can
provoke cell swelling and thereby might trigger the re-
lease of ATP by intercalated cells.

Pendrin, a New Regulator of Blood Pressure
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Fig. 1. Proposed model for Na*, Cl- and water transport by the CNT and CD. In principal cells, Na" is reabsorbed by ENaC, whose
membrane expression is regulated by pendrin by yet unknown mechanism. One potential candidate is ATP, released by B-ICs in
response to change in cell volume, which could be modulated by water entry through AQPS5. In addition, Na* reabsorption in the
distal nephron could directly involved pendrin, as two cycles of pendrin and one of NDCBE would result in net NaCl reabsorption

with the recycling of one Cl and two HCO, ions.

Pendrin, Aquaporin 5 and paracrine signal-
ling in the distal nephron

ATP release at the cell membrane is strongly stimu-
lated by an increase in cell volume [41, 42]. The recent
discovery of the expression of the water channel AQPS5
at the apical membrane of B-ICs [43] raises the possibil-
ity that modification of B-ICs cell volume could be in-
volved in ATP release by these cells and activation of the
purinergic signaling described above.

The aquaporins are a family of membrane channel
proteins that serve as selective pores through which wa-
ter crosses the plasma membranes of many human tis-

sues and cell types [44, 45]. Of the known 13 aquaporin
isoforms expressed in mammals (AQPO-12), at least 8
have been found in the kidney at distinct sites along
the nephron: AQP1-4, AQP6-8 and AQP11 [46-49]. In-
terestingly, we recently reported for the first time
that AQPS, a water channel never identified in the
kidney, co-localizes with pendrin at the apical membrane
of type-B intercalated cells (B-ICs) in the kidney cortex
[43] (Fig. 1).

The AQP5 gene was first cloned from salivary gland
cDNA and then evidenced in eye, salivary and
lachrymal glands, lung, trachea and cochlea, displaying
an apical localization in each case [26, 50-52]. Of note,

508 Cell Physiol Biochem 2011;28:505-512

Hadchouel/Biisst/Procino/Valenti/Chambrey/Eladari



the co-expression of AQP5 and pendrin in the same
cell type is a common feature of several epithelia, such
as the cochlea [52, 53] and bronchial epithelial cells [54].
The strict association of pendrin and AQP5 in the
same membrane domain may reflect a functional inter-
action between the two proteins.

Despite the redundancy of AQP isoforms in the
kidney, a clear physiological role in the process of
urine concentration occurring along the kidney tubule
has been attributed only to AQP1-4 by studying knock-
out animal models and naturally occurring mutations in
humans [46]. The role of the other renal AQPs, including
AQP5, is still unknown and under investigation. The
absence of a basolateral aquaporin in B-IC cells sug-
gests that AQP5 does not mediate a net transepithelial
water reabsorption and supports the hypothesis that
B-ICs can be subjected to important changes in cell
volume. A role for AQP5 as an osmosensor in this
tract of the nephron might be an intriguing possibility.
It has been previously reported that association between
transient receptor potential vanilloid 4 (TRPV4) and AQP5
controls the Regulatory Volume Decrease (RVD) in sali-
vary gland cells exposed to hypotonicity [55]. One could
therefore speculate that AQP5 and pendrin control the
cell volume of CNT/CCD intercalated cells, constantly
bathed by the hypotonic luminal solution produced by the
thick ascending limb and DCT. Indeed, a rapid increase
in pendrin activity is expected to transiently increase
intracellular osmoles that might drive water influx
through AQPS5, thereby leading to cell swelling.

Preliminary results obtained in our lab would
support this hypothesis (Procino et al., 2011, unpublished
results). Dietary K* depletion, a treatment that elicits
metabolic alkalosis [56], results in redistribution of
pendrin from the apical membrane to the cytosol with
concomitant reduction of pendrin-positive cells as
previously described [56]. Strikingly, immunofluorescence
analysis of AQP5 in the kidney indicated that, in
K*-restricted animals, AQPS5 also shifted from the
apical membrane to the cell cytosol. These preliminary
results suggest that pendrin and AQP5 might be
subjected to a common regulatory pathway and that
AQP5-dependent water flux is coupled to pendrin-medi-
ated CI influx. The co-regulation of pendrin and AQP5
membrane expression by changes in luminal ion concen-
tration suggests that these two molecules could cooper-
ate to sense an alteration of luminal ion fluxes and par-
ticipate to adapt the distal nephron response accordingly.
This aspect is worth further investigation in vitro and
in vivo.

Pendrin and thiazide-sensitive NaCl trans-
port in the distal nephron

In addition to modulating Na* transport in
adjacent PCs, pendrin also participates directly in Na*
reabsorption by B-ICs (Figure 1). This new concept
emerged from our study of the thiazide-sensitive
Na* transport in the CNT and CD [38]. As described
above, the classical view of PCs and ICs is that the
latter contribute to the regulation of acid-base status
while the former are the only site of Na* reabsorption
via ENaC. However, the presence of an electroneutral
Na™ transport in the CD was first evidenced by the
group of M. Knepper in 1986 [57] and was subsequently
found to be thiazide-sensitive in 1990 [58]. Using
genetically engineered mouse models with specific
deletion of Na* transporters and channels, we re-exam-
ined the existence of this transport and identified
the molecules involved [38]. The measure of
transepithelial Na*, K™ and Cl- fluxes in isolated
microperfused CCDs first allowed us to detect two
components of Na* reabsorption in this segment: the
first is electrogenic, is inhibited by amiloride and
therefore depends upon ENaC. The second is
electroneutral (simultaneous reabsorption of Na" and
CIl") and thiazide-sensitive. This last component is still
present in NCC” knock-out mice and therefore does
not rely on this transporter. Since (i) Na*-dependent
CI transport occurs through the functional coupling of a
CI/HCO, exchanger and a Na'/H" exchanger in many
epithelia, and (ii) since CI transport is completely
abolished in pendrin-null mice, we hypothesized that
the electroneutral NaCl transport could result from the
coupling of pendrin-mediated CI/HCO, exchange
reabsorption with a H/HCO,-dependent Na" trans-
porter. Accordingly, we detected the presence of a
thiazide-sensitive Cl- and Na*-dependent bicarbonate
transporter in the apical membrane of intercalated
cells [38]. Among the many HCO, transporters
identified, only one, NDCBE (encoded by Slc4a8) medi-
ates Na" and Cl-dependent HCO,  transport in
mammals and is expressed in the mouse CD [38]. Aboli-
tion of the amiloride-resistant component of Na*
transport in the CD of Slc4a8” confirmed that
NDCBE is required for Na* absorption via intercalated
cells. Moreover, thiazide compounds still retain
some natriuretic effects in the absence of their canonical
target NCC (i.e., in NCC” mice), demonstrating
further that pendrin and NDCBE mediate a significant
amount of NaCl absorption in vivo [38].

Pendrin, a New Regulator of Blood Pressure
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Conclusion

The crucial role of CI- in triggering hypertension
has been described a long time ago. However, this role
is usually underestimated and the mechanisms by which
Cl- transport influences blood pressure have, until
recently, not been studied. The CI/HCO, exchanger
pendrin, expressed in type B intercalated cells, is a
strong candidate for mediating the hypertensive effect
of CI transport in the distal nephron. A stimulation of
pendrin could indeed result in increased NaCl
reabsorption either directly via its coupling to NDCBE or
by activating ENaC membrane expression. However,
some data suggest that pendrin could also have an
anti-hypertensive effect, through the stimulation of
ATP release by B-ICs upon changes in cellular volume,
thereby inhibiting ENaC activity in PCs. A potential
explanation is that pendrin-AQP5 induced ATP-release

serves as a negative feedback loop with protective
effect in case of excessive pendrin stimulation.
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