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Abstract

Purpose of review—Renal collecting ducts maintain NaCl homeostasis by fine-tuning urinary 

excretion to balance dietary salt intake. This review focuses on recent studies on transcellular Cl− 

secretion by collecting ducts, its regulation and its role in cyst growth in autosomal dominant 

polycystic kidney disease.

Recent findings—Lumens of non-perfused rat medullary collecting ducts collapse in control 

media but expand with fluid following treatment with cAMP, demonstrating the capacity for both 

salt absorption and secretion. Recently, inhibition of apical epithelial Na+ channels (ENaC) 

unmasked Cl− secretion in perfused mouse cortical collecting ducts (CCD), involving Cl− uptake 

by basolateral NKCC1 and efflux through apical Cl− channels. AVP, the key hormone for 

osmoregulation, promotes CFTR-mediated Cl− secretion. In addition, prostaglandin E2 stimulates 

Cl− secretion through both CFTR and Ca2+-activated Cl− channels.

Summary—Renal Cl− secretion has been commonly overlooked because of the overwhelming 

capacity for the nephron to reabsorb NaCl from the glomerular filtrate. In ADPKD, Cl− secretion 

plays a central role in the accumulation of cyst fluid and the remarkable size of the cystic kidneys. 

Investigation of renal Cl− secretion may provide a better understanding of NaCl homeostasis and 

identify new approaches to reduce cyst growth in PKD.
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INTRODUCTION

Glomerular filtration generates approximately 180 liters of fluid per day and robust tubular 

reabsorption reclaims all but a 0.5 to 1 liter back to the body. Urine is commonly thought of 

as left over fluid and solutes from incomplete tubular reabsorption. However, an 
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underappreciated amount of NaCl secretion, hidden within the reabsorptive transport of Na+, 

may provide fine-tuning of the amount of NaCl excreted by the kidneys. It is reasonable to 

think that salt secretion by tubule segments that are distal to regions with high Na+ 

absorptive capacity (i.e. proximal tubules and thick ascending limbs) would have the 

greatest impact on overall salt balance. We propose that regulation of NaCl absorptive and 

secretory processes expressed in renal collecting ducts, the last segments in contact with 

tubule fluid, adjust salt excretion to dietary intake.

Cl− Secretion by Renal Collecting Ducts

Cl− transport by the collecting ducts involves both transcellular and paracellular pathways. 

The cortical collecting duct (CCD), the most responsive segment to aldosterone, is an 

important site for net NaCl absorption predominantly due to amiloride-sensitive Na+ 

absorption via the apical epithelial Na+ channel (ENaC). In the CCD, ENaC-mediated Na+ 

reabsorption creates a lumen negative potential that drives passive Cl− reabsorption through 

the paracellular pathway [1]. Some evidence suggests that Cl− permeable pores in the tight-

junctions are formed by claudins 4 and 8 [2, 3]. Whereas, other studies have indicated that 

claudins 4 and 8 serve as barriers to cation permeation, preventing back-flux of Na+ and 

maintaining the electrochemical gradient that drives paracellular Cl− reabsorption [4–7]

Pendrin (SLC26A4), also known as the Na+-independent Cl−/HCO3
− exchanger, is expressed 

in type B intercalated cells in aldosterone-sensitive regions of the collecting duct and 

provides a passive transcellular pathway for Cl− reabsorption in CCDs [8]. In addition, 

passive Cl− movement into cells may involve apical Cl− channels when there are large 

lumen-negative transepithelial voltage differences [9]. In CCD cell monolayers, clamping 

transepithelial voltage difference to ≥ 20 mV (lumen negative) induced passive Cl− 

reabsorption through ATP-stimulated Ca2+-activated Cl− channels (CaCCs) [9].

Given the presence of these multiple transcellular and paracellular pathways in the CCD for 

passive Cl− permeation, Cl− might be capable of being transported in either direction, 

resulting in net reabsorption or secretion, depending on the transepithelial voltage. Active 

Na+ reabsorption via ENaC during periods of high aldosterone could establish lumen 

negative potentials favoring passive Cl− absorption through both the paracellular and 

transcellular pathways. However, when aldosterone levels are low, reduced Na+ absorption 

by ENaC would generate a lower transepithelial voltage across the epithelium, limiting Cl− 

absorption.

Recently, ENaC inhibition by addition of amiloride in the tubule perfusate unmasked a 

basolateral-to-apical Cl− flux in isolated perfused mouse CCDs [10]. Cl− secretion was 

blunted by basolateral bumetanide, an inhibitor of the Na,K,2Cl cotransporter NKCC1, and 

by gene knockout of NKCC1 [10]; and by the addition of a non-selective Cl− channel 

blocker (DIDS) to the perfusate [11]. A selective inhibitor of cystic fibrosis transmembrane 

conductance regulator (CFTR) Cl− channels failed to block Cl− secretion suggesting that, at 

least, in the absence of cAMP agonists CFTR Cl− channels were not involved. In split open 

CCDs, a Cl− channel was observed that had conductance properties consistent with the ClC 

family of Cl− channels; however, ClC-5 was ruled out as a primary pathway for Cl− efflux 

Rajagopal and Wallace Page 2

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from the cell. Additional studies will be needed to identify the Cl− channels involved in 

unstimulated Cl− secretion by the CCD and the response of this segment to cAMP agonists.

Medullary collecting ducts consist of an outer medullary collecting duct (OMCD) and initial 

and terminal regions of the inner medullary collecting duct (IMCDi and IMCDt, 

respectively). These segments are less responsive to aldosterone than the CCD and have 

lower net NaCl reabsorption. In vitro studies of isolated collecting duct segments revealed 

that the OMCD and IMCDi have a robust capacity to secrete Cl− in response to elevated 

levels of intracellular cAMP and Ca2+; whereas the IMCDt was less responsive [12]. 

Pharmacological inhibition of basolateral NKCC1 and Cl−/HCO3
− exchanger significantly 

decreased agonist-stimulated Cl− secretion indicating that the cellular uptake of Cl− 

involved these two Cl− entry mechanisms [12–14]. Cl− efflux across the apical membrane 

was mediated by cAMP-dependent CFTR Cl− channels [12, 13, 15, 16] and CaCC [9, 15, 

17]. While the specific CaCC channel has not been identified, anoctamin-1 (ANO1), a 

member of the TMEM16 family and a candidate protein for a CaCC, is highly expressed in 

rodent kidneys [18], renal epithelial cell lines [9, 17, 19] and in human renal collecting ducts 

[18].

Regulation of Cl− Secretion by the Collecting Ducts

Cellular mechanisms for Cl− secretion by renal collecting ducts are regulated by circulating 

hormones and paracrine factors binding to G-protein coupled receptors (GPCRs) and 

modulation of intracellular cAMP and Ca2+ levels.

Arginine Vasopressin (AVP) is the central hormone involved in the regulation of plasma 

osmolality by modulating water permeability of the collecting duct and is one of the most 

studied renal hormones. AVP binding to V2 receptors on the distal nephron and collecting 

ducts stimulates the production of intracellular cAMP by activation of adenylyl cyclase 6 

[20–22]. Elevated cAMP promotes the membrane insertion and activation of aquaporin-2 

water channels to the apical membrane, leading to increased water absorption. AVP has also 

been shown to stimulate Cl− secretion through cAMP-dependent protein-kinase A (PKA) 

phosphorylation and activation of CFTR Cl− channels and subsequent increase in NKCC1 

activity. In cultured mouse CCD cells, basolateral AVP stimulated transcellular Cl− and net 

fluid secretion [23, 24]. AVP was also shown to stimulate transcellular Cl− secretion by 

primary cultures of human IMCDi cells that was blocked by inhibitors of NKCC1 and 

CFTR Cl− channels [12, 13, 16]. In contrast to IMCDi cells, the capacity for AVP-induced 

Cl− secretion by IMCDt cells was much lower [12, 13, 16], supporting the hypothesis that 

the initial region of the IMCD is a predominant site for renal salt secretion. AVP can also 

induce the release of autocrine factors by collecting duct cells, including ATP [25] and 

prostaglandin E2 (PGE2), which may further augment Cl− secretion.

Adenosine triphosphate (ATP) is released into the luminal fluid in response to a high 

dietary salt intake [26], in addition to the action of AVP [25]. Once released, ATP and its 

breakdown products ADP and AMP bind to P2Y purinergic receptors to induce Cl− 

secretion [17, 27, 28]. P2Y receptors are a family of purinergic receptors consisting of 12 

known isoforms. ATP binding to Gq coupled puringeric receptors (P2Y1, 2, 4, 6 and 11), 
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present on IMCD cells, activates phospholipase C (PLC), which increases production of 

inositol triphosphate (IP3). IP3 binding to its receptors causes the release of Ca2+ from 

intracellular stores [17], leading to inhibition of ENaC [26, 29] and stimulation of Cl− 

secretion via apically localized CaCCs [9, 17, 27]. Purinergic receptors are localized to both 

membranes of collecting duct cells. In murine CCD cells, ATP addition to either membrane 

elicited an increase in Cl− secretion; and apical and basolateral application of hexokinase, an 

ATP scavenger enzyme, blocked anion secretion [27]. Several studies have demonstrated 

that inhibition of P2Y receptors by suramin abrogates the ATP-mediated rise in intracellular 

Ca2+ and CaCC-mediated Cl− secretion [9, 30, 31]. Inhibition of P2Y1 and P2Y2 receptors 

significantly reduced ATP-mediated Cl− secretion in murine IMCD cells. Cl− secretion was 

also inhibited by CaCC blockers and PLC inhibitors, and treating cells with a Ca2+ chelator 

[17]. Recently, knock-down of CaCC candidate protein Ano1, decreased ATP-induced Cl− 

secretion by M1 cells, despite an elevation in intracellular Ca2+ levels [30]. ATP has also 

been shown to activate Ca2+ influx across the plasma membrane by activating luminal ATP 

gated Ca2+ channels (called P2X receptors). ATP binding to these channels stimulates Ca2+ 

influx into the cell and activation of CaCC-mediated Cl− secretion [32, 33]. In mIMCD-3 

cells, blocking of P2X receptors with gadolinium, a non-selective cation channel blocker, 

and P2X antagonists PPADS and PPNDS significantly inhibited ATP-induced rise in 

intracellular Ca2+ levels [33], consistent with a role for P2X in the regulation of Cl− 

secretion.

Prostaglandin E2 (PGE2) is a paracrine factor produced by collecting duct cells in response 

to an increase in dietary salt intake [34] and ATP activation of P2Y2 receptors [35, 36]. 

PGE2 can bind four GPCR designated EP1-EP4 [37]. Activation of EP1, a Gαi receptor, has 

been shown to inhibit aldosterone induced, ENaC-mediated Na+ reabsorption within the 

renal medulla [38]. Several studies have shown that activation of EP2 or EP4 (Gαs receptors) 

in collecting ducts activates cAMP and enhances CFTR-mediated Cl− secretion [13, 39–41]. 

In mIMCD-K2 cells, which were derived from the initial IMCD of a murine kidney, PGE2 

binding to basolateral EP4 receptors stimulated transcellular Cl− secretion and this effect 

was mediated by cAMP activation of CFTR Cl− channels. In addition, PGE2 also caused 

PKA activation of IP3 receptors that lead to an elevation in intracellular Ca2+ and 

stimulation of Cl− secretion via CaCC [41]. Interestingly, PGE2 activation of CFTR Cl− 

channels appeared to be modulated, in part, by the rise in intracellular Ca2+, since the 

intracellular Ca2+ chelator BAPTA-AM and 2-APB, an IP3 receptor antagonist, reduced 

CFTR-mediated Cl− secretion, in parallel with a decrease in CaCC-mediated current [41]. 

Intracellular Ca2+ has been shown to be required to maintain CFTR conductance in airway 

epithelium [42].

Catecholamines binding to β-adrenergic receptors (β-AR) were also found to promote 

transcellular Cl− secretion by IMCD cells. Epinephrine, norepinephrine and isoproterenol 

individually increased cAMP levels and induced anion secretion by human IMCDi cell 

monolayers [43]. Immunohistochemistry of human kidney tissue revealed a greater 

expression of β2-AR than β1-AR in the medullary collecting ducts, and Cl− secretion was 

blocked by inhibition of β2-AR, but not β1-AR. Conversely, activation of α2-AR, a receptor 

coupled to Gαi, with guanabenz inhibited isoproterenol-induced anion secretion.
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There are other potential agonists that have been shown to modulate cAMP and Ca2+ 

signaling in collecting duct cells and may regulate transcellular Cl− secretion. Interestingly, 

the IMCD is a major site for the production of endothelin-1 (ET-1) [44], which is capable of 

binding four Gαq coupled GPCR isoforms ETA, ETB1, ETB2 and ETC. In the collecting 

duct, ET-1 binding to ETA or ETB decreases ENaC activity [45, 46]; however, it role in Cl− 

secretion has not been examined. Recently, glycogen synthase kinase 3β (GSK 3β), a kinase 

in the Wnt signaling pathway, was shown to stimulate cAMP production by activating 

adenylyl cyclase in collecting duct cells. In CCD cells, GSK-3β inhibition reduced cAMP 

production and CFTR-mediated Cl− secretion [47], raising the question if signaling 

molecules that utilize the GSK 3β signaling pathway modulate collecting duct Cl− secretion.

Cl− secretion in cyst expansion in polycystic kidney disease

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a common renal disorder 

characterized by the progressive enlargement of numerous fluid-filled cysts that disrupt the 

normal architecture, leading to nephron loss, fibrosis and decline in function. The kidneys 

expand 4–8 times normal size due to cyst growth involving aberrant cell proliferation and 

fluid accumulation within the cyst. Transepithelial fluid secretion, driven by active Cl− 

secretion, is responsible for the remarkable appearance of the ADPKD kidneys. In the 

absence of Cl−-dependent fluid secretion, the small amount of abnormal cell proliferation 

would lead to small benign neoplasms in the kidney that would likely have minimal impact 

on overall renal function.

The role for cAMP on renal cyst growth is well established [48]. In ADPKD, cAMP 

activates apical CFTR Cl− channels and subsequent Cl− efflux from the cell causes indirect 

activation basolateral NKCC1, driving Cl− entry [24, 49]. Inhibition of CFTR prevents 

cAMP-dependent anion secretion across human ADPKD cell monolayers [50], slows cyst-

like dilations in embryonic kidneys [51] and delays disease progression in PKD mice [52]. 

AVP binding to V2 receptors on cystic epithelial cells maintains cAMP at elevated levels, 

activating pathways involved in cell proliferation and Cl−dependent fluid secretion [49, 53]. 

Tolvaptan, a V2 receptor antagonist, blocks the renal effects of AVP and inhibits Cl− 

secretion and in vitro cyst grown of human ADPKD cells [50]. In preclinical studies, 

tolvaptan delayed the progression of cystic disease in four different animal models of PKD 

[54–57], providing the rationale for the TEMPO trials in PKD patients. The results of the 

TEMPO trial demonstrate that V2 receptor antagonism effectively slowed total kidney 

volume increase and the decline in estimated glomerular filtration rate in ADPKD patients 

[58, 59]. Clearly, AVP is the major factor for cyst growth in PKD; however other factors 

may contribute to both cell proliferation and fluid secretion. PGE2 was shown to induce Cl− 

secretion to a greater level in PKD1 deficient IMCD cells, compared to wild-type cells [60]. 

This effect of PGE2 was mediated by both cAMP activation of CFTR Cl− channel and Ca2+ 

activation of CaCC. ATP has also been shown to augment fluid secretion induced by cAMP 

in three-dimensional “cyst” models of MDCK-1 cells [19]. Furthermore, inhibition or 

knock-down of ANO-1, a potential CaCC, reduced fluid secretion and cyst-growth in 

MDCK cysts, as well as in cultured mouse metanephric kidneys treated with forskolin [61]. 

In addition, endogenous concentrations of ouabain, a steroidal hormone synthesized by the 

adrenal gland, were found to bind to its receptor Na-K-ATPase and cause a synergistic effect 

Rajagopal and Wallace Page 5

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on cAMP-mediated Cl− secretion in human ADPKD cells [62]. The effect of ouabain on Cl− 

secretion was prevented by inhibitors of EGF receptor, Src and MEK, suggesting a novel 

pathway for modulating CFTR Cl− channels. Other agonists shown to contribute to Cl− 

secretion by ADPKD cells include ATP and β2-AR agonists [43, 63]. A better 

understanding of renal hormones and autocrine factors that promote cAMP- and Ca2+-

mediated Cl− secretion will allow for development of targeted therapies to reduce fluid 

accumulation within renal cysts.

CONCLUSION

The role of renal Cl− secretion in salt balance has been proposed for many years, but it has 

been difficult to demonstrate in vivo because of the exuberant NaCl reabsorption by the 

kidney. Several lines of evidence suggest that renal collecting ducts, particularly the initial 

region of the IMCD, retain cellular machinery for regulated Cl− secretion that shares aspects 

of salt elimination by insect Malpighian tubules [64] and aglomerular nephrons of the 

hagfish and lamprey [65].The capacity for renal Cl− and fluid secretion is revealed in the 

progressive expansion of cysts in genetic forms of PKD.

ACKNOWLEGMENTS

FINANCIAL SUPPORT AND SPONSORSHIP

This work was supported by the National Institutes of Health Grant R01DK081579 (DPW)

LITERATURE CITED

1. Stokes JB. Physiologic resistance to the action of aldosterone. Kidney international. 2000; 57(4):
1319–1323. Epub 2000/04/12. [PubMed: 10760061] 

2. Hou J, Renigunta A, Yang J, Waldegger S. Claudin-4 forms paracellular chloride channel in the 
kidney and requires claudin-8 for tight junction localization. Proceedings of the National Academy 
of Sciences of the United States of America. 2010; 107(42):18010–18015. Epub 2010/10/06. 
[PubMed: 20921420] 

3. Gong Y, Wang J, Yang J, Gonzales E, Perez R, Hou J. KLHL3 regulates paracellular chloride 
transport in the kidney by ubiquitination of claudin-8. Proceedings of the National Academy of 
Sciences of the United States of America. 2015; 112(14):4340–4345. Epub 2015/04/02. [PubMed: 
25831548] * This study describes a novel pathway that regulates claudin-8 expression in the 
collecting duct, thereby modulating paracellular Cl− permeability.

4. Van Itallie C, Rahner C, Anderson JM. Regulated expression of claudin-4 decreases paracellular 
conductance through a selective decrease in sodium permeability. The Journal of clinical 
investigation. 2001; 107(10):1319–1327. Epub 2001/05/26. [PubMed: 11375422] 

5. Colegio OR, Van Itallie CM, McCrea HJ, Rahner C, Anderson JM. Claudins create charge-selective 
channels in the paracellular pathway between epithelial cells. American journal of physiology Cell 
physiology. 2002; 283(1):C142–C147. Epub 2002/06/11. [PubMed: 12055082] 

6. Hou J, Gomes AS, Paul DL, Goodenough DA. Study of claudin function by RNA interference. The 
Journal of biological chemistry. 2006; 281(47):36117–36123. Epub 2006/10/05. [PubMed: 
17018523] 

7. Mitchell LA, Overgaard CE, Ward C, Margulies SS, Koval M. Differential effects of claudin-3 and 
claudin-4 on alveolar epithelial barrier function. American journal of physiology Lung cellular and 
molecular physiology. 2011; 301(1):L40–L49. Epub 2011/04/26. [PubMed: 21515662] 

8. Pech V, Kim YH, Weinstein AM, Everett LA, Pham TD, Wall SM. Angiotensin II increases 
chloride absorption in the cortical collecting duct in mice through a pendrin-dependent mechanism. 

Rajagopal and Wallace Page 6

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



American journal of physiology Renal physiology. 2007; 292(3):F914–F920. Epub 2006/11/02. 
[PubMed: 17077386] 

9. Rajagopal M, Kathpalia PP, Widdicombe JH, Pao AC. Differential effects of extracellular ATP on 
chloride transport in cortical collecting duct cells. American journal of physiology Renal 
physiology. 2012; 303(4):F483–F491. Epub 2012/06/01. [PubMed: 22647633] 

10. Pech V, Thumova M, Kim YH, Agazatian D, Hummler E, Rossier BC, et al. ENaC inhibition 
stimulates Cl- secretion in the mouse cortical collecting duct through an NKCC1-dependent 
mechanism. American journal of physiology Renal physiology. 2012; 303(1):F45–F55. Epub 
2012/04/13. [PubMed: 22496413] 

11. Nanami MMP, Lazo-Fernandez Y, Pech V, Verlander JW, Agazatian D, Weinstein AM, et al. 
ENaC inhibition stimulates HCl secretion in the mouse cortical collecting duct I: stilbene-sensitive 
Cl- secretion. American journal of physiology Renal physiology. 2015 ajprenal 00471 2013. Epub 
2015/05/01. * This recent study adds to a previous study (ref 10) that describes a pathway for 
chloride secretion in the renal cortical collecting duct, that is unmasked when Na+ reabsorption is 
inhibited.

12. Wallace DP, Rome LA, Sullivan LP, Grantham JJ. cAMP-dependent fluid secretion in rat inner 
medullary collecting ducts. American journal of physiology Renal physiology. 2001; 
280(6):F1019–F1029. Epub 2001/05/16. [PubMed: 11352842] 

13. Wallace DP, Christensen M, Reif G, Belibi F, Thrasher B, Herrell D, et al. Electrolyte and fluid 
secretion by cultured human inner medullary collecting duct cells. American journal of physiology 
Renal physiology. 2002; 283(6):F1337–F1350. Epub 2002/10/22. [PubMed: 12388381] 

14. Kazama I, Hatano R, Michimata M, Suzuki K, Arata T, Suzuki M, et al. BSC1 inhibition 
complements effects of vasopressin V2 receptor antagonist on hyponatremia in SIADH rats. 
Kidney international. 2005; 67(5):1855–1867. Epub 2005/04/21. [PubMed: 15840033] 

15. Adam G, Ousingsawat J, Schreiber R, Kunzelmann K. Increase in intracellular Cl- concentration 
by cAMP- and Ca2+-dependent stimulation of M1 collecting duct cells. Pflugers Archiv : 
European journal of physiology. 2005; 449(5):470–478. Epub 2004/11/02. [PubMed: 15517342] 

16. Grantham JJ, Wallace DP. Return of the secretory kidney. American journal of physiology Renal 
physiology. 2002; 282(1):F1–F9. Epub 2001/12/12. [PubMed: 11739106] 

17. Rajagopal M, Kathpalia PP, Thomas SV, Pao AC. Activation of P2Y1 and P2Y2 receptors induces 
chloride secretion via calcium-activated chloride channels in kidney inner medullary collecting 
duct cells. American journal of physiology Renal physiology. 2011; 301(3):F544–F553. Epub 
2011/06/10. [PubMed: 21653634] 

18. Faria D, Rock JR, Romao AM, Schweda F, Bandulik S, Witzgall R, et al. The calcium-activated 
chloride channel Anoctamin 1 contributes to the regulation of renal function. Kidney international. 
2014; 85(6):1369–1381. Epub 2014/01/31. [PubMed: 24476694] * This described the expression 
of anoctamin-1 in various nephron segments in both mouse and human kidneys.

19. Buchholz B, Teschemacher B, Schley G, Schillers H, Eckardt KU. Formation of cysts by principal-
like MDCK cells depends on the synergy of cAMP- and ATP-mediated fluid secretion. Journal of 
molecular medicine (Berlin, Germany). 2011; 89(3):251–261. Epub 2011/01/06. 

20. Roos KP, Strait KA, Raphael KL, Blount MA, Kohan DE. Collecting duct-specific knockout of 
adenylyl cyclase type VI causes a urinary concentration defect in mice. American journal of 
physiology Renal physiology. 2012; 302(1):F78–F84. Epub 2011/09/23. [PubMed: 21937603] 

21. Rieg T, Tang T, Uchida S, Hammond HK, Fenton RA, Vallon V. Adenylyl cyclase 6 enhances 
NKCC2 expression and mediates vasopressin-induced phosphorylation of NKCC2 and NCC. The 
American journal of pathology. 2013; 182(1):96–106. Epub 2012/11/06. [PubMed: 23123217] 

22. Rieg T, Tang T, Murray F, Schroth J, Insel PA, Fenton RA, et al. Adenylate cyclase 6 determines 
cAMP formation and aquaporin-2 phosphorylation and trafficking in inner medulla. Journal of the 
American Society of Nephrology : JASN. 2010; 21(12):2059–2068. Epub 2010/09/25. [PubMed: 
20864687] 

23. Montesano R, Ghzili H, Carrozzino F, Rossier BC, Feraille E. cAMP-dependent chloride secretion 
mediates tubule enlargement and cyst formation by cultured mammalian collecting duct cells. 
American journal of physiology Renal physiology. 2009; 296(2):F446–F457. Epub 2008/12/05. 
[PubMed: 19052103] 

Rajagopal and Wallace Page 7

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24. Sullivan LP, Wallace DP, Grantham JJ. Chloride and fluid secretion in polycystic kidney disease. 
Journal of the American Society of Nephrology : JASN. 1998; 9(5):903–916. Epub 1998/05/22. 
[PubMed: 9596091] 

25. Odgaard E, Praetorius HA, Leipziger J. AVP-stimulated nucleotide secretion in perfused mouse 
medullary thick ascending limb and cortical collecting duct. American journal of physiology Renal 
physiology. 2009; 297(2):F341–F349. Epub 2009/06/12. [PubMed: 19515810] 

26. Pochynyuk O, Rieg T, Bugaj V, Schroth J, Fridman A, Boss GR, et al. Dietary Na+ inhibits the 
open probability of the epithelial sodium channel in the kidney by enhancing apical P2Y2-receptor 
tone. The FASEB journal : official publication of the Federation of American Societies for 
Experimental Biology. 2010; 24(6):2056–2065. Epub 2010/01/26. [PubMed: 20097874] 

27. Cuffe JE, Bielfeld-Ackermann A, Thomas J, Leipziger J, Korbmacher C. ATP stimulates Cl- 
secretion and reduces amiloride-sensitive Na+ absorption in M-1 mouse cortical collecting duct 
cells. The Journal of physiology. 2000; 524(Pt 1):77–90. Epub 2000/04/04. [PubMed: 10747185] 

28. Rajagopal M, Pao AC. Adenosine activates a2b receptors and enhances chloride secretion in 
kidney inner medullary collecting duct cells. Hypertension. 2010; 55(5):1123–1128. Epub 
2010/03/24. [PubMed: 20308611] 

29. Stockand JD, Mironova E, Bugaj V, Rieg T, Insel PA, Vallon V, et al. Purinergic inhibition of 
ENaC produces aldosterone escape. Journal of the American Society of Nephrology : JASN. 2010; 
21(11):1903–1911. Epub 2010/09/04. [PubMed: 20813869] 

30. Svenningsen P, Nielsen MR, Marcussen N, Walter S, Jensen BL. TMEM16A is a Ca(2+) -
activated Cl(-) channel expressed in the renal collecting duct. Acta physiologica (Oxford, 
England). 2014; 212(2):166–174. Epub 2014/06/11. * This study showed that knock-down of 
TMEM16a (Ano1) decreased ATP-induced Cl− secretion, confirming that Ano1 is a CaCC 
candidate in the collecting duct.

31. Piwkowska A, Rogacka D, Jankowski M, Angielski S. Extracellular ATP through P2 receptors 
activates AMP-activated protein kinase and suppresses superoxide generation in cultured mouse 
podocytes. Experimental cell research. 2011; 317(13):1904–1913. Epub 2011/05/10. [PubMed: 
21550339] 

32. Li L, Lynch IJ, Zheng W, Cash MN, Teng X, Wingo CS, et al. Apical P2XR contribute to [Ca2+]i 
signaling and Isc in mouse renal MCD. Biochemical and biophysical research communications. 
2007; 359(3):438–444. Epub 2007/06/15. [PubMed: 17560948] 

33. Xia SL, Wang L, Cash MN, Teng X, Schwalbe RA, Wingo CS. Extracellular ATP-induced 
calcium signaling in mIMCD-3 cells requires both P2X and P2Y purinoceptors. American journal 
of physiology Renal physiology. 2004; 287(2):F204–F214. Epub 2004/04/08. [PubMed: 
15068972] 

34. Peti-Peterdi J, Komlosi P, Fuson AL, Guan Y, Schneider A, Qi Z, et al. Luminal NaCl delivery 
regulates basolateral PGE2 release from macula densa cells. The Journal of clinical investigation. 
2003; 112(1):76–82. Epub 2003/07/04. [PubMed: 12840061] 

35. Welch BD, Carlson NG, Shi H, Myatt L, Kishore BK. P2Y2 receptor-stimulated release of 
prostaglandin E2 by rat inner medullary collecting duct preparations. American journal of 
physiology Renal physiology. 2003; 285(4):F711–F721. Epub 2003/06/12. [PubMed: 12799304] 

36. Xia M, Zhu Y. Signaling pathways of ATP-induced PGE2 release in spinal cord astrocytes are 
EGFR transactivation-dependent. Glia. 2011; 59(4):664–674. Epub 2011/02/05. [PubMed: 
21294165] 

37. Breyer MD, Zhang Y, Guan YF, Hao CM, Hebert RL, Breyer RM. Regulation of renal function by 
prostaglandin E receptors. Kidney international Supplement. 1998; 67:S88–S94. Epub 1998/09/15. 
[PubMed: 9736261] 

38. Gonzalez AA, Cespedes C, Villanueva S, Michea L, Vio CP. E Prostanoid-1 receptor regulates 
renal medullary alphaENaC in rats infused with angiotensin. II. Biochemical and biophysical 
research communications. 2009; 389(2):372–377. Epub 2009/09/08. [PubMed: 19732740] 

39. Sandrasagra S, Cuffe JE, Regardsoe EL, Korbmacher C. PGE2 stimulates Cl- secretion in murine 
M-1 cortical collecting duct cells in an autocrine manner. Pflugers Archiv : European journal of 
physiology. 2004; 448(4):411–421. Epub 2004/05/06. [PubMed: 15127302] 

Rajagopal and Wallace Page 8

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Ye W, Zhang H, Hillas E, Kohan DE, Miller RL, Nelson RD, et al. Expression and function of 
COX isoforms in renal medulla: evidence for regulation of salt sensitivity and blood pressure. 
American journal of physiology Renal physiology. 2006; 290(2):F542–F549. Epub 2005/09/29. 
[PubMed: 16189289] 

41. Rajagopal M, Thomas SV, Kathpalia PP, Chen Y, Pao AC. Prostaglandin E2 induces chloride 
secretion through crosstalk between cAMP and calcium signaling in mouse inner medullary 
collecting duct cells. American journal of physiology Cell physiology. 2014; 306(3):C263–C278. 
Epub 2013/11/29. [PubMed: 24284792] * This study demonstrates that PGE2 can induce 
production of both cAMP and intracellular Ca2+ in collecting duct cells. It further shows that these 
pathways are interdependent and Ca2+ can regulate CFTR-mediated Cl− secretion.

42. Billet A, Hanrahan JW. The secret life of CFTR as a calcium-activated chloride channel. The 
Journal of physiology. 2013

43. Wallace DP, Reif G, Hedge AM, Thrasher JB, Pietrow P. Adrenergic regulation of salt and fluid 
secretion in human medullary collecting duct cells. American journal of physiology Renal 
physiology. 2004; 287(4):F639–F648. Epub 2004/07/01. [PubMed: 15226157] 

44. Speed JS, Fox BM, Johnston JG, Pollock DM. Endothelin and Renal Ion and Water Transport. 
Seminars in nephrology. 2015; 35(2):137–144. Epub 2015/05/13. [PubMed: 25966345] 

45. Sorokin A, Staruschenko A. Inhibition of ENaC by Endothelin-1. Vitamins and hormones. 2015; 
98:155–187. Epub 2015/03/31. [PubMed: 25817869] 

46. Lynch IJ, Welch AK, Kohan DE, Cain BD, Wingo CS. Endothelin-1 inhibits sodium reabsorption 
by ET(A) and ET(B) receptors in the mouse cortical collecting duct. American journal of 
physiology Renal physiology. 2013; 305(4):F568–F573. Epub 2013/05/24. [PubMed: 23698114] 

47. Tao S, Kakade VR, Woodgett JR, Pandey P, Suderman ED, Rajagopal M, et al. Glycogen synthase 
kinase-3beta promotes cyst expansion in polycystic kidney disease. Kidney international. 2015 
Epub 2015/01/30. * This study shows that GSK-3β, an enzyme upregulated in ADPKD, acts to 
stimulate adenylyl cyclase and increase production of cAMP. This increase in cAMP promoted 
Cl− secretion in collecting duct cell lines and cyst growth in an animal model of PKD.

48. Wallace DP. Cyclic AMP-mediated cyst expansion. Biochimica et biophysica acta. 2011; 
1812(10):1291–1300. Epub 2010/12/02. [PubMed: 21118718] 

49. Wallace DP, Grantham JJ, Sullivan LP. Chloride and fluid secretion by cultured human polycystic 
kidney cells. Kidney international. 1996; 50(4):1327–1336. Epub 1996/10/01. [PubMed: 8887295] 

50. Reif GA, Yamaguchi T, Nivens E, Fujiki H, Pinto CS, Wallace DP. Tolvaptan inhibits ERK-
dependent cell proliferation, Cl(-) secretion, and in vitro cyst growth of human ADPKD cells 
stimulated by vasopressin. American journal of physiology Renal physiology. 2011; 
301(5):F1005–F1013. Epub 2011/08/06. [PubMed: 21816754] 

51. Magenheimer BS, St John PL, Isom KS, Abrahamson DR, De Lisle RC, Wallace DP, et al. Early 
embryonic renal tubules of wild-type and polycystic kidney disease kidneys respond to cAMP 
stimulation with cystic fibrosis transmembrane conductance regulator/Na(+),K(+),2Cl(-) Co-
transporter-dependent cystic dilation. Journal of the American Society of Nephrology : JASN. 
2006; 17(12):3424–3437. Epub 2006/11/17. [PubMed: 17108316] 

52. Yang B, Sonawane ND, Zhao D, Somlo S, Verkman AS. Small-molecule CFTR inhibitors slow 
cyst growth in polycystic kidney disease. Journal of the American Society of Nephrology : JASN. 
2008; 19(7):1300–1310. Epub 2008/04/04. [PubMed: 18385427] 

53. Yamaguchi T, Nagao S, Wallace DP, Belibi FA, Cowley BD, Pelling JC, et al. Cyclic AMP 
activates B-Raf and ERK in cyst epithelial cells from autosomal-dominant polycystic kidneys. 
Kidney international. 2003; 63(6):1983–1994. Epub 2003/05/20. [PubMed: 12753285] 

54. Gattone VH 2nd, Wang X, Harris PC, Torres VE. Inhibition of renal cystic disease development 
and progression by a vasopressin V2 receptor antagonist. Nature medicine. 2003; 9(10):1323–
1326. Epub 2003/09/23. 

55. Gattone VH 2nd, Maser RL, Tian C, Rosenberg JM, Branden MG. Developmental expression of 
urine concentration-associated genes and their altered expression in murine infantile-type 
polycystic kidney disease. Developmental genetics. 1999; 24(3–4):309–318. Epub 1999/05/14. 
[PubMed: 10322639] 

Rajagopal and Wallace Page 9

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



56. Wang X, Gattone V 2nd, Harris PC, Torres VE. Effectiveness of vasopressin V2 receptor 
antagonists OPC-31260 and OPC-41061 on polycystic kidney disease development in the PCK rat. 
Journal of the American Society of Nephrology : JASN. 2005; 16(4):846–851. Epub 2005/02/25. 
[PubMed: 15728778] 

57. Torres VE, Wang X, Qian Q, Somlo S, Harris PC, Gattone VH 2nd. Effective treatment of an 
orthologous model of autosomal dominant polycystic kidney disease. Nature medicine. 2004; 
10(4):363–364. Epub 2004/03/03. 

58. Muto S, Kawano H, Higashihara E, Narita I, Ubara Y, Matsuzaki T, et al. The effect of tolvaptan 
on autosomal dominant polycystic kidney disease patients: a subgroup analysis of the Japanese 
patient subset from TEMPO 3:4 trial. Clinical and experimental nephrology. 2015 Epub 
2015/02/11. 

59. Torres VE, Chapman AB, Devuyst O, Gansevoort RT, Grantham JJ, Higashihara E, et al. 
Tolvaptan in patients with autosomal dominant polycystic kidney disease. The New England 
journal of medicine. 2012; 367(25):2407–2418. Epub 2012/11/06. [PubMed: 23121377] 

60. Liu Y, Rajagopal M, Lee K, Battini L, Flores D, Gusella GL, et al. Prostaglandin E(2) mediates 
proliferation and chloride secretion in ADPKD cystic renal epithelia. American journal of 
physiology Renal physiology. 2012; 303(10):F1425–F1434. Epub 2012/08/31. [PubMed: 
22933297] 

61. Buchholz B, Faria D, Schley G, Schreiber R, Eckardt KU, Kunzelmann K. Anoctamin 1 induces 
calcium-activated chloride secretion and proliferation of renal cyst-forming epithelial cells. 
Kidney international. 2014; 85(5):1058–1067. Epub 2013/10/25. [PubMed: 24152967] * This 
study shows that Anoctamin-1 is highly expressed in renal collecting duct epithelium. It also 
provides evidence that Anoctamin-1 mediated Cl− secretion might be important for cystogenesis.

62. Jansson K, Nguyen AN, Magenheimer BS, Reif GA, Aramadhaka LR, Bello-Reuss E, et al. 
Endogenous concentrations of ouabain act as a cofactor to stimulate fluid secretion and cyst 
growth of in vitro ADPKD models via cAMP and EGFR-Src-MEK pathways. American journal of 
physiology Renal physiology. 2012; 303(7):F982–F990. Epub 2012/08/04. [PubMed: 22859406] 

63. Belibi FA, Reif G, Wallace DP, Yamaguchi T, Olsen L, Li H, et al. Cyclic AMP promotes growth 
and secretion in human polycystic kidney epithelial cells. Kidney international. 2004; 66(3):964–
973. Epub 2004/08/26. [PubMed: 15327388] 

64. Beyenbach KW, Liu PL. Mechanism of fluid secretion common to aglomerular and glomerular 
kidneys. Kidney international. 1996; 49(6):1543–1548. Epub 1996/06/01. [PubMed: 8743451] 

65. Smith, HW. From fish to philosopher: Little, Brown. 1953. 

Rajagopal and Wallace Page 10

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



• Renal collecting ducts have the capacity for regulated NaCl secretion to make 

the final adjustments to salt excretion.

• Renal Cl− secretion involves Cl− uptake by basolateral NKCC1 and Cl− efflux 

by apical CFTR and Ca2+-activated Cl− (CaCC) channels.

• In polycystic kidney disease, cAMP-dependent Cl− secretion drives 

transepithelial fluid secretion and the accumulation of fluid within renal cysts.
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