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Abstract

Pendrin is a Na+-independent Cl−/HCO3
− exchanger that localizes to

type B and non-A, non-B intercalated cells, which are expressed within
the aldosterone-sensitive region of the nephron, i.e., the distal convoluted
tubule, the connecting tubule, and the cortical collecting duct. Type B cells
mediate Cl− absorption and HCO3

− secretion primarily through pendrin-
mediated Cl−/HCO3

− exchange. At least in some treatment models, pendrin
acts in tandem with the Na+-dependent Cl−/HCO3

− exchanger (NDCBE)
encoded by Slc4a8 to mediate NaCl absorption. The pendrin-mediated
Cl−/HCO3

− exchange process is greatly upregulated in models of metabolic
alkalosis, such as following aldosterone administration or dietary NaHCO3

loading. It is also upregulated by angiotensin II. In the absence of pendrin
[Slc26a4 (−/−) or pendrin null mice], aldosterone-stimulated NaCl absorp-
tion is reduced, which lowers the blood pressure response to aldosterone
and enhances the alkalosis that follows the administration of this steroid hor-
mone. Pendrin modulates aldosterone-induced Na+ absorption by changing
ENaC abundance and function through a kidney-specific mechanism that
does not involve changes in the concentration of a circulating hormone. In-
stead, pendrin changes ENaC abundance and function at least in part by
altering luminal HCO3

− and ATP concentrations. Thus, aldosterone and
angiotensin II also stimulate pendrin expression and function, which likely
contributes to the pressor response of these hormones. This review sum-
marizes the contribution of the Cl−/HCO3

− exchanger pendrin in distal
nephron function.
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INTRODUCTION

NaCl transport in the distal nephron is crucial to the renal regulation of extracellular volume.
During volume contraction, distal nephron NaCl absorption increases, which restores extracellular
volume to basal levels. Conversely, during volume overload, distal nephron NaCl absorption falls.
Genetic ablation of distal nephron NaCl transporters, such as pendrin, often results in contracted
extracellular volume due to an inappropriate decrease in distal NaCl absorption.

Most distal NaCl transport occurs in the cortex, within the distal convoluted tubule (DCT),
connecting tubule (CNT), and cortical collecting duct (CCD), although the medullary collecting
duct performs the final regulation of NaCl balance (1). Distal delivery of a solute, such as Na+,
refers to flow at the most proximal portion of the DCT that is accessible to micropuncture and
is just below 10% of the filtered Na+ load (1–7). Of the 10% of the filtered load that reaches the
most proximal portion of the DCT, ∼75% is absorbed before reaching the CCD (1). Therefore,
∼6–8% (or three-fourths of 10%) of the filtered load is absorbed along the DCT and CNT (1).
The magnitude of Na+ absorption is similar in the early and late portions of the distal tubule,
or the early DCT and the initial collecting duct, which are segments accessible to measurements
by micropuncture (1, 8). Therefore, 3–4% of filtered Na+ load is absorbed along the DCT, and
another 3–4% is absorbed along the CNT (1). Of the 2.5% of the filtered load that reaches the
CCD, the degree to which it is absorbed depends largely on the treatment model employed.

The mechanism of ion transport in the CCD and CNT has been examined in studies that
employed CCDs and CNTs perfused in vitro, although many more studies have been done in
the former than in the latter due to the greater difficulty of perfusing CNTs in vitro. The initial
studies that explored ion transport in CCDs perfused in vitro were performed in rats and rabbits
(1). However, the introduction of genetically modified mice has provided a powerful tool by
which to examine the physiological role of individual transporters. Therefore, more recent work
has involved study of the mouse CCD. Collectively, these perfused tubule studies have shown
that Na+ and probably Cl− absorption in the CCD is only approximately half of that found in
the CNT, even when stimulated (9). Moreover, because CNTs merge to become the CCD, the
total tubule length in vivo is sixfold greater in the CNT than in the CCD (1). These data strongly
suggest that NaCl absorption in vivo is at least an order of magnitude greater in the CNT than
in the CCD. Pendrin is expressed in both the CNT and the CCD within the minority cell type
(intercalated cells) found in both segments (10–12). Because pendrin is more highly expressed in
cells within the CNT than in cells within the CCD under both basal and stimulated conditions
(10, 13) and because the CNT is longer than the CCD, pendrin probably modulates ion transport
more along the CNT than along the CCD.

Principal cells and intercalated cells are the two cell types found within the CCD and CNT.
Intercalated cells are divided into three subtypes: type A; type B; and non-A, non-B cells. This
subclassification is based on the expression of the Cl−/HCO3

− exchanger AE1 (anion exchanger
1) and on the subcellular distribution of the H+-ATPase within the cell (14–17) (Figure 1). This
transporter distribution is important in that it predicts whether an intercalated cell secretes H+

or OH− equivalents (18, 19). Type A intercalated cells secrete H+ equivalents through the apical
plasma membrane H+-ATPase (17), which is upregulated in models of metabolic acidosis. In
contrast, type B intercalated cells secrete OH− equivalents through electroneutral Cl−/HCO3

−

exchangers on the apical plasma membrane (11, 20, 21), which act in series with the H+-ATPase
on the basolateral plasma membrane (15–17, 19, 21). Na+-independent Cl−/HCO3

− exchangers
expressed on the apical plasma membranes of type B cells, such as pendrin, increase in models
of metabolic alkalosis, which attenuates the alkalosis by augmenting HCO3

− secretion (11, 18).
Although non-A, non-B intercalated cells also express apical Na+-independent Cl−/HCO3

−
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Figure 1
Cell types and transporters in the cortical collecting duct (CCD). The distribution of ion transporters within
intercalated and principal cells in the CCD is shown. Intercalated cell subtypes are identified on the basis of
the expression of AE1 (anion exchanger 1) and the subcellular distribution of the H+-ATPase. In type A
intercalated cells, the H+-ATPase is expressed on the apical plasma membrane, whereas the Cl−/HCO3

−
exchanger AE1 localizes to the basolateral plasma membrane. Type B and non-A, non-B intercalated cells
express pendrin in the region of the apical plasma membrane. Type B intercalated cells, however, express the
H+-ATPase on the basolateral plasma membrane, whereas non-A, non-B intercalated cells express this
H+-pump on the apical plasma membrane. Principal cells express the epithelial Na+ channel (ENaC) in the
region of the apical plasma membrane, which generates a lumen-negative transepithelial voltage that
provides the driving force for K+ secretion.

exchange, because this cell type is found primarily within the CNT rather than within the CCD
(10), its transport properties are poorly understood due to the technical difficulty of perfusing
CNTs in vitro. Nevertheless, because non-A, non-B intercalated cells express both the H+-
ATPase and pendrin on the apical plasma membrane, it is intriguing to speculate that HCO3

− (or
H+) is recycled across the apical plasma membrane in this cell type, thereby providing net NaCl
absorption with little change in net H+ secretion. This review therefore discusses the contribution
of pendrin to the apical Cl−/HCO3

− exchange observed in the type B intercalated cell.
Principal cells mediate the absorption of Na+, primarily through the epithelial Na+ trans-

porter ENaC, but mediate little net Cl− absorption (22). Instead, most Cl− absorption within
the CCD occurs through transcellular transport across intercalated cells (22), such as through the
electroneutral exchanger pendrin (23), which localizes to the apical regions of type B and non-A,
non-B intercalated cells of the CCD and CNT (10–12). ENaC and pendrin therefore act in tan-
dem to mediate net absorption of NaCl. This review discusses the regulation of pendrin-mediated
ion transport and the contribution of pendrin to renal acid-base and fluid and electrolyte balance.

THE ROLE OF PENDRIN IN RENAL PHYSIOLOGY

Cloning of the Gene Responsible for Pendred Syndrome

In 1896 Dr. Vaughan Pendred observed a family in which 2 of the 10 children suffered from
deafness and goiter (Pendred syndrome) (24). Pendred syndrome is inherited in an autosomal
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recessive fashion and is seen in 7.5 per 100,000 persons, making it one of the leading causes of
congenital deafness (25). In 1997 Everett and colleagues cloned the gene responsible for Pen-
dred syndrome by positional cloning (26). This gene was subsequently named Slc26a4, and the
protein encoded by Slc26a4 is referred to as pendrin. Determining the structure of Slc26a4 en-
abled pendrin-mediated transport to be better characterized and enabled better study of pendrin’s
distribution and regulation. Initial studies of pendrin when expressed in heterologous expression
systems showed that it is an electroneutral, Na+-independent Cl−/HCO3

−, Cl−/Cl−, and Cl−/I−

exchanger (27–30). Localization studies showed high levels of pendrin expression in the thyroid
and inner ear (31, 32), as expected given the ear and thyroid phenotype observed in Pendred
syndrome. Surprisingly, high levels of pendrin expression were also observed in the kidney (11).
In particular, pendrin was found to be expressed in intercalated cells, which are a minority cell
type found within the aldosterone-sensitive region of the nephron, i.e., the distal portion of the
DCT, the CNT, and the CCD (10–12).

Pendrin Localizes to Type B and to Non-A, Non-B Intercalated Cells in the
Cortical Collecting Duct, Where It Mediates Cl−/HCO3

− Exchange

Pendrin localizes to the apical regions of type B and non-A, non-B intercalated cells (10–12).
Because pendrin is a Na+-independent Cl−/HCO3

− exchanger that is expressed in the apical
regions of cells that secrete HCO3

− and absorb Cl−, we hypothesized that pendrin-mediated
transport is responsible for the Cl− absorption and HCO3

− secretion observed within the rodent
CCD. To test this hypothesis, we examined the effect of pendrin gene ablation on Cl− and total
CO2 (HCO3

−) transport in the CCD (11, 23). Mice were treated with an aldosterone analog
and were given NaHCO3 in their drinking water to upregulate apical Cl−/HCO3

− exchange in
the type B cell (21, 33). In CCDs from wild-type mice that were perfused in vitro, we observed
HCO3

− secretion and Cl− absorption. In contrast, Cl− absorption and HCO3
− secretion were not

observed in CCDs from the pendrin null mice (11, 23). Therefore, apical Cl−/HCO3
− exchange

in the type B intercalated cell depends largely upon pendrin expression.
Within the CCD, Cl− absorption occurs through two mechanisms, each of which is sensitive

to different diuretics. The first is sensitive to the ENaC inhibitor amiloride, whereas the second is
sensitive to thiazides (34). The relative contributions of the thiazide-sensitive and the amiloride-
sensitive components of NaCl absorption to total NaCl absorption have varied between studies
and probably depend on the treatment model employed (34, 35).

Thiazides inhibit the NaCl cotransporter (NCC), encoded by Slc12a3. However, this trans-
porter localizes to the DCT and is not expressed within the CCD (35). Therefore, the gene
that encodes the thiazide-sensitive component of Cl− absorption in the CCD has required fur-
ther characterization (35). Leviel and collaborators (35) demonstrated that the thiazide-sensitive
component of Cl− absorption within the CCD occurs through a Na+-dependent Cl−/HCO3

−

exchanger (NDCBE) encoded by Slc4a8. During dietary NaCl restriction, pendrin-mediated
Cl−/HCO3

− exchange, together with this Na+-dependent Cl−/HCO3
− exchange, mediates elec-

troneutral NaCl absorption in the CCD while conserving K+ (35) (Figure 2). Functional data have
shown that NDCBE localizes to intercalated cells (35), but the renal localization of the protein
encoded by Slc4a8 has not been determined.

Inhibiting ENaC with amiloride reduces not only Na+ absorption but also Cl− absorption.
Because ENaC does not transport Cl−, amiloride does not directly inhibit Cl− transport. In-
stead, this diuretic must alter Cl− movement by changing the activity of an exchanger or another
channel that mediates Cl− transport either by altering the release of a signaling molecule or by
changing the driving force for Cl− movement. Although the Cl− transport mechanism targeted by
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Figure 2
Transporters within type B intercalated cells. Type B intercalated cells mediate Cl− absorption and HCO3

−
secretion through the apical plasma membrane Cl−/HCO3

− exchanger pendrin. At least in some treatment
models, HCO3

− secreted by pendrin is recycled across the apical plasma membrane and absorbed through
the Na+-dependent Cl−/HCO3

− exchanger (NDCBE) encoded by Slc4a8. The result is net NaCl
absorption with less net HCO3

− secretion. Cl− exits the basolateral plasma membrane through Cl−
channels or possibly through an unidentified exchange process. The Na+/HCO3

− cotransporter AE4
(encoded by Slc4a9) mediates Na+ exit across the basolateral plasma membrane. From Reference 36.

ENaC inhibition is unknown, it does not appear to be mediated by pendrin or the cystic fibrosis
transmembrane regulator (37, 38).

Aldosterone Upregulates Pendrin

Aldosterone administration increases NaCl absorption and HCO3
− secretion in the CCD (21).

This steroid hormone increases renal NaCl absorption and hence blood pressure, in part by
increasing the abundance and function of NaCl transporters such as ENaC (39) and pendrin (13).
Whereas apical plasma membrane pendrin immunoreactivity in type B intercalated cells is low
under basal conditions (10, 13), it increases sixfold in response to aldosterone, primarily through
subcellular redistribution (13). The increase in Cl− absorption and HCO3

− secretion observed in
the CCD of aldosterone-treated mice occurs through stimulation of pendrin-mediated transport
(21, 33, 40, 41) because HCO3

− secretion and Cl− absorption are greatly reduced in aldosterone-
treated pendrin null mice relative to wild-type mice (11, 23).

Shibata et al. (42) made the novel observation that angiotensin II dephosphorylates S843 of the
mineralocorticoid receptor (MR) ligand-binding domain uniquely within intercalated cells. This
dephosphorylation enhances the ability of aldosterone to activate the MR, thereby upregulating
the abundance of intercalated cell transporters, such as pendrin and the H+-ATPase. However,
because aldosterone regulates apical plasma membrane pendrin abundance primarily through sub-
cellular redistribution, rather than through changes in total protein abundance (13), it remains
to be determined whether this angiotensin II–dependent MR dephosphorylation event signifi-
cantly changes the effect of aldosterone on pendrin-mediated transport. Moreover, the kinase that
phosphorylates the MR within intercalated cells remains to be identified.

www.annualreviews.org • Role of Pendrin in Renal Physiology 367
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Pendrin Regulates Acid-Base Balance

Because pendrin mediates Cl−/HCO3
− exchange, there has been great interest in the effect of

pendrin gene ablation on acid-base and fluid and electrolyte balance in people and in mice. Al-
though Slc26a4/SLC26A4 expression is high in both the rodent and human kidney, in both human
and mouse models of Pendred syndrome, no acid-base or fluid and electrolyte abnormalities are
seen under basal conditions, i.e., following a balanced, NaCl-replete diet (11, 13, 23, 43). The
lack of an observed renal phenotype in pendrin null mice under basal conditions is likely due to
compensatory changes in the expression of other renal Cl− and/or H+/OH− transporters. For ex-
ample, thiazide-sensitive NCC may be upregulated with pendrin gene ablation (44). Conversely,
thiazide-sensitive NCC (Slc12a3) gene ablation greatly upregulates renal pendrin protein abun-
dance (45). This increase in pendrin abundance may compensate for the loss of the NCC-mediated
NaCl absorption that follows NCC gene ablation and may explain the absence of changes in blood
pressure and NaCl balance in NCC null mice given a NaCl-replete diet (basal conditions) (46).
Therefore, although acid-base abnormalities are not observed under basal conditions with pen-
drin gene ablation alone (13), with ablation of both the pendrin (Slc26a4) and NCC (Slc12a3)
genes, profound metabolic alkalosis and vascular volume contraction are observed (47). More-
over, in people with Pendred syndrome, inhibiting NCC with thiazide administration can lead
to profound metabolic alkalosis and volume contraction (43). How NCC and pendrin interact to
maintain acid-base and fluid and electrolyte balance is, however, unknown.

Although pendrin null mice have a very mild renal phenotype under basal conditions, changes
in acid-base and fluid and electrolyte balance are observed in these mutant mice under condi-
tions that stimulate pendrin expression. For example, a renal phenotype is observed in mice with
pendrin gene ablation alone in models of metabolic alkalosis, such as that following the adminis-
tration of aldosterone or NaHCO3 (13, 48). In these treatment models, pendrin null mice have
enhanced metabolic alkalosis and apparent vascular volume contraction relative to wild-type mice,
presumably due to a reduced capacity of the mutant mice to secrete HCO3

− and absorb Cl− (13,
23, 48).

Pendrin Regulates Fluid and Electrolyte Balance and Blood Pressure

Because pendrin is a Cl− transporter, our laboratory explored its role in fluid balance (23). Fol-
lowing a NaCl-replete diet, a treatment model in which renin and aldosterone are suppressed,
apparent vascular volume is similar in wild-type mice and in pendrin null mice (23, 48). However,
following NaCl restriction, which results in the appropriate stimulation of renin and aldosterone,
pendrin null mice have enhanced excretion of Na+ and Cl− relative to wild-type mice (44, 48).
Moreover, NaCl-restricted pendrin null mice lose more body weight and have a greater incre-
ment in their blood urea nitrogen concentration relative to wild-type mice, consistent with greater
apparent vascular volume contraction in the former relative to the latter. Therefore, the lower
blood pressure observed in the mutant relative to the wild-type mice is at least partly due to the
impaired ability of the pendrin null mice to fully conserve urinary Na+ and Cl− (23, 44, 48).

Blood pressure is lower in pendrin null relative to wild-type mice, particularly when mea-
sured by telemetry (13, 49). The difference in blood pressure observed between pendrin null and
wild-type mice is greater in treatment models that upregulate pendrin, such as with aldosterone
administration (13, 49). Moreover, pendrin null mice have a blunted pressor response to this
steroid hormone (13).

Whereas pendrin null mice are hypotensive, mice that overexpress pendrin have salt-sensitive
hypertension (50). In particular, in mice that overexpress pendrin, blood pressure is very sensitive
to Cl− intake (50). Because mice that overexpress pendrin develop NaCl-sensitive hypertension,
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there is great interest in whether pendrin contributes to the pathogenesis of human hyperten-
sion. Although the physiological role of pendrin in the pathogenesis of hypertension has not been
explored fully, people with Pendred syndrome may be protected from the development of hy-
pertension (51). In a retrospective chart review, the incidence of hypertension in persons with
Pendred syndrome was compared with the incidence of hypertension in their unaffected family
members (51). Although the study was inadequately powered, it raised the possibility that pendrin
gene ablation is protective against the development of hypertension.

Pendrin Modulates ENaC Abundance and Function in High-Aldosterone States

The absence of pendrin-mediated Cl− absorption contributes to the chloriuresis observed in NaCl-
restricted pendrin null mice. However, pendrin modulates blood pressure not only by mediating
renal Cl− absorption, but also by changing renal Na+ absorption (44). Because pendrin gene abla-
tion produces a natriuresis without directly mediating Na+ transport, we asked whether pendrin
modulates the expression of a major renal Na+ transporter. Therefore, renal Na+ transporter
abundance was quantified in kidneys from wild-type and pendrin null mice following treatment
models in which circulating aldosterone concentration was either low or high (44). When mice
consumed a NaCl-replete diet, which suppresses circulating plasma renin and aldosterone con-
centration, pendrin gene ablation did not significantly alter renal Na+ transporter abundance. In
particular, abundances of the proximal tubule Na+/H+ exchanger NHE3, the α1 subunit of the
Na+,K+-ATPase, the thick-ascending-limb Na+-K+-2Cl− cotransporter (NKCC2), ENaC in the
collecting duct, and NCC in the distal convoluted tubule were similar in lysates from wild-type
and Slc26a4 null mice following a balanced, NaCl-replete diet (44). However, with increased cir-
culating aldosterone, which follows dietary NaCl restriction or an aldosterone infusion, pendrin
gene ablation reduces β and γ ENaC subunit abundance in the kidney (44, 49). In particular, the
aldosterone-induced increment in the abundance of the mature, 70-kDa fragment of γ ENaC is
blunted in pendrin null mice. Therefore, pendrin gene ablation blunts the increment in ENaC
subunit abundance observed with aldosterone administration.

Because pendrin gene ablation reduces ENaC subunit abundance, we explored ENaC function
in wild-type and pendrin null mice. Mice were treated with furosemide to stimulate pendrin and
ENaC abundance and function (52–55). Transepithelial voltage (VT) was measured in CCDs
perfused in vitro before and after the application of the ENaC inhibitor benzamil to the luminal
fluid (44). The change in voltage observed with benzamil application was taken as an index of
ENaC-mediated Na+ absorption. We observed a lumen-negative VT in CCDs from wild-type
mice, which was obliterated with benzamil application to the luminal fluid, consistent with robust,
ENaC-mediated Na+ absorption. However, in CCDs from pendrin null mice, VT was very low
in either the presence or the absence of benzamil (44), indicating lower ENaC-mediated Na+

absorption in CCDs from pendrin null relative to wild-type mice. Thus, both ENaC abundance
and function are markedly reduced in kidneys from pendrin null mice. This reduction in ENaC
function contributes to the lower blood pressure observed in these mutant mice.

Pendrin Modulates ENaC Abundance in the Kidney by Changing Downstream
Luminal Fluid Composition

In human and rodent kidneys, both pendrin and ENaC localize to the aldosterone-sensitive region
of the nephron, i.e., the terminal portion of the DCT (DCT2), the CNT, the initial collecting
tubule (iCT), and the CCD (10–12). However, these transporters localize to different cell types
in these segments. Whereas pendrin localizes to the apical regions of intercalated cells, ENaC is
expressed in the apical regions of principal cells (10–12, 56) (Figure 1), where it mediates Na+

www.annualreviews.org • Role of Pendrin in Renal Physiology 369

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
5.

77
:3

63
-3

78
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

E
m

or
y 

U
ni

ve
rs

ity
 o

n 
02

/2
3/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



PH77CH17-Wall ARI 10 January 2015 13:9

Cl–

HCO3
–

Na+ Na+ Na+ Na+

HCO3
–

Lumen

+

+

+
+

Pendrin

+

Type B
intercalated cell 

Principal cell 

Figure 3
Pendrin mediates HCO3

− secretion, which stimulates ENaC subunit abundance and ENaC function.
Pendrin mediates the secretion of HCO3

− into the luminal fluid, which increases ENaC subunit abundance
and function.

absorption, which depolarizes the apical plasma membrane, thereby providing the driving force
for K+ secretion.

Further studies explored the mechanism whereby pendrin changes ENaC abundance and func-
tion (49). ENaC and pendrin cannot communicate through a direct protein-protein interaction,
because they localize to different cell types. Moreover, the reduced ENaC abundance observed in
pendrin null mice also cannot be explained by changes in circulating levels of hormones that regu-
late ENaC, such as vasopressin, aldosterone, angiotensin II, corticosterone, and thyroid hormone
(44). Finally, the effect of pendrin gene ablation on ENaC function appears limited to the kidney
because pendrin gene ablation does not change ENaC abundance in the thyroid or in the colon
(44). Moreover, pendrin gene ablation paradoxically increases ENaC expression and function in
the inner ear (57).

Because ENaC may be pH sensitive (49), we hypothesized that pendrin stimulates ENaC
by raising luminal HCO3

− concentration (Figure 3). To test this hypothesis, we gave pendrin
null and wild-type mice NaHCO3 and aldosterone to stimulate pendrin-mediated HCO3

− secre-
tion (33). In other experiments, we increased luminal HCO3

− concentration through a pendrin-
independent mechanism. Here mice received aldosterone and NaHCO3 plus a carbonic anhy-
drase inhibitor (acetazolamide). The addition of this carbonic anhydrase inhibitor increased distal
HCO3

− delivery from upstream segments while greatly downregulating pendrin expression and
pendrin-mediated apical Cl−/HCO3

− exchange (49, 58). In this second model, luminal HCO3
−

concentration was therefore increased through a pendrin-independent mechanism. We observed
that with aldosterone and NaHCO3 treatment alone, pendrin null mice developed more severe
metabolic alkalosis and had lower renal ENaC subunit abundance and function relative to the wild
type (49). However, when mice received this treatment plus acetazolamide, acid-base balance and
ENaC subunit abundance and function were similar in kidneys from wild-type and pendrin null
mice (49). Thus, stimulating distal HCO3

− delivery from upstream segments rescues pendrin null
mice from the expected fall in ENaC abundance and function.

Further studies used cultured mouse principal cells to determine whether HCO3
− directly

affects ENaC abundance and function (49). We observed that ENaC abundance and function rose
when HCO3

− concentration was increased on the apical side of the monolayer. Thus, pendrin
modulates ENaC at least in part by raising luminal HCO3

− concentration. Whether pendrin
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Lumen

Na+

PGE2

ATP

PGE2

EP4P2Y2

Ca2+
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P2Y2
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PGE2

ATP

ATP

Pendrin

ATP

Connexin 30

ATP

H+

(–)

(–)

Figure 4
Pendrin changes ENaC abundance and function by modulating luminal ATP concentration. Pendrin gene
ablation almost obliterates the expression of the H+-ATPase in the type B intercalated cell. ATP rises in the
type B intercalated cell, which stimulates ATP secretion into the luminal fluid through connexin 30.
Luminal ATP acts through apical plasma membrane purinergic receptors to stimulate Ca2+ release, which
augments the production of prostaglandin E2 (PGE2). PGE2 acts through a receptor-mediated mechanism
[prostaglandin E4 receptor (EP4)] to reduce ENaC abundance and function.

modulates ENaC by changing luminal pH or by changing luminal HCO3
− concentration remains

to be determined.
Other studies indicate that pendrin modulates ENaC abundance and function by changing

luminal ATP concentration (Figure 4). Because pendrin gene ablation markedly downregulates
the H+-ATPase in type B intercalated cells (59), the fall in ENaC abundance and function observed
in pendrin null mice may result from downregulation of the type B cell H+-ATPase. Gueutin et al.
(60) observed that with H+-ATPase gene ablation, renal cortical ENaC abundance and function
are markedly reduced. They also observed that when the B cell H+-ATPase is blocked with
chemical inhibitors, intracellular Ca2+ increases dramatically, which stimulates prostaglandin E2

(PGE2) release. This PGE2 release is blocked with purinergic receptor blockers or ATP scavengers.
Gueutin et al. (60) concluded that pendrin gene ablation downregulates the B cell H+-ATPase,
which increases ATP secretion, thereby raising luminal ATP concentration. Luminal ATP then
acts through apical purinergic receptors to stimulate Ca2+ release within principal cells, which
increases PGE2 production, thereby attenuating ENaC abundance and function (60). In summary,
recent data indicate that pendrin gene ablation reduces ENaC abundance and function by changing
the downstream luminal concentrations of ATP and HCO3

−.

Angiotensin II Upregulates Pendrin and ENaC

Angiotensin II increases renal NaCl absorption through short- and long-term effects that are
mediated, at least in part, through pendrin- and ENaC-dependent mechanisms (54, 61–64). This
angiotensin II–stimulated renal NaCl absorption contributes to the pressor response observed with
administration of this peptide hormone. Angiotensin II increases ENaC-mediated Na+ absorption
in the CCD through a mechanism that is dose dependent and is mediated by the angiotensin type
1a receptor (AT1a receptor) (61, 63, 64).
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Our laboratory asked whether angiotensin II also increases Cl− absorption in the CCD (54).
We observed that CCDs from wild-type mice do not absorb Cl− under basal conditions. How-
ever, upon administering furosemide, which upregulates pendrin abundance, we observed Cl−

absorption, which doubles with angiotensin II application to the bath (54). However, Cl− ab-
sorption was not observed in either the presence or the absence of angiotensin II in CCDs from
furosemide-treated pendrin null mice. Therefore, angiotensin II increases Cl− uptake in CCDs
from wild-type mice through a pendrin-dependent mechanism.

Angiotensin II may stimulate Cl− absorption in the mouse CCD through a paracellular or a
transcellular pathway. For example, angiotensin II may increase the lumen-negative VT, which
increases the driving force for paracellular Cl− absorption. However, because angiotensin II ap-
plication to the bath increased Cl− absorption without changing VT (54), this peptide hormone
likely stimulates Cl− absorption through a transcellular rather than a paracellular mechanism (54).

Angiotensin II may stimulate pendrin-dependent transepithelial transport through increased
apical plasma membrane pendrin abundance, through covalent modification of pendrin, or through
creation of a more favorable driving force for pendrin-mediated transport. To examine the effect
of angiotensin II on pendrin subcellular distribution, we perfused CCDs in vitro in the pres-
ence or absence of angiotensin II in the bath. Tubules were then fixed, and pendrin subcellular
distribution was quantified by immunogold cytochemistry with morphometric analysis. We ob-
served that angiotensin II application in vitro did not change pendrin subcellular distribution
and did not increase the abundance of pendrin on the apical plasma membrane (65). Therefore,
angiotensin II does not increase pendrin-dependent Cl− absorption in vitro by increasing apical
plasma membrane pendrin expression.

We hypothesized that angiotensin II stimulates Cl− uptake by changing the driving force for
pendrin-mediated Cl−/HCO3

− exchange. In particular, angiotensin II may stimulate basolateral
plasma membrane H+-ATPase abundance in type B intercalated cells, which increases intracel-
lular HCO3

− concentration, thereby stimulating apical Cl−/HCO3
− exchange. In support of this

hypothesis, we observed that angiotensin II application in vitro did not stimulate Cl− uptake in
CCDs perfused in vitro when the basolateral plasma membrane H+-ATPase was inhibited with
bafilomycin (54). Therefore, further studies explored whether angiotensin II increases type B cell
basolateral plasma membrane or type A cell apical plasma membrane H+-ATPase abundance
(65). Thus, H+-ATPase subcellular distribution was quantified by immunogold cytochemistry
with morphometric analysis in CCDs perfused in vitro in the presence and in the absence of an-
giotensin II. Although we did not observe an effect of angiotensin II on basolateral plasma mem-
brane H+-ATPase abundance in type B cells, in type A intercalated cells angiotensin II application
increased apical plasma membrane H+-ATPase expression nearly threefold through subcellular
redistribution. Moreover, in CCDs perfused in vitro, angiotensin II increased net absorption
of HCO3

−, consistent with stimulation of apical plasma membrane H+-ATPase activity. Thus,
angiotensin II applied in vitro upregulates type A cell apical plasma membrane H+-ATPase ex-
pression in both the mouse CCD and outer medullary collecting duct (65, 66). Whether increased
apical H+ secretion augments the driving force for pendrin-mediated Cl− absorption remains to
be determined. Angiotensin II may increase Cl− uptake by acting on another H+, OH−, or Cl−

transporter, thereby facilitating Cl− exit or net H+ exit across the basolateral plasma membrane.
Such exit would reduce intracellular Cl− or increase intracellular HCO3

− concentration, thereby
providing a more favorable driving force for apical Cl−/HCO3

− exchange.
Angiotensin II also regulates pendrin in vivo through long-term, chronic mechanisms. An-

giotensin II administered in vivo acts through the AT1a receptor to shift pendrin immunolabel
from the subapical space to the apical plasma membrane, through a mechanism that is not medi-
ated by aldosterone (62). However, angiotensin II application in vivo also activates the angiotensin

372 Wall · Lazo-Fernandez

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
5.

77
:3

63
-3

78
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

E
m

or
y 

U
ni

ve
rs

ity
 o

n 
02

/2
3/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



PH77CH17-Wall ARI 10 January 2015 13:9

type 2 receptor (AT2 receptor), which acts through nitric oxide to reduce pendrin protein abun-
dance without changing the relative subcellular distribution of pendrin (62). Therefore, the AT2

receptor provides a feedback loop to modulate the effect of angiotensin II–induced AT1a receptor
activation on apical plasma membrane pendrin abundance.

Shibata et al. (42) made the novel observation that aldosterone upregulates pendrin protein
abundance through a mechanism that depends on angiotensin II. In this model, angiotensin II
dephosphorylates the S843 residue of the mineralocorticoid receptor (MR) (MRS843-P) of inter-
calated cells, which facilitates the stimulation of pendrin by aldosterone. When wild-type mice
were switched from a high-salt to a low-salt diet, Shibata et al. observed dephosphorylation of
MRS843-P within intercalated cells, which correlated with increased pendrin total protein abun-
dance. However, dietary salt restriction did not dephosphorylate MRS843-P or stimulate pendrin
abundance in mice lacking the AT1a receptor (AT1a null mice). Conversely, an angiotensin II
infusion dephosphorylated MRS843-P and stimulated pendrin protein abundance, both of which
were inhibited by administration of AT1a receptor blockers. These investigators concluded that
angiotensin II dephosphorylates MRS843-P, which enables aldosterone to bind to and activate the
intercalated cell MR. The result is increased protein abundance of intercalated cell transporters
such as pendrin. However, on the basis of the experimental data of other laboratories, further
studies are needed. First, in normal mice, apical plasma membrane pendrin abundance is regu-
lated primarily through changes in subcellular distribution (13), rather than through changes in
total protein abundance (13), which was the focus of the Shibata et al. (42) study. Second, apical
plasma membrane pendrin expression increases in treatment models associated with increased cir-
culating aldosterone, whether circulating angiotensin II is high or low. For example, apical plasma
membrane pendrin abundance and total pendrin protein abundance per cell increase with the
administration of aldosterone (13), a treatment model in which circulating aldosterone concentra-
tion is high while angiotensin II production is low, as well as following dietary NaCl restriction,
when both circulating aldosterone concentration and angiotensin II production are high (23).
Therefore, aldosterone appears to alter pendrin subcellular distribution and total pendrin protein
abundance largely independently of the expected changes in angiotensin II production.

Both aldosterone and angiotensin II stimulate apical plasma membrane abundance in vivo,
primarily through changes in subcellular distribution (13, 62). However, they probably change
apical plasma membrane pendrin abundance through different mechanisms. Whereas aldosterone
increases apical plasma membrane pendrin expression more in type B than in non-A, non-B
intercalated cells (13), angiotensin II acting through the AT1a receptor stimulates apical plasma
membrane pendrin expression more in non-A, non-B than in type B intercalated cells (62). In
contrast, aldosterone administration changes in total protein abundance per cell more in non-
A, non-B intercalated cells than in type B intercalated cells (13), whereas angiotensin II, acting
through the AT1a receptor, changes pendrin total protein abundance more in type B intercalated
cells than in non-A, non-B intercalated cells (62). Second, the effect of angiotensin II/AT1a receptor
on pendrin total protein abundance occurs largely through changes in AT2 receptor–induced
nitric oxide production (62). Therefore, further studies are needed not only to further explore the
interaction of aldosterone and angiotensin II on the MR within specific intercalated cell subtypes,
but also to examine the role of MRS843-P dephosphorylation in pendrin-mediated transport.

PENDRIN IS REGULATED BY K+ INTAKE

During vascular volume depletion, angiotensin II production rises, which stimulates the adrenal
gland to produce more aldosterone (42). Increased serum K+ also stimulates aldosterone release
but does so instead by depolarizing glomerulosa cells within the adrenal cortex, independently
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of angiotensin II (42). Although increased circulating aldosterone concentration is observed both
during vascular volume contraction and during hyperkalemia, these treatment models affect pen-
drin total protein abundance in very different ways. Whereas pendrin total protein abundance
is stimulated during vascular volume contraction, it falls during hyperkalemia (42). The fall in
pendrin protein abundance observed with increased dietary KCl intake has been attributed to a
relative increase in MR S843 phosphorylation (42). However, the accompanying anion may affect
the experimental results. For example, with increased dietary intake of KCl, pendrin total protein
abundance falls, whereas pendrin total protein abundance is either unchanged or increased if di-
etary K+ is given as KHCO3 (52). Therefore, future studies examining the possible interaction of
K+ with the MR need to exclude a possible effect of the accompanying anion.

Although models of vascular volume contraction, such as dietary NaCl restriction, increase
apical plasma membrane pendrin expression, the effects of changes in K+ homeostasis on apical
plasma membrane pendrin abundance are less well understood. For example, with changes in
K+ intake, apical plasma membrane pendrin abundance and pendrin total protein abundance in
kidney may not change in tandem (67).

Pendrin and ENaC Are Upregulated with Increased Water Intake

It is well established that ENaC-mediated Na+ absorption increases with increased luminal flow
(68). Thus, our laboratory examined the effect of increased water intake on pendrin abundance.
Raising water intake from 4 to 9 mL/day increased the relative expression of pendrin on the apical
plasma membrane relative to the cytoplasm by ∼75%, although total pendrin protein abundance
was unchanged. Because water intake modulated pendrin subcellular distribution even when circu-
lating vasopressin levels were clamped (69), increased water intake more likely stimulates pendrin
by raising luminal flow rather than through a vasopressin receptor–mediated mechanism. More-
over, water intake modulated pendrin subcellular distribution without changing the circulating
concentrations of hormones such as renin and aldosterone or without changing serum osmolality
or arterial pH (69).

Mechanism of Pendrin Regulation by NaCl Intake

Dietary NaCl intake appears to regulate pendrin expression at least in part through the action
of uroguanylin (70). Uroguanylin is a low-molecular-weight peptide hormone that is produced
primarily within the intestine in response to dietary NaCl intake. The result is enhanced urinary
NaCl and water excretion (70). Uroguanylin increases renal NaCl excretion at least in part by
downregulating pendrin by inhibiting transcription through its action on the heat shock element
of the pendrin promoter (70). Whether uroguanylin reduces apical plasma membrane pendrin
abundance and whether it changes pendrin-mediated transport remain to be determined.

CONCLUSIONS

Both ENaC and pendrin localize to the CNT and the CCD, although these transporters are
found within different cell types in these nephron segments. ENaC and pendrin are upregulated
by angiotensin II, aldosterone, and increased water intake. The result is increased renal absorption
of NaCl, which leads to vascular volume expansion and hypertension. Pendrin modulates ENaC
abundance and function in kidney at least in part by increasing luminal HCO3

− concentration
and by reducing luminal ATP.
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SUMMARY POINTS

1. Aldosterone administration in vivo stimulates pendrin and ENaC in tandem to augment
electrogenic NaCl absorption in the CCD.

2. During NaCl restriction, pendrin acts in tandem with the Na+-dependent Cl−/HCO3
−

exchanger encoded by Slc4a8 to mediate electroneutral, thiazide-sensitive NaCl absorp-
tion in the CCD.

3. Pendrin is upregulated by the renin–angiotensin II–aldosterone system.

4. Pendrin modulates ENaC abundance and function by increasing the luminal concentra-
tion of HCO3

− and by reducing luminal ATP concentration.

FUTURE ISSUES

1. The signaling cascade whereby aldosterone stimulates the insertion of pendrin into the
apical plasma membrane needs to be elucidated.

2. The molecular mechanism of the amiloride-sensitive component of Cl− absorption
within the CCD should be determined.

3. The effect of MRS843-P dephosphorylation on aldosterone-stimulated Cl− uptake in the
CCD remains to be determined.
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35. Leviel F, Hübner CA, Houillier P, Morla L, El Moghrabi S, et al. 2010. The Na+-dependent chloride-
bicarbonate exchanger SLC4A8 mediates an electroneutral Na+ reabsorption process in the renal cortical
collecting ducts of mice. J. Clin. Investig. 120:1627–35

36. Chambrey R, Kurth I, Peti-Peterdi J, Houillier P, Purkerson JM, et al. 2013. Renal intercalated cells are
rather energized by a proton than a sodium pump. Proc. Natl. Acad. Sci. USA 110:7928–33

37. Pech V, Thumova M, Kim Y-H, Agazatian D, Hummler E, et al. 2012. ENaC inhibition stimulates Cl−

secretion in the mouse cortical collecting duct through an NKCC1-dependent mechanism. Am. J. Physiol.
Ren. Physiol. 303:F45–55

38. Pech V, Thumova M, Dikalov S, Hummler E, Rossier BC, et al. 2013. Nitric oxide reduces Cl− absorption
in the mouse cortical collecting duct through an ENaC-dependent mechanism. Am. J. Physiol. Ren. Physiol.
F1390–97

39. Eaton DC, Malik B, Saxena NC, Al-Khalili OK, Yue G. 2001. Mechanisms of aldosterone’s action on
epithelial Na+ transport. J. Membr. Biol. 184:313–19

40. Garcia-Austt J, Good DW, Burg MB, Knepper MA. 1985. Deoxycorticosterone-stimulated bicarbonate
secretion in rabbit cortical collecting duct: effects of luminal chloride removal and in vivo acid loading.
Am. J. Physiol. Ren. Physiol. 249:F205–12

41. Hanley MJ, Kokko JP. 1978. Study of chloride transport across the rabbit cortical collecting tubule.
J. Clin. Investig. 62:39–44

42. Shibata S, Rinehart J, Zhang J, Moeckel G, Castaneda-Bueno M, et al. 2013. Mineralocorticoid receptor
phosphorylation regulates ligand binding and renal response to volume depletion and hyperkalemia. Cell
Metab. 18:660–71

43. Pela I, Bigozzi M, Bianchi B. 2008. Profound hypokalemia and hypochloremic metabolic alkalosis during
thiazide therapy in a child with Pendred Syndrome. Clin. Nephrol. 69:450–53

44. Kim Y-H, Pech V, Spencer KB, Beierwaltes WH, Everett LA, et al. 2007. Reduced ENaC expres-
sion contributes to the lower blood pressure observed in pendrin null mice. Am. J. Physiol. Ren. Physiol.
293:F1314–24

45. Vallet M, Picard N, Loffing-Cueni D, Fysekidis M, Bloch-Faure M, et al. 2006. Pendrin regulation in
mouse kidney primarily is chloride-dependent. J. Am. Soc. Nephrol. 17:2153–63

46. Schultheis PJ, Lorenz JN, Meneton P, Nieman ML, Riddle TM, et al. 1998. Phenotype resembling
Gitelman’s Syndrome in mice lacking the apical Na+-Cl− cotransporter of the distal convoluted tubule.
J. Biol. Chem. 273:29150–55

47. Soleimani M, Barone S, Xu J, Shull GE, Siddiqui F, et al. 2012. Double knockout of pendrin and Na-Cl
cotransporter (NCC) causes severe salt wasting, volume depletion, and renal failure. Proc. Natl. Acad. Sci.
USA 109:13368–73

48. Verlander JW, Kim Y-H, Shin WK, Pham TD, Hassell KA, et al. 2006. Dietary Cl− restriction upregulates
pendrin expression within the apical plasma membrane of type B intercalated cells. Am. J. Physiol. Ren.
Physiol. 291:F833–39

49. Pech V, Pham TD, Hong S, Weinstein AM, Spencer KB, et al. 2010. Pendrin modulates ENaC function
by changing luminal HCO3

−. J. Am. Soc. Nephrol. 21:1928–41
50. Jacques T, Picard N, Miller RL, Riemondy KA, Houillier P, et al. 2013. Overexpression of pendrin in

intercalated cells produces chloride-sensitive hypertension. J. Am. Soc. Nephrol. 24:1104–13
51. Madeo AC, Manichaikul A, Pryor SP, Griffith AJ. 2009. Do mutations of the Pendred syndrome gene,

SLC26A4, confer resistance to asthma and hypertension? J. Med. Genet. 46:405–6
52. Quentin F, Chambrey R, Trinh-Trang-Tan MM, Fysekidis M, Cambillau M, et al. 2004. The

Cl−/HCO3
− exchanger pendrin in the rat kidney is regulated in response to chronic alterations in chloride

balance. Am. J. Physiol. Ren. Physiol. 287:F1179–88

www.annualreviews.org • Role of Pendrin in Renal Physiology 377

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
5.

77
:3

63
-3

78
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

E
m

or
y 

U
ni

ve
rs

ity
 o

n 
02

/2
3/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



PH77CH17-Wall ARI 10 January 2015 13:9

53. Ki YN, Oh YK, Han JS, Joo KW, Lee JS, et al. 2003. Upregulation of Na+ transporter abundances in
response to chronic thiazide or loop diuretic treatment in rats. Am. J. Physiol. Ren. Physiol. 284:F133–43

54. Pech V, Kim Y-H, Weinstein AM, Everett LA, Pham TD, Wall SM. 2007. Angiotensin II increases
chloride absorption in the cortical collecting duct in mice through a pendrin-dependent mechanism. Am.
J. Physiol. Ren. Physiol. 292:F914–20

55. Na KY, Kim G-H, Joo KW, Lee JW, Jang HR, et al. 2007. Chronic furosemide or hydrochlorothiazide
administration increases H+-ATPase B1 subunit abundance in rat kidney. Am. J. Physiol. Ren. Physiol.
292:F1701–9

56. Hager H, Kwon T-H, Vinnikova AK, Masilamani S, Brooks HL, et al. 2001. Immunocytochemical and
immunoelectron microscopic localization of α-, β- and γ-ENaC in rat kidney. Am. J. Physiol. Ren. Physiol.
280:F1093–106

57. Kim BG, Kim JY, Kim HN, Bok J, Namkung W, et al. 2014. Developmental changes of ENaC expres-
sion and function in the inner ear of pendrin knock-out mice as a perspective on the development of
endolymphatic hydrops. PLOS ONE 9:e95730

58. Milton AE, Weiner ID. 1998. Regulation of B-type intercalated cell apical anion exchange activity by
CO2/HCO3

−. Am. J. Physiol. Ren. Physiol. 274:F1086–94
59. Kim Y-H, Verlander JW, Matthews SW, Kurtz I, Shin WK, et al. 2005. Intercalated cell H+/OH−

transporter expression is reduced in Slc26a4 null mice. Am. J. Physiol. Ren. Physiol. 289:F1262–72
60. Gueutin V, Vallet M, Jayat M, Peti-Peterdi J, Corniere N, et al. 2013. Renal β-intercalated cells maintain

body fluid and electrolyte balance. J. Clin. Investig. 123:4219–31
61. Peti-Peterdi J, Warnock DG, Bell PD. 2002. Angiotensin II directly stimulates ENaC activity in the

cortical collecting duct via AT1 receptors. J. Am. Soc. Nephrol. 13:1131–35
62. Verlander JW, Hong S, Pech V, Bailey JL, Agazatian D, et al. 2011. Angiotensin II acts through the

angiotensin 1a receptor to upregulate pendrin. Am. J. Physiol. Ren. Physiol. 301:F1314–25
63. Beutler KT, Masilamani S, Turban S, Nielsen J, Brooks HL, et al. 2003. Long-term regulation of ENaC

expression in kidney by angiotensin II. Hypertension 41:1143–50
64. Brooks HL, Allred AJ, Beutler KT, Coffman TM, Knepper MA. 2002. Targeted proteomic profiling

of renal Na+ transporter and channel abundances in angiotensin II type 1a receptor knockout mice.
Hypertension 39:470–73

65. Pech V, Zheng W, Pham TD, Verlander JW, Wall SM. 2008. Angiotensin II activates H+-ATPase in
type A intercalated cells in mouse cortical collecting duct. J. Am. Soc. Nephrol. 19:84–91

66. Rothenberger F, Velic A, Stehberger PA, Kovacikova J, Wagner CA. 2007. Angiotensin II stimulates
vacuolar H+-ATPase activity in renal acid-secretory intercalated cells from the outer medullary collecting
duct. J. Am. Soc. Nephrol. 18:2085–93

67. Procino G, Milano S, Tamma G, Dossena S, Barbieri C, et al. 2013. Co-regulated pendrin and aquaporin
5 expression and trafficking in type-B intercalated cells under potassium depletion. Cell. Physiol. Biochem.
32:184–99

68. Morimoto T, Liu W, Woda C, Carattino MD, Wei Y, et al. 2006. Mechanism underlying flow stimulation
of sodium absorption in the mammalian collecting duct. Am. J. Physiol. Ren. Physiol. 291:F663–69

69. Kim Y-H, Pham TD, Zheng W, Hong S, Baylis C, et al. 2009. Role of pendrin in iodide balance: going
with the flow. Am. J. Physiol. 297:1069–79

70. Rozenfeld J, Tal O, Kladnitsky O, Adler L, Efrati E, et al. 2012. The pendrin anion exchanger gene is
transcriptionally regulated by uroguanylin: a novel enterorenal link. Am. J. Physiol. Ren. Physiol. 302:F614–
24

378 Wall · Lazo-Fernandez

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
5.

77
:3

63
-3

78
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

E
m

or
y 

U
ni

ve
rs

ity
 o

n 
02

/2
3/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



PH77-FrontMatter ARI 14 January 2015 19:34

Annual Review of
Physiology

Volume 77, 2015
Contents

PERSPECTIVES, David Julius, Editor

A Conversation with Oliver Smithies
Oliver Smithies and Tom Coffman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

CARDIOVASCULAR PHYSIOLOGY, Marlene Rabinovitch, Section Editor

Exosomes: Vehicles of Intercellular Signaling, Biomarkers,
and Vectors of Cell Therapy
Stella Kourembanas � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �13

Mechanisms of Ventricular Arrhythmias: From Molecular Fluctuations
to Electrical Turbulence
Zhilin Qu and James N. Weiss � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �29

CELL PHYSIOLOGY, David E. Clapham, Section Editor

Lysosomal Physiology
Haoxing Xu and Dejian Ren � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �57

Phosphoinositide Control of Membrane Protein Function: A Frontier
Led by Studies on Ion Channels
Diomedes E. Logothetis, Vasileios I. Petrou, Miao Zhang, Rahul Mahajan,

Xuan-Yu Meng, Scott K. Adney, Meng Cui, and Lia Baki � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �81

ENDOCRINOLOGY, Holly A. Ingraham, Section Editor

Hedgehog Signaling and Steroidogenesis
Isabella Finco, Christopher R. LaPensee, Kenneth T. Krill, and Gary D. Hammer � � � � � 105

Hypothalamic Inflammation in the Control of Metabolic Function
Martin Valdearcos, Allison W. Xu, and Suneil K. Koliwad � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 131

Regulation of Body Fat in Caenorhabditis elegans
Supriya Srinivasan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 161

vii

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
5.

77
:3

63
-3

78
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

E
m

or
y 

U
ni

ve
rs

ity
 o

n 
02

/2
3/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



PH77-FrontMatter ARI 14 January 2015 19:34

GASTROINTESTINAL PHYSIOLOGY, Linda Samuelson, Section Editor

Cellular Homeostasis and Repair in the Mammalian Liver
Ben Z. Stanger � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 179

Hippo Pathway Regulation of Gastrointestinal Tissues
Fa-Xing Yu, Zhipeng Meng, Steven W. Plouffe, and Kun-Liang Guan � � � � � � � � � � � � � � � � 201

Regeneration and Repair of the Exocrine Pancreas
L. Charles Murtaugh and Matthew D. Keefe � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 229

NEUROPHYSIOLOGY, Roger Nicoll, Section Editor

Homeostatic Control of Presynaptic Neurotransmitter Release
Graeme W. Davis and Martin Müller � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 251

Intrinsic and Extrinsic Mechanisms of Dendritic Morphogenesis
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