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Abstract

Intercalated cells (IC) make up about a third of all cells within the connecting tubule and 

the collecting duct and are subclassified as type A, type B and Non-A, non-B based on the 

subcellular distribution of the H+-ATPase, which dictates whether it secretes H+ or HCO3
−. Type 

B intercalated cells mediate Cl− absorption and HCO3
− secretion, which occurs largely through 

the anion exchanger, pendrin. Pendrin is stimulated by angiotensin II via the angiotensin type 

1a receptor and by aldosterone through the mineralocorticoid receptor. Aldosterone stimulates 

pendrin expression and function, in part through the alkalosis it generates. Pendrin-mediated 

HCO3
− secretion increases in models of metabolic alkalosis, which attenuates the alkalosis. 

However, pendrin positive ICs also regulate blood pressure, at least partly, through pendrin-

mediated Cl− absorption, and through their indirect effect on the epithelial Na+ channel, ENaC. 

This aldosterone-induced increase in pendrin secondarily stimulates ENaC, thereby contributing to 

the aldosterone pressor response. This review describes the contribution of pendrin positive ICs to 

Na+, K+, Cl− and acid-base balance.
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1. INTRODUCTION

The connecting segment (CNT) and the cortical collecting duct (CCD) consist of principal 

cells, connecting tubule cells and intercalated cells (ICs, Figure 1). Within these segments, 

ICs represent ~30–40% of all cells 1, although they represent only ~1% of kidney volume 

2 and only ~2 to 2.5% of kidney mass 3. Nevertheless, they play an important role in 

kidney function. Type A intercalated cells secrete H+s through the apical plasma membrane 

H+-ATPase, which is stimulated during metabolic acidosis, which helps correct the acidosis 

4–7. The apical plasma membrane of type B intercalated cells expresses the Cl−/HCO3
− 

exchanger, pendrin, encoded by Slc26a4 8–10. This anion exchanger acts in series with 

the H+-ATPase on the basolateral plasma membrane to mediate HCO3
− secretion and Cl− 
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absorption, which increases in models of metabolic alkalosis, thereby promoting HCO3
− 

secretion, which helps correct the alkalosis 9, 11, 12. Because ICs mediate the secretion of 

H+ or HCO3
−, early reports studied primarily the role of these cells in acid-base balance.

More recent studies have shown that ICs play an important role in Na+ 13, 14, K+ 15, 16 

and Cl− 17, 18 balance, as well as in blood pressure regulation11, 14. Pendrin regulates 

NaCl balance and hence blood pressure by mediating Cl− absorption 17, and by modulating 

ENaC-dependent Na+ absorption 14, 19, 20. Therefore, with ablation of the gene encoding 

pendrin (Slc26a4), a natriuresis, a chloriuresis, and reduced blood pressure are observed 

in both people and rodents 11, 14, 21, 22. As such, there has been interest in developing 

pendrin inhibitors for use as diuretics or antihypertensives in clinical practice 23, 24.

Pendrin-positive ICs also modulate blood pressure through the action of other transporters 

within these cells. For example, Slc4a8 encodes a Na+-dependent Cl−/HCO3
− exchanger 

(NDCBE), which operates in tandem with pendrin-mediated Cl−/HCO3
− exchange to 

mediate net NaCl absorption by the CCD (Figure 1) 13.

Pendrin is greatly upregulated by aldosterone and angiotensin II, which increases renal 

NaCl absorption. In so doing, this anion exchanger contributes to the rise in blood pressure 

that occurs in response to these hormones 11, 17, 25, 26. Whether or not angiotensin II 

stimulates pendrin independently of its effect on aldosterone release is debated 26, 27. 

Aldosterone has a unique interaction with the intercalated cell mineralocorticoid receptor 

(MR) due to a novel MR phosphorylation site found only in these cells, giving the receptor 

novel properties 28. Dephosphorylation of the MR at S843, which is enhanced with either 

angiotensin II or reduced serum K+ concentration, promotes aldosterone binding to the 

receptor.

Electroneutral, pendrin-dependent transport provides a mechanism for renal NaCl absorption 

when renal K+ conservation is needed, such as during vascular volume contraction 16. At 

least under some conditions, serum K+ is lower in pendrin null mice as well as in people 

with SLC26A4 inactivation sequence variants, relative to controls 15, 29–31. However, the 

conditions that unmask hypokalemia in the mutant mice is unresolved.

This review summarizes the role of pendrin-positive intercalated cells in acid-base, as well 

as in Na+, K+ and Cl− balance.

II. THE ROLE OF PENDRIN-MEDIATED HCO3
− SECRETION IN ACID-BASE 

BALANCE.

A. The Role of Intercalated Cells in Acid-Base balance:

Because the ability of intercalated cells in the CCD to secrete or absorb HCO3
− correlates 

with the subcellular distribution of the H+-ATPase in the cell 32, 33, IC subtype is 

determined by H+-ATPase subcellular distribution and whether or not it expresses the 

Cl−/HCO3
− exchangers, AE1 1, 34 or pendrin 8–10 (Figure 1). In type A ICs, the H+-

ATPase localizes to the apical plasma membrane, whereas AE1 is found on the basolateral 

membrane. This subtype mediates H+ secretion, which is stimulated in models of metabolic 
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acidosis 35 through increased apical plasma membrane H+-ATPase abundance and activity 

36, 37.

The CCD secretes HCO3
− through an apical, electroneutral, stilbene-insensitive Cl−/HCO3

− 

exchanger known as pendrin, which localizes to type B intercalated cells (Figure 1) 38–42 

and is markedly stimulated during metabolic alkalosis 11, 18, 43–46. In type B ICs, the 

basolateral H+-ATPase 47 acts in series with apical plasma membrane pendrin to mediate 

HCO3
− secretion 25, 48. AE1 immunoreactivity is not detected in this cell type 8, 10.

The third IC subtype is the Non-A, non-B IC 47, which in mouse localizes primarily to the 

CNT 10. Their transport properties are less understood than type B intercalated cells, which 

localize to the CCD in mouse, since the mouse CCD, but not the CNT, has been perfused 

in vitro. Non-A, non-B ICs likely mediate either HCO3
− or H+ secretion, depending on 

the experimental condition, since both pendrin and the H+-ATPase localize to the apical 

membrane 49 47.

B. Acid-Base balance in people and mice with Slc26a4 gene ablation

Inactivation SLC26A4 sequence variants results in Pendred Syndrome, which is 

characterized by deafness and goiter 50. While initial reports observed no kidney 

involvement in these individuals, after the gene responsible (slc26a4) was cloned 51 and 

mouse models were developed 52, slc26a4 was found to encode the protein (pendrin) that 

mediates the apical anion exchange of the type B IC 9, 17. Experiments in our laboratory 

showed that the Cl− absorption and HCO3
− secretion seen in CCDs from aldosterone-

treated wild type mice is markedly reduced in pendrin null mice 9, 17. Within kidney, 

pendrin localizes to the apical regions of human, rat and mouse type B and non-A, non-B 

intercalated cells of the CNT and the CCD 8–10 and within the distal portion of the distal 

convoluted tubule 10.

Since apical anion exchange increases in rodent models of metabolic alkalosis, our 

laboratory and others asked if pendrin abundance and/or subcellular distribution are 

regulated by changes in acid-base balance. In models of metabolic alkalosis, such 

as aldosterone or NaHCO3 administration, total and apical plasma membrane pendrin 

abundance increase 11, 18. This increase in apical plasma membrane pendrin abundance 

occurs more through pendrin subcellular redistribution than through changes in protein 

abundance 11, 18 44. Conversely, pendrin protein abundance falls in models of metabolic 

acidosis, as seen with either AE1 53 or the H+-ATPase B1 subunit (ATP6V1B1) 54 gene 

ablation or with the administration of NH4
+ 44, 45, 55, 56 or a carbonic anhydrase inhibitor 

56.

Since pendrin mediates HCO3
− secretion, we hypothesized that in the absence of pendrin, 

arterial pH and HCO3
− concentration will increase. To test this hypothesis, we measured 

arterial blood gases in aldosterone and NaHCO3-treated wild type and pendrin null mice. 

With either treatment, urinary pH was lower, while arterial pH and HCO3
− concentration 

were higher in pendrin null than in wild type mice 11, 18. Therefore, the pendrin null kidney 

has an impaired ability to secrete HCO3
−, which limits its capacity to correct an alkalosis.
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While there is limited data supporting a role of pendrin in human acid-base balance, case 

reports have observed severe metabolic alkalosis in individuals with Pendred Syndrome 

following thiazide treatment 57 or vomiting 30. Moreover, pendrin immunolabel intensity 

is lower in kidney biopsy samples from people with distal renal tubular acidosis relative to 

normal controls 58, 59. Finally, human pendrin urinary exosome abundance, an index of 

pendrin abundance in kidney, was lower following administration of NH4Cl than NaHCO3 

60, consistent with rodent observations.

III. THE ROLE OF PENDRIN IN Na+ AND K+ BALANCE

A. The mechanism of NaCl absorption by the rodent CCD:

Figure 1 shows the transporters and channels that localize to principal cells and intercalated 

cells. Principal cells of the CCD absorb Na+ through ENaC 20, 61. While ICs do not 

express ENaC 62, ENaC generates a lumen-negative transepithelial voltage that increases 

the driving force for electrogenic Cl− absorption either through paracellular Cl− transport or 

electrogenic, transcellular transport through a Cl− channel or a Cl− exchanger 20, 63–65 66. 

Conversely, either ENaC or Na+, K+-ATPase inhibitors reduce paracellular of electrogenic, 

transcellular Cl− absorption in the CCD 25.

NaCl absorption by the CCD occurs through this electrogenic, ENaC-dependent mechanism 

and through a thiazide-sensitive, electroneutral mechanism 13, 67. The magnitude of the 

amiloride- and the thiazide- sensitive components of NaCl absorption by the CCD has 

differed among published reports and likely depends on the species being studied and the 

experimental conditions 13, 63, 67.

While thiazides inhibit electroneutral, transcellular NaCl absorption in rat and mouse CCD 

13, 67, the collecting duct does not express the NaCl cotransporter of the DCT (NCC, 

encoded by Slc12a3) 68, which is the classic target of thiazides 69. Instead, Leviel et 

al. observed that Slc4a8 encodes a Na+-dependent Cl−/HCO3
− exchanger (NDCBE) that 

mediates thiazide-sensitive Na+ absorption in mouse CCD 13. In this segment, pendrin-

mediated Cl−/HCO3
− exchange acts in tandem with NDCBE-mediated Na+-dependent Cl−/

HCO3
− exchange to mediate electroneutral NaCl absorption, although other groups have 

not observed NDCBE transcript expression within ICs 70. Na+ absorbed across the apical 

plasma membrane of type B ICs exits the cell across the basolateral plasma membrane 

through the Na+-HCO3
− cotransporter, AE4 71, and most probably the Na,K-ATPase, while 

Cl− exits through ClC-K2/barttin Cl− channels 72, 73.

Pendrin-mediated Cl−/HCO3
− exchange also acts in parallel with CFTR-mediated Cl− 

secretion (Figure 1) 74 to mediate HCO3
− secretion, while Cl− is recycled across the apical 

membrane 74. Through a mechanism analogous to its action in the exocrine pancreas, 

secretin acts on type B IC basolateral plasma membrane secretin receptors to stimulate 

HCO3
− secretion through this mechanism 74. As such, following a HCO3

− load, a profound 

metabolic alkalosis is observed in both CFTR null mice and patients with inactivation 

sequence variants in CFTR (cystic fibrosis) 74, 75.
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While Na,K-ATPase subunit abundance is lower in intercalated than in principal cells 76–

80, the Na+ pump augments IC-mediated transport. Na+ pump inhibitor application to the 

bath reduces Cl− absorption across intercalated cells of CCDs perfused in vitro 66, 25 

and increases intercalated cell intracellular Na+ concentration 78. The basolateral plasma 

membrane H+-ATPase acts independently of the Na+, K+-ATPase, to further enhance the 

driving force for Cl− absorption by intercalated cells in mouse CCD 25, 71. Thus, the 

H+-ATPase and most probably the Na,K-ATPase provide the active steps for Cl− absorption 

by ICs.

B. Compensation by other electroneutral NaCl transporters

Pendrin null mice have a very mild renal phenotype under basal conditions. Following a 

Na+, K+ and Cl− -replete diet, NaCl excretion, serum electrolytes and arterial blood gases 

are similar in wild type and pendrin null mice 14, 17, 18, although blood pressure is 

slightly lower in the mutant mice 14, 81. The absence of a phenotype is thought to be due 

to compensation by other mechanisms of electroneutral NaCl absorption, particularly the 

thiazide-sensitive NaCl cotransporter, encoded by Slc12a3. Under basal conditions, NCC 

abundance is higher in kidneys from pendrin null than wild type mice 14, which should 

at least partially offset the NaCl loss that follows pendrin gene ablation. As such, the 

natriuresis and chloriuresis that follow thiazide administration is enhanced in pendrin null 

mice 82, which is consistent with greater NCC abundance in the mutant mice. How pendrin 

regulates NCC is, however, unresolved.

Type B intercalated cell transporters, such as pendrin, are upregulated in NCC null mice 

and in mice lacking active, phosphorylated NCC, such as in SPAK null mice 16, 83, 84. 

The increase in pendrin abundance observed when NCC is reduced or absent occurs, in part, 

through increased α ketoglutarate (αKG) production by the proximal tubule 83. αKG is 

then secreted into the luminal fluid of this segment, which stimulates pendrin abundance and 

transport downstream 83, 85.

Whereas pendrin null mice have a very mild phenotype under basal conditions, a very 

prominent renal phenotype is observed with ablation of the genes encoding both pendrin 

(Slc26a4) and NCC (Slc12a3) 86. Mice lacking both NCC and pendrin have more profound 

apparent intravascular volume contraction than those that are pendrin null alone.

C. Regulation of pendrin by aldosterone

Angiotensin II and aldosterone play an important role in the regulation of NaCl balance and 

blood pressure. Since apical anion exchange increases in response to these hormones 12, 

38,87, we explored whether these hormones change renal pendrin abundance, subcellular 

distribution or function.

In the mouse, apical plasma membrane pendrin abundance is low under basal conditions, 

but increases ~6-fold in response to aldosterone 11. This increase in apical plasma 

membrane pendrin abundance occurs mainly through subcellular redistribution with a 

smaller contribution from increased pendrin protein abundance per cell 11. Ochiai-Homma 

et al quantified pendrin abundance in human urinary extracellular vesicles as an index 

of renal pendrin abundance and showed that aldosterone upregulates pendrin in human 
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kidney 88, consistent with observations in mouse. Moreover, they showed a strong 

correlation between pendrin abundance in these human urinary extracellular vesicles and 

serum aldosterone concentration 88. Following either adrenalectomy or mineralocorticoid 

receptor antagonist administration, pendrin abundance in urinary vesicles fell substantially 

88. Therefore, in rodents and in humans, aldosterone greatly stimulates pendrin abundance 

in the kidney, which occurs, at least partly, through the alkalosis it generates 89. Aldosterone 

increases apical plasma membrane pendrin expression in tandem with increased pendrin-

mediated Cl− absorption and HCO3
− secretion 9, 11, 12, 17, 90.

D. Role of the mineralocorticoid receptor in intercalated cell aldosterone signaling.

Upon aldosterone binding, the mineralocorticoid receptor (MR) undergoes a conformational 

change and is then translocated to the nucleus, which stimulates gene transcription 91. While 

both aldosterone and cortisol/corticosterone are MR ligands, circulating corticosterone/

cortisol is much higher than aldosterone under most physiological conditions 92. Therefore 

the ability of aldosterone to bind to the MR is predicated on 11β-hydroxysteroid 

dehydrogenase type II expression within the cell, which oxidizes and therefore inactivates 

these glucocorticoids, making aldosterone the preferred ligand 92.

The MR is highly expressed in ICs 28, 93, 94 where it regulates the abundance of 

transporters such as pendrin and the H+-ATPase 28, 89, 94, and modulates the rate of Cl− 

absorption by the CCD 94. However, the mechanism of MR activation differs in principal 

and in ICs. Although aldosterone is an IC MR ligand in heterologous expression systems, 

whether it acts as a receptor ligand in vivo is controversial. Whereas 11β-hydroxysteroid 

dehydrogenase type II (11 βHSD2) is highly expressed in principal cells, its expression is 

very low or absent in intercalated cells 93, 95. Thus, the fall in intercalated cell transporter 

expression seen with MR inhibitors, such as spironolactone 28, might occur from an indirect 

effect of MR blockade, such as through changes in serum K+ concentration or acid-base 

balance 96.

The IC MR is phosphorylated at S843, which represents a phosphorylation site unique 

to this cell type 28. When phosphorylated at this site, aldosterone binds to the receptor 

poorly, and therefore activates the IC MR very little (Figure 2). Conversely, IC MR 

S843 dephosphorylation, which occurs in response to either angiotensin II or aldosterone-

induced hypokalemia, enhances aldosterone binding, which activates the receptor. Therefore, 

during dietary NaCl restriction, where angiotensin II production increases, IC MR S843 

dephosphorylation increases, which enhances aldosterone binding to the receptor and hence 

its activation, thereby increasing pendrin and H+-ATPase total protein abundance.

Using high throughput screening, Shibata et al determined that this MR dephosphorylation 

event is catalyzed by the kinase, unc-51-like kinase 1 (ULK1) 97, which is highly expressed 

in ICs 97. They also showed that angiotensin II acts through the angiotensin type 1 receptor 

to activate mTOR, which phosphorylates, and thus inactivates, ULK1 (Figure 2). Upon 

angiotensin II binding to the angiotensin type 1 receptor, ULK1 is inactivated, which 

dephosphorylates the IC MR at S843, thereby activating the receptor 97.
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The effect of K+ on IC MR activation, however, has been questioned by our laboratory and 

others 89, 94. To explore the effect of K+ on IC activation, we compared pendrin label per 

cell as well as pendrin’s relative label in the most apical region of ICs from the same mouse 

that either express or do not express the MR 94. Experiments were conducted in a variety 

of treatment models, such as in aldosterone-treated mice, where serum K+ is 3.1 mEq and in 

mice given aldosterone and amiloride, where serum K+ is 5.1 mEq. In both models, pendrin 

label per cell, as well as pendrin’s relative abundance in the most apical 10% of the cell were 

significantly higher in ICs that express the MR than in cells that did not. We conclude that 

the IC MR regulates pendrin directly over a very wide range in serum K+, consistent with 

observations by others 89.

E. Regulation of pendrin by angiotensin II

Since angiotensin II acts through an angiotensin type 1 receptor to increase apical Cl−/

HCO3
− exchange in rabbit CCDs perfused in vitro 87, we explored how this occurs 25. In 

CCDs perfused in vitro from furosemide-treated wild type mice, adding angiotensin II to the 

bath increased Cl− absorption 2-fold, although transepithelial voltage, VT, was unchanged. 

However, in CCDs from pendrin null mice, angiotensin II changed neither Cl− absorption 

nor VT 25. These data suggest that this peptide hormone increases Cl− absorption through a 

transcellular rather than paracellular transport process 25.

To determine if angiotensin II alters pendrin or H+-ATPase apical plasma membrane 

abundance, we quantified transporter subcellular distribution using immunogold 

cytochemistry with morphometric analysis of CCDs perfused in vitro. While angiotensin 

II application changed neither pendrin nor H+-ATPase subcellular distribution in type B ICs, 

within type A ICs, it increased both apical plasma membrane H+-ATPase abundance and 

HCO3
− absorption, which reflects increased H+ secretion 98 99.

In CCDs perfused in vitro, angiotensin II increases ENaC-mediated Na+ absorption 100, 

which should increase the lumen-negative voltage, VT. However, since angiotensin II 

application did not change transepithelial voltage, VT, 25, 98, movement of a counter ion 

may shunt this ENaC-mediated current. The increased H+ secretion that follows angiotensin 

II application may provide such a counter-ion 98, 101. In CCDs perfused in vitro, this 

lumen-negative VT increases with the application of H+-ATPase inhibitors to the perfusate 

101, but falls with ENaC inhibitors 14, 19. Since angiotensin II increases both H+ secretion 

and Na+ absorption in mouse CCDs, movement of these 2 ions may shunt the voltage 

generated by transport of the other.

Because angiotensin II application in vitro does not change pendrin or H+-ATPase 

subcellular distribution within the type B IC, how it stimulates pendrin-dependent Cl− 

absorption remains unexplained. This peptide hormone might activate a plasma membrane 

Cl− channel, which generates a more favorable ion gradient for anion exchange. However, 

other mechanisms are also possible.

In contrast to in vitro studies, we observed that angiotensin II given in vivo acts through the 

angiotensin type 1 receptor, independently of aldosterone, to increase pendrin abundance in 

the most apical region of Non-A, non-B ICs of the CNT through subcellular redistribution 
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26. However, other studies observed that angiotensin II upregulates pendrin total protein 

abundance by increasing aldosterone production 27. If so, aldosterone and angiotensin II 

should produce similar changes in pendrin abundance and subcellular distribution within the 

various IC subtypes. Instead, angiotensin II increases pendrin label intensity in type B IC, 

but not Non-A, non-B ICs 26, whereas aldosterone increases pendrin label in Non-A, non-B 

ICs, but not in type B cells 11. Moreover, angiotensin II and aldosterone did not produce 

the same changes in pendrin subcellular distribution within the various pendrin positive cell 

types 11, 26. These data suggest that within ICs, angiotensin II and aldosterone do not have 

identical downstream signaling mechanisms.

F. Role of pendrin in NaCl balance and blood pressure regulation.

Because pendrin null mice lose body weight with NaCl restriction 17, we compared Na+ 

and Cl− balance in NaCl-restricted wild type and pendrin knockout mice 14, 18. Urinary 

NaCl excretion was similar in wild type and in global, pendrin null mice that consumed a 

standard, NaCl-replete rodent diet 17, 18. However, with dietary NaCl restriction, pendrin 

null mice excreted more NaCl than wild type mice 14, 17, 18, which led to a higher BUN, a 

lower blood pressure and greater weight loss in the former 14, 17–19. Therefore, the pendrin 

null kidney cannot fully conserve NaCl, which leads to intravascular volume contraction and 

lower blood pressure 14, 17, 18. This fall in blood pressure occurs whether pendrin gene 

ablation is induced in utero or during adulthood 11, 14, 19, 22. Conversely, when given a 

high NaCl diet, mice that overexpress pendrin have much higher blood pressure than wild 

type controls 102.

Other groups have examined blood pressure and salt balance in people with Pendred 

Syndrome and in normal controls. The first of these did a retrospective chart review, which 

examined the incidence of hypertension in persons homozygous for inactivation sequence 

variants of Slc26a4 and in their unaffected family members 103. While inadequately 

powered, it suggested that pendrin gene ablation is protective against hypertension. A 

later study examined blood pressure and NaCl excretion in a larger cohort of people with 

biallelic, inactivating sequence variants of SLC26a4 and in unaffected controls 21 and 

showed that blood pressure is lower, while and NaCl excretion is higher, in persons with 

Pendred Syndrome, consistent with previous rodent studies.

Since blood pressure is the product of systemic vascular resistance and cardiac output, we 

examined vascular tone in wild type and pendrin knockout mice 104. Although pendrin 

expression is either low or absent in vascular tissue, pendrin knockout mice have greater 

thoracic aorta contractile force in response to either α adrenergic agonists (phentolamine) 

or angiotensin II administration in vitro than do wild type mice 104, which may blunt the 

fall in blood pressure that follows pendrin gene ablation. Because pendrin expression in 

vascular tissue is very low or absent, pendrin must affect vascular tone through an indirect 

mechanism, such as through changes angiotensin II and/or catecholamine release 104.

G. The interaction of pendrin and ENaC and its physiological significance

Because pendrin is not a Na+ transporter, we explored why pendrin null mice excrete more 

Na+ than do wild type mice 14. To do so, we used “targeted proteomics” to quantify renal 
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Na+ transporter abundance in pendrin null and wild type mice. The abundance of NHE3, 

NKCC2, α1 Na,K-ATPase, and ENaC were similar in wild type and pendrin null mice 

following a NaCl-replete diet, where renin and aldosterone are suppressed 14. However, 

following either an aldosterone infusion or dietary NaCl restriction, where circulating 

aldosterone concentration is increased, α, β and γ ENaC subunit abundance is lower in 

kidneys from pendrin knockout than wild type mice 14, 19, 20.

While aldosterone administration in vivo greatly increases ENaC-mediated Na+ absorption 

in the CCD of rats and mice 105, ENaC inhibitor (benzamil) application to the luminal fluid 

eliminates this response 20, 61, 106. Therefore, aldosterone stimulates Na+ absorption in 

the CCD primarily through ENaC. Further studies by our laboratory explored the effect of 

pendrin gene ablation on ENaC function and found that benzamil-sensitive Na+ absorption 

is much lower in CCDs from aldosterone-treated pendrin knockout than wild type mice 20. 

Therefore, pendrin modulates ENaC-mediated Na+ absorption.

Aldosterone amplifies ENaC channel activity (NPo) by increasing the frequency at which 

the channel is open (open probability, Po) 107 and by increasing channel surface density 

(N), either through changes in ENaC subunit abundance or subcellular distribution 62. To 

determine if pendrin changes one or more of these ENaC properties, we made single channel 

recordings of principal cells in split open mouse CCDs taken from aldosterone-treated wild 

type and pendrin null mice. We observed that pendrin gene ablation lowers channel activity 

by reducing both channel surface density 14, 19, 20 and channel open probability 20. This 

fall in ENaC activity contributes to the lower blood pressure seen in the pendrin null mice.

The mineralocorticoid receptor modulates ENaC, in part, through its effect on ICs. While 

ENaC is highly regulated by the principal cell MR, we and others observed that γ ENaC 

abundance is paradoxically higher in MR negative than MR positive principal cells taken 

from the same mouse 94, 108. In contrast, γ ENaC abundance as well as ENaC channel 

activity are lower in principal cells taken from intercalated cell MR knockout mice than from 

wild type mice, even though the MR is expressed in ENaC positive principal cells from both 

groups of mice 94. Therefore, the MR regulates ENaC, in large part, through its effect on 

intercalated cells, which secondarily regulates principal cell function.

Our laboratory and others have explored how pendrin changes ENaC abundance and 

function 19, 48. Because they localize to different cell types 8–10, 109 (Figure 1), these 

proteins cannot associate directly. Moreover, pendrin does not modulate ENaC through 

changes in the circulating concentration of a hormone that regulates the channel, e.g. 

vasopressin, thyroid hormone, renin, aldosterone or corticosterone 14, 110. Finally, while 

pendrin gene ablation reduces ENaC abundance and activity in kidney, it is unchanged in 

thyroid or colon 14. Paradoxically, pendrin gene ablation increases ENaC subunit mRNA 

in the inner ear 111. Therefore, the reduced ENaC subunit abundance and function seen in 

pendrin null mice appears limited to the kidney.

Since acid-base balance modulates ENaC subunit abundance and function 19, 112–114, we 

posited that pendrin stimulates ENaC by increasing luminal HCO3
− concentration and/or 

pH. To test this hypothesis, we give mice NaHCO3 and aldosterone to stimulate pendrin-
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mediated HCO3
− secretion in the CNT and CCD 19, 115. Other mice received aldosterone 

and NaHCO3 plus a carbonic anhydrase inhibitor (acetazolamide) to increase distal delivery 

of HCO3
− from upstream segments. While pendrin is upregulated in the first protocol, it 

is downregulated in the second 19, 116. Following aldosterone and NaHCO3, pendrin null 

mice had a more severe metabolic alkalosis and reduced renal ENaC subunit abundance and 

function relative to wild type mice 19. However, acetazolamide addition eliminated these 

differences 19. Therefore, increasing distal HCO3
− delivery attenuates the alkalosis and the 

fall in renal ENaC abundance and function observed in pendrin knockout mice.

We used a mouse principal cell model (mpkCCD) to examine changes in ENaC abundance 

and function when extracellular HCO3
− concentration was varied 19. Raising HCO3

− on 

the apical side of the monolayer increased ENaC abundance and function, independently of 

substituting anion. Therefore, pendrin modulates ENaC, at least partly, through changes in 

luminal pH or HCO3
− concentration.

Prostaglandin E2 is a well-known ENaC inhibitor. Since B1-H+-ATPase gene ablation 

increases urinary prostaglandin E2 (PGE2) excretion, Gueutin et al. posited that ENaC 

abundance and function is reduced in B1-H+-ATPase null mice 48 (Figure 3). He observed 

greater ATP secretion by CCDs from B1 ATPase null than from wild type mice. This 

luminal ATP acts on the principal cell apical plasma membrane purinergic receptors to 

stimulate principal cell Ca2+ release, which increases prostaglandin E2 production, thereby 

reducing ENaC abundance and function 48. Since H+-ATPase gene ablation greatly reduces 

pendrin abundance in type B intercalated cells, these H+-ATPase null rodents represent 

a pendrin knockdown model. As such, pendrin gene ablation may reduce ENaC through 

a similar mechanism. If so, pendrin gene ablation should reduce type B IC H+-ATPase 

abundance, which increases ATP secretion and therefore prostaglandin E2 production 

thereby reducing ENaC abundance and activity. Therefore, pendrin gene ablation reduces 

ENaC abundance and function by changing luminal HCO3
− and ATP concentration, 

although other pathways may also contribute to this interaction.

ENaC is upregulated with NaCl restriction, which increases renal Na+ absorption, thereby 

helping to maintain intravascular volume and blood pressure. Because NaCl-restricted 

pendrin null mice are hypotensive and volume contracted, why ENaC is downregulated 

in these mutant mice has therefore been puzzling. Consistent with its presumed role as 

a K+-sparing mechanism of NaCl absorption 13, 16, 117, serum K+ is slightly lower in 

pendrin knockout than wild type mice, under at least some conditions 15. Downregulating 

ENaC may enable pendrin null mice to maintain K+ homeostasis.

CONCLUSIONS:

Pendrin is an electroneutral, Cl−/HCO3
− exchanger found in the thyroid, inner ear, kidney, 

and adrenal gland. In kidney, pendrin mediates Cl− absorption and HCO3
− secretion in 

subsets of intercalated cells and is stimulated in rodent models of metabolic alkalosis. In so 

doing, HCO3
− excretion increases, which helps correct the alkalosis. Pendrin-positive ICs 

also play an important role in Na+ and Cl− absorption by the kidney and hence in blood 

pressure regulation. NaCl restriction increases apical plasma membrane pendrin abundance, 
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which increases renal NaCl absorption and hence blood pressure. Aldosterone upregulates 

pendrin, at least in part, by activating the IC MR, which has properties unique to this cell 

type. Aldosterone stimulates pendrin, which secondarily increases ENaC abundance and 

function. Therefore, aldosterone stimulates ENaC directly through the principal cell MR 

and stimulates the channel indirectly vis-à-vis pendrin-positive ICs. Angiotensin II acts via 

the angiotensin type 1a receptor to stimulate pendrin in vivo and in vitro. Whether pendrin 

changes blood pressure, at least partly, through its action outside kidney, remains to be 

determined.
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Figure 1: Intercalated and principal cells transporters and channels within the cortical collecting 
duct:
Type B ICs absorb NaCl through pendrin-mediated apical Cl− /HCO3

− and the Na+-

dependent Cl−/HCO3
− exchanger, NDCBE, acting in tandem. Pendrin and the CFTR 

Cl− channel mediate HCO3
− secretion, while they recycle Cl− across the apical plasma 

membrane. H+ and Cl− exit the cell through the basolateral plasma membrane ClC-K2 Cl− 

channel and the H+-ATPase, while the basolateral membrane Na+-HCO3
− cotransporter, 

AE4, and the Na,K-ATPase mediate Na+ exit. In type A ICs the apical membrane H+-

ATPase and the basolateral membrane Cl−/HCO3
− exchanger, AE1, act in series to mediate 

H+ secretion. Principal cells absorb Na+ through the apical membrane epithelial Na+ 

channel, ENaC, which generates the lumen-negative transepithelial voltage, providing the 

driving force for K+ secretion through K+ channels such as ROMK and Maxi K+ channels.
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Figure 2: Mechanism of MR activation within ICs.
The kinase, ULK1, is highly expressed in ICs and mediates the phosphorylation of the 

IC MR at S843. Upon angiotensin II binding to the angiotensin type 1 receptor (AT1R), 

mTOR phosphorylates, and thus inactivates, ULK1. With this ULK1 inactivation, the MR is 

dephosphorylated at S843, which enhances aldosterone binding to the MR. The IC MR is 

therefore activated and thus translocates to the nucleus, which stimulates gene transcription.
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Figure 3: Pendrin may regulate ENaC through changes in ATP secretion.
Pendrin gene ablation reduces H+-ATPase abundance in type B intercalated cells, which 

increases intracellular ATP content and connexin 30-mediated ATP secretion. Luminal ATP 

acts on principal cell apical membrane purinergic receptors to stimulate calcium release, 

which increases prostaglandin E2 production (PGE2) and thereby reduces ENaC abundance 

and function.
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