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Abstract

The distal nephron plays a critical role in the renal control of homeostasis. Until very recently 

most studies focused on the control of Na+, K+, and water balance by principal cells of the 

collecting duct and the regulation of solute and water by hormones from the renin-angiotensin-

aldosterone system and by antidiuretic hormone. However, recent studies have revealed the 

unexpected importance of renal intercalated cells, a subtype of cells present in the connecting 

tubule and collecting ducts. Such cells were thought initially to be involved exclusively in acid-

base regulation. However, it is clear now that intercalated cells absorb NaCl and K+ and hence 

may participate in the regulation of blood pressure and potassium balance. The second paradigm-

challenging concept we highlight is the emerging importance of local paracrine factors that play a 

critical role in the renal control of water and electrolyte balance.
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INTRODUCTION

The composition of the body’s different compartments is constant as a result of the dynamic 

and controlled exchange of solute and water between body cells and our surrounding 

environment. The kidney plays a central role in this function, termed electrolyte and water 

homeostasis. This equilibrium is achieved by controlling the amount of water and ions 

excreted into urine to exactly match the daily input of various substances due either to 

dietary intake or to metabolic production. Renal homeostasis is the result of the combination 

of two primary processes: glomerular filtration and tubular ion transport. The glomeruli 
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filter daily very large amounts (~180 liters) of water and of ions (e.g., 25,000 mmol of Na+, 

4,300 mmol of HCO3
−, 720 mmol of K+). These quantities easily exceed those in the body. 

Accordingly, the renal tubule must absorb most substances filtered at the glomerulus to 

avoid their loss into urine. However, as indicated above, a small fraction of water and ions 

that exactly matches the daily input from diet and metabolism must also be excreted.

The nephron can be functionally divided into three different portions: the proximal part, 

which corresponds approximately to the proximal tubule; the loop of Henle; and the distal 

nephron. The first portion achieves massive absorption of water and solute. The second 

portion creates the cortico-papillary gradient of solute and osmoles in the interstitial space 

and hence plays a critical role in the control of transport of water and ions by the distal 

nephron. The distal tubule and the collecting ducts (CDs) are the final nephron segments that 

are sensitive to systemic hormones like aldosterone and vasopressin (AVP). Depending on 

these hormones’ actions, these final nephron segments can reabsorb 10–15% of filtered salt 

and water. These tubule segments enable fine-tuning of systemic salt, water, K+, and acid-

base balance.

The distal nephron features cellular heterogeneity. The distal nephron begins after the 

macula densa and is composed of five successive segments: the distal convoluted tubule 

(DCT), the connecting tubule (CNT), the cortical collecting duct (CCD), the outer medullary 

collecting duct (OMCD), and the inner medullary collecting duct (IMCD) (1). Even though 

the CNT, the CCD, and the OMCD exhibit some functional differences and hence might be 

viewed as different nephron segments, they also share many characteristics because they are 

composed of very similar cell types (2–4). Thus, for the sake of simplicity, we hereafter 

refer to these nephron segments as the distal nephron. Several different cell types are 

identified along the distal nephron: DCT cells, principal cells (PCs), intercalated cells (ICs), 

and IMCD cells. Additional cell subtypes exist. For example, CNT cells and PCs differ with 

regard to Ca2+ transport mechanisms, which are present in the former but are absent in the 

latter. In mice, rats, and humans, but not in rabbits, a cell type with features in common with 

both DCT and CNT cells exists in the latter portion of the DCT. However, because all these 

three cell subtypes are characterized by the presence of the epithelial Na+ channel ENaC, 

they are considered to be PCs in this review. ICs undergo transdifferentiation from an acid-

secreting phenotype termed α-intercalated cells (α-ICs) to a base-secreting phenotype 

termed β-intercalated cells (β-ICs) (5–7). The mechanisms underlying this functional 

plasticity have recently been reviewed in detail (8). α-ICs secrete H+ through an apical 

vacuolar H+-ATPase (vH+-ATPase) and reclaim HCO3
− via the basolateral Cl−/HCO3

− 

exchanger AE1 (SLC4A1). β-ICs have the opposite polarity: They extrude H+ through a 

basolateral vH+-ATPase and secrete HCO3
− into urine via the apical Cl−/HCO3

− exchanger 

pendrin (9–13). However, even if they represent a unique cell type, α-ICs and β-ICs 

represent two states of differentiation with completely opposite functions and express 

different Cl−/HCO3− exchangers. Therefore, in this review we consider α-ICs and β-ICs to 

be two different cell types. There is at least one other subtype of ICs, termed the non-α, non-

β IC, which expresses both the H+ pump and the Cl−/HCO3
− exchanger pendrin at the apical 

membrane (11, 14). Whether these cells represent a transitional form of β-ICs to α-ICs or 

have a specific function is not known. For simplicity, we here use the term β-IC to refer to 

both canonical β-ICs and non-α, non-β ICs.
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Our classical view of the distal nephron assumes that this cellular heterogeneity reflects a 

very high degree of functional specialization. For example, DCT cells mediate net 

reabsorption of NaCl and are impermeable to water. Therefore, DCT cells are critical for 

extracellular fluid volume and blood pressure regulation, as well as for urine dilution. In 

contrast, PCs mediate Na+/K+ exchange and have highly regulated water absorption. Thus, 

they are important for K+ homeostasis and urine concentration. Finally, ICs can excrete 

either acid or base, depending on the acid-base status. Recent evidence challenges the view 

that hormone-regulatory loops activate or inhibit only one specific cell type and thus one 

specific function. For example, the role of ICs is not restricted to acid-base regulation 

because they can also transport NaCl and absorb K+ and thus participate in both blood 

pressure and plasma K+ regulation. Also, a large number of studies have examined the 

regulation of homeostasis by the classical hormones AVP and aldosterone, whereas 

important local autocrine and paracrine regulatory mechanisms that are based on the special 

tissue environment, diverse cell types, and unique cell metabolism of distal nephron 

epithelia have received much less attention.

In this article we highlight recently identified, emerging functions of ICs and paracrine 

mechanisms in the distal nephron that may play paradigm-shifting roles in renal physiology, 

body electrolyte and water homeostasis, and blood pressure control. Our mission is to depict 

the central role of ICs and to give the distal nephron a new face, depicting it as a complex, 

environmentally sensitive, semiautonomous nephron segment fully loaded with local 

sensory and regulatory machinery for the ultimate control of kidney functions and body 

homeostasis.

INTERCALATED CELLS ABSORB CHLORIDE AND PARTICIPATE IN BLOOD 

PRESSURE REGULATION

Two different molecular mechanisms of NaCl transport have been identified along the distal 

nephron. In the DCT, Na+ and Cl− are reabsorbed via the NaCl cotransporter NCC. First 

cloned by Gamba et al. (15) from the flounder bladder, NCC belongs to the superfamily of 

cation Cl− cotransporters (16) and is encoded by the gene SLC12A3 (17, 18). The 

importance of NCC in blood pressure regulation is attested by observations that inactivating 

mutations of SLC12A3 in humans (19), or targeted disruption of Slc12a3 in mice (20), cause 

Gitelman’s syndrome, an inherited recessive disease characterized by low blood pressure. 

More recently, researchers showed that even a mild decrease in NCC activity observed in 

individuals harboring heterozygous inactivating mutations in the SLC12A3 locus can 

significantly lower blood pressure (21). Moreover, NCC is the canonical target of thiazide 

diuretics, the oldest (22) but still one of the most effective therapies for human hypertension 

(23, 24).

In the CNT and the CD, NCC is not expressed, and Na+ reabsorption occurs through ENaC, 

which is located in the PCs (3, 25). ENaC is a heteromultimeric channel (26) that belongs to 

the degenerin gene superfamily, which also includes channels involved in 

mechanotransduction or neurotransmission and the H+-gated cation channel ASIC (27). In 

the mammalian kidney, ENaC has been characterized as a target for the diuretic amiloride 

(28, 29). Because ENaC is electrogenic, Na+ absorption by PCs leads to the development of 
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a lumen-negative transepithelial voltage, which is a critical determinant of K+ secretion. 

Thus, the function of PCs is generally viewed as that of Na+/K+ exchange, even though both 

ion fluxes are not directly coupled by a single membrane transport protein (30–32). Because 

significant permeability of the paracellular pathway for Cl− has been measured in isolated 

CCDs (32–35), until recently researchers believed (36) that Cl− absorption by the CNT and 

CD is passive, occurring through the paracellular pathway, and is driven by the lumen-

negative transepithelial voltage. However, several studies indicate that significant 

transcellular Cl− absorption also exists (33). The primary mechanism for Cl− transport in the 

CCD involves an electroneutral anion exchanger that can operate in either a Cl−/Cl− self-

exchange or a Cl−/HCO3
− exchange mode (37–39). This transport activity has been detected 

exclusively in β-ICs (37, 40, 41) and appears to be directly linked to HCO3
− secretion (38, 

42). The transepithelial movement of Cl− is effected by an apical Cl−/HCO3
− exchanger, 

operating in series with basolateral Cl− conductance, that exhibits the same functional 

properties as does the voltage-gated chloride channel ClC-Kb (43).

A considerable advance in our understanding of Cl− transport by the CD originated from the 

identification of pendrin (SLC26A4) as the apical Cl−/HCO3
− exchanger in β-ICs (12). 

Pendrin is not restricted to the kidney but is also expressed in the inner ear and thyroid. 

Pendrin is responsible for Pendred’s syndrome, which is characterized by deafness 

associated with goiter (44). Initially described as a sulfate transporter on the basis of 

sequence homologies with SAT-1, a prototype of sulfate transporter (45), pendrin is not a 

sulfate transporter, but rather a Cl−/anion exchanger (46). Pendrin has a very broad substrate 

specificity and can accept iodide, formate, or HCO3
− (47–49). In the inner ear, pendrin 

mediates Cl−/HCO3
− exchange. Pendrin mediates HCO3

− secretion into the lumen of the 

cochlea, the vestibular labyrinth, and the endolymphatic sac of the inner ear (50–53). During 

embryonic development of the inner ear, pendrin participates in the net absorption of fluid in 

the endolymphatic sac (53). Loss of pendrin during the embryonic phase of development 

leads to an enlargement of the inner ear, which in the cochlea causes failure to develop a 

robust hearing phenotype, leading to deafness in children and in mouse models (52, 54, 55). 

The role of pendrin in the thyroid is less well understood. However, because pendrin is 

expressed in the apical membrane of thyrocytes and can exchange iodide for Cl−, it may be 

important for the secretion of iodide into the colloid and for thyroid hormone organification 

(56, 57).

A study by Royaux et al. (12) elucidated the role of pendrin in the kidney. These authors 

showed that pendrin is confined to the apical domain of β-ICs. They further clarified that 

pendrin represents the long-sought molecular basis for apical Cl−/HCO3
− exchange in β-ICs. 

Thus, disruption of Slc26a4 abolishes HCO3
− secretion in CDs isolated from alkalotic 

animals (12). In addition, Wall et al. (58) subsequently reported that pendrin disruption not 

only impairs HCO3
− secretion but also totally abolishes Cl− reabsorption. They 

demonstrated that pendrin-mediated Cl− transport is the most important, if not the only, 

pathway for Cl− absorption in the collecting system (58).

That Cl absorption is not passive but rather occurs through β-ICs and involves a protein-

mediated mechanism raises several important questions. (a) Is Cl− transport specifically 

regulated by changes in extracellular fluid volume or in Cl− balance? (b) Is Cl− transport an 
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independent determinant of vascular fluid and blood pressure? (c) How are Cl− and Na+ 

fluxes synchronized to yield net NaCl absorption because they are not operated by the same 

cell type?

We designed a study in which rats were treated by different challenges to manipulate the 

amount of Cl− excreted into urine, and we measured renal pendrin protein abundance by 

semiquantitative Western blot analyses. Rats administered 0.28 M NaCl, NH4Cl, NaHCO3, 

KCl, or KHCO3 solution for 6 days or fed a low-NaCl diet exhibited an inverse relationship 

between pendrin expression and changes in Cl− excretion independently of the administered 

cation or of acid-base disturbances (59). Other investigators observed a decrease in pendrin 

in response to high renal Cl− delivery (60) or to dietary Cl− restriction (58, 61) in mice. 

Pendrin expression is also increased by angiotensin II (62) and by aldosterone (63).

Because the total NaCl body content is the critical determinant of the extracellular fluid 

volume and is under the tight control of the renin-angiotensin-aldosterone system (RAAS), 

the two latter studies suggested that pendrin is adapted to control vascular volume and thus 

blood pressure. In line with this hypothesis, pendrin knockout mice were found to be 

protected against deoxycorticosterone pivalate–induced hypertension (63). Conversely, 

following NaCl restriction, Cl− excretion was excessive in pendrin knockout mice, leading 

to negative balance and hypotension (58). Taken together, the aforementioned studies 

demonstrate that pendrin is critically involved in maintaining Cl− balance, responds to 

prohypertensive agents, and plays a critical role in blood pressure regulation by controlling 

distal Cl− transport.

INTERCALATED CELLS MEDIATE THIAZIDE-SENSITIVE NaCl 

ABSORPTION

Prior to our studies of the role of ICs in extracellular fluid volume regulation, the only Na+ 

transporter identified in the CD was ENaC. Because extracellular fluid volume is determined 

by NaCl and not only by Na+, we expected ENaC and pendrin to function in parallel to 

mediate net NaCl absorption. However, we were puzzled by several observations. Using a 

model of acute thiazide administration to create a state of volume depletion with secondary 

hyperaldosteronism together with high urinary Cl− delivery, we observed the expected 

increase in ENaC abundance. However, in this setting, we detected not an increase but rather 

a decrease in pendrin abundance (64). Using a mouse model of Liddle syndrome (65), we 

also did not detect any change in pendrin expression (64), even though ENaC-mediated Na+ 

absorption was markedly increased in this model (66). Finally, targeted deletion of α-ENaC 

in the CD disrupts ENaC activity but does not impair the kidney’s ability to maintain normal 

Na+ balance (67).

However, previous studies indicated that an additional mechanism for Na+ absorption might 

be present in the CD. Thus, bradykinin inhibits net Na+ absorption by 50% without affecting 

K+ secretion or the transepithelial voltage, suggesting that this hormone acts on an 

electroneutral Na+ transporter rather than on ENaC (31, 68). Furthermore, pharmacological 

studies on isolated CCD segments demonstrated that two distinct Na+ transporters are 

present in this nephron segment. The first transporter, mediated by ENaC, is highly 
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amiloride sensitive, is electrogenic, and accounts for the transepithelial voltage that drives 

K+ secretion. In contrast, the second transporter is electroneutral, is not affected by 

amiloride, and is thiazide sensitive (69). However, because other researchers did not confirm 

these observations (70), and because careful localization studies did not confirm the 

expression of NCC, the only target known to date for thiazide diuretics in CCD cells (71–

73), the identity of this electroneutral, thiazide-sensitive Na+ transporter remained unknown. 

Because of the availability of many genetically engineered mouse models with specific 

deletion of transporters, we reexamined the presence of this electroneutral NaCl transport 

pathway in isolated CCD segments (74).

When we simultaneously measured the transepithelial Na+ (JNa), K+ (JK ), and Cl− (JCl) 

fluxes and the transepithelial voltage (Vte) in isolated mouse CCDs microperfused in vitro, 

we detected two components of Na+ absorption. The first component was abolished either 

by amiloride or by ENaC genetic deletion and accounted for both the negative Vte and K+ 

secretion. In contrast, the second component was electroneutral and thiazide sensitive. 

Importantly, thiazide-sensitive NaCl absorption was present and even stimulated in NCC−/− 

mice (20). This finding indicates that such NaCl transport is operated by a mechanism that 

differs from NCC and that it may be one of the compensatory mechanisms that limit the 

effects of NCC deletion.

In many epithelia, Na+-dependent Cl− transport occurs through the functional coupling of a 

Cl−/HCO3
− exchanger and a Na+/H+ exchanger. Because genetic ablation of pendrin 

eliminates Cl− absorption in the CCD, we hypothesized that thiazide-sensitive NaCl 

transport results from the coupling of pendrin-mediated Cl− reabsorption with a H+/HCO3
−-

dependent Na+ transporter. Indeed, by an approach combining intracellular pH 

measurements on isolated CCDs and different ion substitutions, we identified a thiazide-

sensitive, Na+-driven Cl−/HCO3
− exchanger in the apical membrane of ICs. Many HCO3

− 

transporters have been reported, but only NDCBE/Slc4a8 and Slc4a10 have been reported to 

mediate Na+- and Cl−-dependent HCO3
− transport in mammals (75–77). However, we did 

not find any evidence for the presence of Slc4a10 in the mouse CCD, whereas we detected 

both Slc4a8 mRNA and protein in mouse CCD. Furthermore, NDCBE deletion in mice 

abrogated amiloride-resistant electroneutral NaCl absorption in isolated CCD segments. 

This confirms that NDCBE operates in tandem with pendrin to mediate NaCl absorption 

(74). Thus, we identified a specific novel NaCl transport system along the nephron that is 

expressed by ICs (Figure 1). This finding indicates that the role of these cells is not limited 

to acid-base transport but also encompasses NaCl reabsorption and, accordingly, blood 

pressure regulation.

Pendrin is critically required to mediate net NaCl uptake by ICs. In vivo experiments in 

which we administrated thiazide to NCC−/− mice demonstrated that this novel system 

mediates a significant fraction of renal NaCl absorption (see figure 4 in Reference 74). 

Moreover, pendrin has emerged as an important player in renal NaCl conservation and in 

blood pressure regulation. Recent data suggest that this is not the only function of pendrin. 

In fact, pendrin disruption not only affects IC function but also impairs ENaC function and 

molecular regulation in the adjacent PC (78, 79). This finding indicates strong functional 

cooperation between the different cell types within the CCD.

Eladari et al. Page 6

Annu Rev Physiol. Author manuscript; available in PMC 2015 September 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PHYSIOLOGY OF ATP-RELEASING MEMBRANE (HEMI)CHANNELS

The aforementioned study of Pech et al. (78) proposed that ICs can modulate PC function 

through changes in HCO3
− secretion. However, this is not the only paracrine signaling 

pathway that links IC and PC activities. One of the emerging new topics in renal transport 

physiology is the role of purinergic signaling in the regulation of tubular salt and water 

reabsorption and K+ secretion. In particular, the field of P2 purinergic receptors that bind 

extracellular (released) ATP has advanced significantly. According to the current view, a 

local purinergic system intrinsic to the distal nephron provides a powerful control of ENaC- 

and aquaporin 2 (AQP2)-mediated Na+ and water excretion. This purinergic system involves 

ectonucleotidases (ATP-degrading enzymes) and purinergic receptors. Due to the 

availability of P2Y2 knockout mice, P2Y2 receptors in the luminal plasma membrane of PCs 

provide most of our knowledge on purinergic receptors in this context. Mice lacking the 

P2Y2 receptor have impaired Na+ excretion, increased blood pressure, and consequently 

reduced plasma renin, aldosterone, and K+ (80). The renal physiological role of the P2Y2 

receptor and the purinergic regulation of renal salt and water transport were extensively 

studied and reviewed recently (81–90). Here we focus on a new development in this 

purinergic system, namely, the mechanisms by which ATP, the ligand, is released from renal 

epithelial cells into the tubular lumen.

Studies in several organs suggest that connexin (Cx) proteins, the building blocks of gap 

junctions, can form hemichannels, or connexons, which allow ATP release into the 

extracellular fluid (91, 92). Inspired by these results, our laboratories first localized Cx30 

(93) and then Cx30.3 (94) to the apical, nonjunctional plasma membrane of specific cells in 

the distal nephron. A detailed review of the localization and function of connexins in the 

kidney is available (95). The initial studies found that both Cx30 and Cx30.3 

immunolabeling in the mouse kidney was particularly strong and limited to the apical 

membrane of ICs in the CNT and CCD. A high-salt diet caused upregulation of Cx30 

expression (93). The distinct, continuous labeling of the IC luminal plasma membrane and 

upregulation by high salt suggest that Cx30 may function as a hemichannel involved in the 

paracrine regulation of salt reabsorption in the distal nephron.

Subsequent work by Sipos et al. (96) used an ATP biosensor approach to demonstrate that 

functional Cx30 hemichannels mediate luminal ATP release in the intact, microperfused 

CCD and control salt and water transport by purinergic signaling. Cx30 hemichannel 

opening at the luminal cell membrane of the CCD required mechanical stimulation by either 

increased tubular fluid flow rate or an interstitium-to-lumen osmotic pressure gradient and 

resulted in significant amounts of released ATP (up to 50 μM) in the luminal 

microenvironment. Consistent with preferential Cx30 localization in ICs, ATP biosensor 

responses were threefold larger in ICs versus PCs. Confirming the physiological 

significance of Cx30, genetic deletion of Cx30 markedly reduced flow-induced luminal ATP 

release and impaired salt and water excretion associated with pressure natriuresis, an 

important mechanism that maintains body fluid and electrolyte balance and blood pressure 

(96). Thus, Cx30−/− mice express a salt retention phenotype due to the hyperactive Cx30-

expressing CD. Benzamil, a specific inhibitor of ENaC, prevents the salt-sensitive 

hypertension observed in Cx30−/− mice (96).
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Additional whole-animal studies using Cx30−/− mice confirmed the importance of Cx30-

mediated ATP release in the control of renal salt excretion by testing the effects of changes 

in dietary salt intake. Studies by Mironova et al. (97) established that urinary ATP levels 

increase with high Na+ intake in wild-type mice. In contrast, urinary ATP in Cx30−/− mice 

was lower and less dependent on dietary salt. Loss of inhibitory ATP regulation in Cx30−/− 

mice also caused high ENaC open probability, particularly with high Na+ intake. The level 

of ENaC expression in Cx30−/− mice was not altered (96). Together with the observed 

increase in ENaC open probability rather than in the number of Na+ channels (97), this last 

finding suggests that ATP functions in a paracrine manner. Importantly, the loss of paracrine 

ATP feedback regulation of ENaC in Cx30−/− mice disrupts normal responses to changes in 

Na+ intake. Thus, Cx30−/− mice have lower Na+ excretion in states of positive Na+ balance. 

Moreover, the loss of the ability of ENaC to respond to changes in Na+ levels causes salt-

sensitive hypertension in Cx30−/− mice (97).

The finding that reduced salt excretion in Cx30−/− mice is most apparent in high-salt 

conditions is consistent with several observations. First, in normal mice, a high-salt diet 

upregulates Cx30 expression (93), and the greatest feedback inhibition of ENaC by Cx30-

mediated ATP release is observed in animals receiving a high-salt diet (97). Moreover, 

clamping mineralocorticoids high in Cx30−/− mice fed a high-Na+ diet caused a marked 

decline in renal Na+ excretion. Such responses are in contrast to normal physiological 

responses in wild-type mice that are capable of undergoing aldosterone escape, which refers 

to increased salt excretion during high Na+ intake despite inappropriately increased levels of 

mineralocorticoids (98). These studies not only provide novel insights into aldosterone 

research but further support the key importance of the local CD purinergic system, including 

the role of Cx30 in renal control of salt transport.

On the basis of these data, the disruption of Cx30 function seems to be equivalent to the loss 

of the P2Y2 receptor (80, 84, 85) in terms of ENaC control. This conclusion is not surprising 

because the P2Y2 receptor is localized downstream of Cx30-mediated ATP release, linking 

the inhibitory ATP signal to ENaC. Thus, several lines of evidence point to Cx30 as an 

integral component of a local purinergic signaling system within the distal nephron. It 

provides insights into a dietary salt–sensitive negative feedback mechanism for the control 

of renal salt excretion via ATP release from ICs and ATP’s paracrine purinergic actions on 

PCs targeting ENaC.

Purinergic regulation of K+ secretion in the distal nephron is quite complex, with different 

types of K+ channels involved. Extracellular ATP is a potent inhibitor of the small-

conductance K+ (SK) channel located in the apical plasma membrane of PCs, suggesting 

that ATP in the tubular fluid inhibits net K+ secretion (99). However, the large-conductance, 

Ca2+-activated K+ (BK) channel, which is localized predominantly in the luminal membrane 

of ICs, seems also to be regulated by ATP released via connexin hemichannels. Holtzclaw et 

al. (100) found recently that pharmacological inhibition of connexins or P2 receptors in ICs 

diminished flow-induced K+ efflux through BK channels as well as ATP secretion. These 

investigators also showed that K+ efflux and ATP release from ICs are interdependent 

because downregulation of the BK-β4 subunit using siRNA decreased ATP secretion and 

both ATP-dependent and flow-induced K+ efflux. In mice with high distal nephron flows 
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induced by a high-K+ diet, the genetic disruption of BK channel function resulted in 

significantly reduced urinary ATP excretion. The observed Na+ and water retention as well 

as decreased K+ secretion in BK-β4−/− mice are consistent with reduced purinergic tone 

(101). Because ICs have not traditionally been considered to play a major role in K+ 

secretion, further studies are needed to clarify the autocrine/paracrine actions of ATP on ICs 

and PCs and their possible interactions.

The physiological importance of ATP–BK channel interaction may be related to the need to 

maintain high distal flow rates; maximal K+ secretion and minimal Na+ reabsorption occur 

when animals consume a high-K+ diet. High flow may be augmented by the release of ATP, 

which inhibits Na+ reabsorption (via ENaC) and water reabsorption (via AQP2) yet at the 

same time stimulates K+ secretion. This newly described BK channel function may help us 

to understand the so-called aldosterone paradox. This term refers to the apparently opposite 

effects of aldosterone, salt reabsorption (e.g., in hypovolemia), and K+ secretion (e.g., in 

hyperkalemia). Investigators recently reviewed the molecular mechanisms mediating the 

aldosterone paradox, that is, the interdependent but differential regulation of renal Na+ and 

K+ transport, including the role of the serine/threonine kinases WNK1, WNK4, SPAK, and 

OSR1 (102). The local purinergic system in the distal nephron may also be involved via 

modulation of tubular flow. In volume depletion, aldosterone favors salt retention, with no 

change in K+ secretion (low tubular flow, low ATP levels, inactive purinergic inhibition, 

and high ENaC but low BK channel activity). In contrast, in hyperkalemia aldosterone helps 

to excrete K+ without affecting salt reabsorption (high tubular flow, high levels of ATP 

release, powerful purinergic inhibition of ENaC, high BK-mediated K+ secretion). The 

precise mechanism by which ATP affects the activity of ROMK and maxi-K+ channels as 

well as purinergically mediated activity needs further investigation.

On the basis of these findings, a more complete picture of the local intratubular purinergic 

system has emerged (Figure 2). Mechanically induced opening of Cx30 hemichannels in 

ICs (e.g., by tubular flow, interstitial pressure, cell volume changes) allows ATP to enter the 

tubular fluid and to bind to local P2 receptors in both ICs and PCs in an autocrine fashion 

and a paracrine fashion, respectively. Activation of these receptors inhibits salt and water 

reabsorption in PCs via ENaC and AQP2 and facilitates K+ secretion via BK channels. 

Sustained activity of this purinergic system appears to participate in the homeostasis of body 

fluid and electrolytes and blood pressure in a variety of physiological conditions, including 

pressure natriuresis, high-salt diet, aldosterone escape, the aldosterone paradox, and high-K+ 

diet.

However, the idea that functional hemichannels are formed solely by connexins under 

physiological conditions is controversial (103). Then how does Cx30 mediate ATP release 

from ICs in the CD? Such release may occur due to the close association of Cx30 with the 

recently identified plasma membrane ATP channel pannexin 1 (Panx1) (Figure 2). 

Pannexins are a class of proteins that also form hexameric transmembrane channels that are 

similar to those formed by connexins (104). Despite having similar structures, connexins 

and pannexins have no sequence homology. In several cell types, including epithelial cells, 

Panx1 forms functional, mechanosensitive ATP-releasing channels under physiological 

conditions (104, 105). Interestingly, a preliminary study from our laboratory (106) found 
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strong Panx1 expression in the apical membrane of the CD system, raising a question about 

its role alongside that of Cx30. Future work will address the exciting possibility of Cx30-

Panx1 interactions in the CD.

Cx30−/− mice are deaf due to inner-ear dysfunction (107). Similarities in regulatory 

mechanisms and common ion transporters in the renal CD and the inner ear are well known 

(108). Consistent with this, these deaf animals also possess a renal phenotype (i.e., salt 

retention), as detailed above, on the basis of the dysfunction of Cx30 in the renal CD system. 

A potential interaction between Cx30 and pendrin may also be part of the local purinergic 

system, as suggested by their colocalization in non-α ICs (93) and the similar phenotype of 

pendrin knockout mice (Pendred syndrome, deafness) (12). Recently, a genetic link between 

Bartter syndrome (which causes renal salt wasting) and sensorineural deafness in humans 

was established (109). Unlike in the mouse kidney, in other species Cx30 is expressed in the 

thick ascending limb and distal tubule (93). The findings suggest that Cx30-mediated ATP 

release is an important physiological regulatory mechanism in many organs and species, 

including humans. ATP release mediated by connexin hemichannels (and other associated 

proteins) and the complex regulation of water and electrolyte transport mechanisms by a 

local purinergic signaling system appear to be a well-preserved mechanosensory and 

regulatory machinery in various organs and cell types.

THE COLLECTING DUCT RENIN-ANGIOTENSIN SYSTEM AND NOVEL 

METABOLIC REGULATORS

The RAAS is a key regulator of renal salt and water reabsorption whose molecular and 

cellular effects in various nephron segments have been extensively studied. Here we briefly 

emphasize two important developments concerning paracrine regulation of distal nephron 

function. First, a local, distal nephron’s RAAS has been established and characterized (110, 

111). This local system is now recognized as a key anatomical site of the overall RAAS in 

pathological states including diabetes and as the major source of systemic RAAS 

components, for example, (pro)renin (110, 112). The local generation of angiotensin 

peptides in the tubular fluid of the CD and their stimulatory effects on salt reabsorption via 

ENaC have been demonstrated (113, 114). The importance of angiotensin II generated de 

novo by this local intratubular RAAS in overall renal salt and water excretion as well as its 

interaction with the systemic RAAS (e.g., aldosterone) need to be further studied.

Another emerging field is the direct metabolic control of distal nephron function by 

metabolic intermediates in the tubular fluid, for example, succinate and α-ketoglutarate. The 

special cell metabolism (high anaerobic glycolysis) and tissue environment (hypoxia) under 

which some cells of the distal nephron operate are highly consistent with the local 

accumulation of these dicarboxylates (115). The G protein–coupled receptors GPR91 and 

GPR99, newly identified specific cell membrane receptors for succinate and α-ketoglutarate, 

respectively, are localized predominantly in the luminal cell membrane of the distal 

nephron–CD system and have been linked to the activation of RAAS (116–119). GPR91 

signaling involves the generation of prostaglandins (e.g., PGE2), which is highly relevant to 

the control of renal salt and water transport (117–119). In addition, elements of an olfactory 

signaling system along the apical surface of the distal nephron have been discovered (120). 
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Although the activating ligand is not known, the idea that cells of the distal nephron and CD 

can “smell” certain chemical signals in the tubular fluid that may directly regulate 

electrolyte transport is exciting and will undoubtedly open new areas in kidney research.

ROLE OF TISSUE KALLIKREIN IN POTASSIUM HOMEOSTASIS

Another example of paracrine regulation is the modulation of K+ transport in the distal 

nephron by tissue kallikrein (TK, klk1 gene; number NM_010639), a serine protease 

involved in kinin generation. In the kidney, TK is synthesized in large amounts by CNT 

cells and, to a lesser extent, by the DCT and CCD (121, 122). Although TK can be released 

into the circulation, active TK is found predominantly in the urine (123). TK release leads to 

kinin formation. TK cleaves locally available kininogen to yield kallidin (lysyl-bradykinin), 

which is converted through the action of an N-aminopeptidase to bradykinin. Bradykinin in 

turn activates the bradykinin type 2 (B2) receptor. B2 receptors have been localized to both 

the luminal side and the basal side of CD cells (124). Kinins have potent vasodilatory 

properties, and intrarenal infusions of kinins increase renal blood flow and produce diuresis 

and natriuresis (125). This response is probably due both to kinin-induced redistribution of 

medullary renal blood flow (medullary washout of solute) and to direct effects on Na+ and 

water transport across the CD. In fact, kinins (bradykinin and kallidin) inhibit Na+ and water 

transport when applied to the basolateral surface but not to the luminal surface of the CD 

(31, 68, 126). Although a kinin-dependent effect of TK on renal Na+ and water transport is 

well established, the role of the large amount of TK that is secreted into the urinary fluid 

remains poorly understood.

MECHANISMS FOR THE RELEASE OF RENAL TISSUE KALLIKREIN: 

EFFECT OF POTASSIUM

A recent study performed in humans by Azizi et al. (127) confirmed earlier observations on 

the influence of dietary K+ intake on urinary TK activity. A diet with high K+ and low Na+ 

content increased whereas a diet with low K+ and high Na+ content decreased TK activity 

and excretion (127). Thus, the distal nephron segments responsible for regulation of K+ 

excretion (i.e., late distal tubules, CNTs, and CCDs) are exposed to variable amounts of TK. 

Because maneuvers modulating urinary kallikrein activity alter K+ balance, it is tempting to 

postulate that the controlled upstream release of TK from the apical membranes of CNT 

cells into the tubular fluid by K+ may lead to autocrine and paracrine action of TK on distal 

tubular K+ transport. Early studies indicate that K+ intake stimulates TK synthesis and 

excretion directly and/or through secondary mechanisms (125, 128, 129). Aldosterone may 

also influence the effect of K+ on the urinary excretion of renal TK because high K+ intake 

stimulates the secretion of aldosterone, which has a stimulatory effect on TK synthesis and 

excretion. However, distinct effects of mineralocorticoids on TK synthesis and excretion 

have been reported (130, 131). In fact, acute administration of aldosterone does not induce 

the synthesis of renal TK, whereas chronic treatment with deoxycorticosterone or 

adrenalectomy increases and decreases, respectively, TK synthesis in the CNTs and TK 

secretion in the urine.
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The concept that K+ regulates renal TK has been reconsidered. In a recent study, we showed 

that a high-K+ diet increases to a similar extent renal TK secretion in both control and 

aldosterone synthase–deficient mice, indicating that aldosterone is not required for the 

stimulatory effect of K+ intake on TK secretion (132). We also showed that a single meal, 

which represents an acute K+ load, increases renal K+ and TK excretion in parallel, whereas 

aldosterone secretion is not significantly modified. An early increase in renal TK secretion, 

which occurs after intravenous infusion of K+, was also reported in rats (133, 134). 

Administration of ATP-sensitive K+ channel (KATP) blockers also increased renal kallikrein 

secretion in superfused slices of kidney cortex (134). Thus, K+ and KATP channel blockers 

may increase renal kallikrein secretion through the same mechanism. A decrease in 

membrane potential caused by high concentrations of extracellular K+ has been reported for 

renal tubular cells (135), and K+ channel blockers such as barium Cl− produced the same 

effect (135).

El Moghrabi et al. (132) showed that acute K+ loading rendered TK-deficient mice 

hyperkalemic, whereas this maneuver did not lead to any significant change in plasma [K+] 

in wild-type mice. The authors concluded that TK is regulated by extracellular K+ 

independently of aldosterone and in turn protects the organism against an acute K+ load. A 

typical meal of a Western-style diet represents a K+ load equivalent to half of the total 

amount of K+ in the extracellular fluid. As a consequence, every meal represents an acute 

and massive K+ load with which the body has to cope (136). Renal TK represents a new 

factor that protects the body against postfeeding hyperkalemia besides insulin or β-

adrenergic agonists, both of which stimulate the rapid transfer of K+ from the extracellular 

space to the intracellular space (137). Although K+ balance is under the tight control of the 

mineralocorticoid hormone aldosterone, which activates and fine-tunes K+ secretion by the 

CD, aldosterone, whose effects are mostly transcriptional, is not suitable for such an acute 

adaptation.

TISSUE KALLIKREIN AND RENAL POTASSIUM HANDLING

K+ is freely filtered at the glomerulus and is almost totally reabsorbed by the proximal 

tubule and the loop of Henle. The amount of K+ excreted by the kidney is determined by 

events beyond the early distal tubule, where either reabsorption or secretion of K+ can occur. 

Generally, a large amount of K+ has to be eliminated to maintain balance. K+ secretion 

occurs mainly through the PCs and involves the following: (a) cellular K+ entry across the 

basolateral membrane via the Na+,K+-ATPase pump and (b) K+ exit across the apical 

membrane via K+ channels, allowing K+ secretion into the lumen. In PCs, Na+ reabsorption 

is energized by the basolateral Na+,K+-ATPase, which exchanges three Na+ for two K+. The 

resulting electrochemical gradient for Na+ is dissipated mainly by apical Na+ entry via 

ENaC, which depolarizes the apical membrane and facilitates apical K+ exit via the K+ 

channel ROMK. Na+ transport via ENaC is thus an important determinant for K+ secretion 

through ROMK. Accordingly, amiloride administration decreased urinary K+ excretion. 

Under conditions in which the kidney must retain K+, such as a situation of K+ depletion, 

the CD reverses the transepithelial net flux of K+ to yield net K+ reabsorption (136). K+ 

absorption is localized to the ICs in the CCD and is mediated by H+,K+-ATPases, which 
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reabsorb K+ in exchange for H+ ions (138). Net secretion may be the result of simultaneous 

bidirectional secretory and reabsorptive K+ fluxes.

If one does not consider a situation of K+ depletion in which net K+ absorption occurs, the 

CCD is a site of net K+ secretion. Remarkably, microperfused CCDs isolated from TK-

deficient mice (139) exhibit net transepithelial K+ absorption (132). TK may also modulate 

K+ transport by favoring ENaC-mediated Na+ absorption that, in turn, is expected to favor 

renal K+ secretion and/or by inhibiting K+ absorption through H+,K+-ATPase.

TISSUE KALLIKREIN AND PROTEOLYTIC ACTIVATION OF THE 

EPITHELIAL SODIUM CHANNEL

In 1997, the channel-activating protease 1 (CAP1, also referred as prostasin), a membrane-

bound serine protease, was identified in Xenopus kidney A6 cells on the basis of its ability to 

activate ENaC when coexpressed in Xenopus oocytes (140). From this study emerged the 

concept that a variety of serine proteases can activate ENaC. Such proteases include (a) 

extracellular serin proteases [e.g., trypsin; plasmin; and elastase, which is a serine protease 

produced by neutrophils (141–144)], (b) intracellular serin proteases [e.g., furin, a serine 

protease located in the trans-Golgi network (145)], and (c) membrane-bound serine 

proteases [e.g., members of the CAP family (146–148)], all of which act through their 

catalytic activity to increase the open probability of ENaC (141–143, 147).

ENaC is a heteromultimeric protein composed of three related subunits: α, β, and γ. All 

subunits have an intracytoplasmic N terminus and C terminus and two membrane-spanning 

domains connected by a large extracellular loop. Proteolytic cleavage of ENaC occurs for 

the α subunit and the γ subunit (γ-ENaC) in vitro. Hughey et al. (149, 150) demonstrated 

that furin activates ENaC by cleaving the channel in the ectodomain at two sites in the α 

subunit and at a single site within γ-ENaC. There is increasing in vitro evidence that ENaC 

activation by serine proteases is related to proteolytic cleavage of the extracellular domain of 

γ-ENaC at sites distal to the furin cleavage site (for review, see References 144 and 151–

155). Masilamani et al. (156) suggest that endogenous serine proteases may cleave γ-ENaC 

in vivo. However, the serine protease(s) that mediates this process in vivo has not been 

identified, including in the kidney.

Endogenous membrane-bound and/or secreted serine proteases such as CAPs are likely 

candidates for protease-mediated regulation of Na+ transport in the lung (157, 158). 

Accordingly, gene disruption of CAP1 specifically in the alveolar epithelium using 

conditional Cre-loxP-mediated recombination revealed that CAP1 plays a crucial role in the 

regulation of ENaC-mediated alveolar Na+ and water transport and in mouse lung fluid 

balance (158). CAP1 is coexpressed with ENaC in Na+-transporting epithelia, including the 

kidney (140), where CAP1 is present in native and cultured CCD cells (148). CAP1 is 

detectable in mouse exosomes, a preparation that reflects the pool of protein apically 

expressed in renal tubular cells (159), suggesting that CAP1 is present at the apical surface 

of renal cells (R. Chambrey & B. Rossier, unpublished data). Activation of ENaC by 

aldosterone has been consistently associated with a shift in the molecular weight of renal γ-

ENaC from 85 to 70 kDa, consistent with physiological cleavage of the extracellular loop of 
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that subunit (156, 160, 161). Aldosterone increases the expression of prostasin, the human 

ortholog for CAP1, in vitro and in vivo (162). Narikiyo et al. (162) showed that urinary 

excretion of prostasin is inversely correlated with the urinary Na+:K+ ratio in patients with 

primary aldosteronism, suggesting that prostasin may be responsible for aldosterone-

dependent proteolytic ENaC activation. Gene disruption of CAP1 specifically in the CD will 

be necessary for direct assessment of its physiological role in ENaC regulation.

Because CNT cells secrete a large amount of TK into the tubular fluid, the luminal 

membranes of renal tubular cells starting from the CNT are highly exposed to TK. Thus, 

TK, through its catalytic activity, may act directly on ENaC in the apical membranes of 

tubular cells located downstream of the site of TK secretion to modulate ENaC activity.

Picard et al. (161) recently reported that TK-deficient mice have decreased ENaC activity in 

the kidney and the distal colon, two organs that exhibit ENaC-mediated Na+ transport and 

produce abundant amounts of TK, whereas in lung alveolae, an organ devoid of TK 

expression, TK disruption does not impair ENaC activity. In this study, reduced ENaC 

activity in TK-deficient mice correlated with a dramatic decrease in expression of the 70-

kDa truncated form of γ-ENaC in both renal cortical membrane and urinary exosome 

preparations. In contrast, in the lung, TK disruption did not impair ENaC processing, 

confirming that in lung alveolae a protease other than TK, such as CAP1, regulates ENaC, 

as recently described by Planès et al. (158).

When applied to the luminal surface of CCDs isolated and microperfused in vitro, TK has a 

marked stimulatory effect on ENaC-dependent Na+ entry (161). In vitro experiments using 

either commercially available TK or mouse TK from desalted urine demonstrated that TK 

promotes the cleavage of γ-ENaC (Figure 3) (161). Thus, urinary TK promotes in vivo and 

in vitro γ-ENaC cleavage, which is associated with ENaC activation.

Interestingly, we also observed that elevated circulating aldosterone levels did not interfere 

with ENaC processing and activation in the absence of TK (161). Thus, serine proteases 

other than TK, presumably CAPs (see above), may promote the cleavage and activation of 

γ-ENaC in the kidneys of TK-deficient mice with elevated circulating aldosterone. These 

data suggest that TK is not critical for protease-mediated regulation of Na+ absorption in the 

CD.

Although ENaC activity is reduced in the absence of TK, CCDs from TK-deficient mice 

absorb Na+ without affecting the transepithelial potential difference, indicating that Na+ 

absorption occurs through an electroneutral process (74, 132). Early studies showed that 

bradykinin inhibits Na+ absorption without affecting net K+ transport or the transepithelial 

potential difference in isolated and microperfused CDs through the activation of the 

basolateral B2 receptor (68). TK gene inactivation in the mouse not only disrupts TK 

production but also impairs local kinin production (139). Thus, the absence of TK 

upregulates ENaC-independent electroneutral NaCl absorption, presumably through a 

decrease in the local production of bradykinin, and prevents proteolytic activation of ENaC 

(161). The combination of these two opposite effects on Na+ transport explains why TK-

deficient mice do not have a significantly altered Na+ balance (139, 161). In conclusion, TK-
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dependent ENaC activation is not critical for the regulation of renal Na+ homeostasis but 

rather plays an important role in maintaining K+ balance.

TISSUE KALLIKREIN AND THE COLONIC H+,K+-ATPASE

As discussed above, CCDs isolated from TK-deficient mice exhibit net transepithelial K+ 

absorption (132). Because TK-deficient mice display decreased ENaC activity, a shutdown 

of K+ secretion likely contributes to net K+ absorption in the CDs of these mice. However, 

these data do not rule out the possibility that H+,K+-ATPase activity is also involved by 

further reducing urinary K+ losses.

We refer the reader to the review by Gumz et al. (163) for background on H+,K+-ATPases. 

Briefly, the H+,K+-ATPases consist of a catalytic α subunit and a regulatory β subunit. 

Researchers have identified two renal H+,K+-ATPases that contain the catalytic subunit 

HKα1 or HKα2. The HKα1 H+,K+-ATPase, or gastric H+,K+-ATPase, has a role in 

acidifying stomach content. The HKα2 H+,K+-ATPase, termed the colonic H+,K+-ATPase, 

is abundant in and cloned from the colon. Using HKα2-deficient mice, Meneton et al. (164) 

demonstrated that under K+ deprivation HKα2 plays a critical role in the maintenance of K+ 

homeostasis in vivo.

K+ depletion, which causes renal K+ absorption, is associated with an increase in kidney 

HKα2 mRNA, suggesting that the colonic type of the H+,K+-ATPase plays an important role 

in K+ conservation by the kidney. Accordingly, the colonic type of the H+,K+-ATPase 

mediates increased HCO3
− absorption in the CD during K+ depletion (165, 166). H+,K+-

ATPase activity estimated by the initial recovery rate of intracellular pH after an acute 

intracellular acid load was higher in CD ICs from TK-deficient mice. Acid extrusion in ICs 

from TK-deficient mice was inhibited either by 30 μM SCH28080, a specific inhibitor of 

H+,K+-ATPases, or by 1 mM ouabain. These pharmacological properties correspond to 

those described for the colonic type of the H+,K+-ATPase (167). Consistently, mRNA for 

the HKα2 subunit but not that for the HKα1 subunit of the H+,K+-ATPase was markedly 

increased in CNTs and CCDs of TK-deficient mice (132). Conversely, in CCDs isolated 

from TK-deficient mice and microperfused in vitro, the addition of TK to the luminal surface 

but not to the basolateral surface of the tubule caused a 70% inhibition of H+,K+-ATPase 

activity. These results demonstrate that the absence of TK stimulates the expression and 

activity of the colonic H+,K+-ATPase and results in net K+ absorption by the CCD. Under 

conditions of K+ excretion, TK exerts a negative braking effect on K+ absorption by 

inhibiting the H+,K+-ATPase. The mechanism or signaling pathway by which luminal TK 

controls H+,K+-ATPase remains unknown. As mentioned above, serine proteases act 

directly on ENaC gating by enhancing the open probability of ENaC. Recent studies show 

that TK can also directly activate the B2 receptor independently of bradykinin release (168). 

TK, which colocalizes with the epithelial Ca2+ channel TRPV5 in the distal part of the 

nephron, activates TRPV5 from the luminal side (169). Using primary cultures of CNT/

CCD, Gkika et al. (169) showed that TK, like bradykinin, stimulates TRPV5 indirectly via 

activation of the B2 receptor. This induces the phosphorylation of TRPV5 through a protein 

kinase C–dependent mechanism, with consequent redistribution of TRPV5 channels toward 

the plasma membrane.
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The experimental data summarized in this part indicate that TK regulates K+ transport by 

two mechanisms: (a) by favoring ENaC-mediated Na+ transport that, in turn, is expected to 

favor renal K+ secretion and (b) by inhibiting K+ absorption through the colonic H+,K+-

ATPase (Figure 4). Thus, TK is a kaliuretic factor that provides rapid and aldosterone-

independent protection against hyperkalemia after a dietary K+ load. Importantly, these data 

also suggest that K+ absorption through the colonic H+,K+-ATPase is under the negative 

control of TK in the distal nephron.

CONCLUSIONS

There has been significant progress in our understanding of the molecular mechanisms 

involved in the renal control of homeostasis. Recent studies in particular have highlighted 

the emerging importance of paracrine regulation of ion transport and cross talk between 

nephron segments and different cell types within a single nephron segment. The 

identification of several novel ion transport mechanisms and local signaling pathways in the 

distal nephron that we summarize in this review will help us to further understand the 

pathophysiology of several diseases. Various past studies that focused on the classical 

hormonal regulation of the distal nephron and its abnormalities repeatedly failed to identify 

a unifying molecular mechanism. This failure is particularly evident for disorders that affect 

Na+ balance, such as hypertension and nephrotic syndrome. Another significant 

development that will challenge the current concepts in renal homeostasis is the emerging 

importance of ICs in Na+ and K+ balance. This is highlighted by the strong modifier effects 

of pendrin disruption on blood pressure regulation (61, 63) and by the identification of a 

novel therapeutic target of thiazide in these cells (74). Another perhaps paradigm-shifting 

finding is the identification of ICs as an important source of paracrine factors that regulate 

diverse functions of the CD, particularly those of the adjacent PCs. Therefore, future studies 

should reevaluate the precise role and involvement of ICs in disorders that were initially 

thought to originate from PC dysfunction.
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SUMMARY POINTS

1. In contrast to the existing paradigm, intercalated cells not only are involved in 

acid-base transport but also are important for NaCl and K+ absorption. 

Accordingly, these cells participate in the regulation of extracellular fluid 

volume and blood K+ concentration.

2. Cl− transport in the collecting duct occurs through intercalated cells rather than 

through the paracellular pathway and is an important determinant of blood 

pressure.

3. Intercalated cells are the primary source of ATP that is released into the tubular 

fluid (urine), and hence intercalated cells play a central role in purinergic 

signaling in the distal nephron.

4. Disruption of connexin30 impairs ATP release and purinergic signaling within 

the distal nephron, leading to the loss of negative feedback control of ENaC that 

results in excessive salt retention and ultimately salt-sensitive hypertension.

5. Tissue kallikrein is a serine protease abundantly released into urine by 

connecting tubule cells. It stimulates K+ secretion by principal cells indirectly 

through proteolytic activation of ENaC and inhibits K+ absorption by the 

H+,K+-ATPase in intercalated cells.
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FUTURE ISSUES

1. In light of the new ion transport and paracrine signaling mechanisms that have 

been identified in the distal nephron, the role of intercalated cells and principal 

cells and their interactions in the regulation of NaCl and K+ transport need to be 

further investigated.

2. The involvement of intercalated cells in disorders characterized by abnormal 

regulation of blood pressure (particularly Cl−-dependent hypertension like 

pseudohypoaldosteronism type II) should be reevaluated.

3. The physiological importance of the local purinergic regulation of collecting 

duct K+ secretion (via BK and SK channels) and water reabsorption (via 

aquaporin 2) needs to be determined in vivo (for example, by using connexin30 

knockout mice).

4. On the basis of the functional similarities in molecular mechanisms between the 

renal collecting duct and the inner ear, future clinical studies may identify the 

diagnostic potential of newborn hearing tests as a predictor of kidney disease 

and hypertension.

5. Whether tissue kallikrein modulates H+,K+-ATPase activity through proteolysis 

or through another mechanism remains to be determined.
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Figure 1. 
Schematic model of Na+ transport in the collecting duct. (a) Cell models with the different 

transporters of the principal cells and intercalated cells. Two cycles of pendrin for one cycle 

of NDCBE are predicted to mediate net NaCl uptake with the recycling of one Cl− and two 

HCO3
− ions. Dashed lines indicate ion recycling. (b) Cell model summarizing the 

characteristic features of Na+ transport in principal cells and intercalated cells. 

Abbreviations: BK, large-conductance, Ca2+-activated potassium channel; ClC-Kb, voltage-

gated chloride channel Kb; ENaC, epithelial Na+ channel; NDCBE, Na+-driven Cl−/HCO3
− 

exchanger; PDS, pendrin; ROMK, renal outer medullary K+ channel.
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Figure 2. 
Novel elements and proposed function of the intratubular autocrine/paracrine purinergic 

system in the collecting duct. Abbreviations: AQP2, aquaporin 2 water channel; BK, large-

conductance, Ca2+-activated potassium channel; Cx30, connexin 30 hemichannel; ENaC, 

epithelial Na+ channel; P2Y2, ATP receptor subtype P2Y2; Panx1, pannexin 1 channel; SK, 

small-conductance K+ channel.
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Figure 3. 
Tissue kallikrein (TK) promotes cleavage of the epithelial Na+ channel (ENaC) γ subunit (γ-

ENaC) in vitro. (a) Renal membrane fractions from TK-deficient (TK−/−) mice were 

incubated with TK, and appearance of the 70-kDa form of γ-ENaC was studied by 

immunoblotting. Membrane proteins were mixed with either 0, 30, or 100 μg ml−1 TK 

purified from porcine pancreas and were incubated for 15 min at 37°C. (b) Densitometric 

analyses of data showing the appearance of the 70-kDa form after treatment with TK. (c) 

Renal membrane fractions from TK−/− mice were incubated with desalted and concentrated 

urine from wild-type (WT) or TK−/− mice for 1.5 h at 37°C. The appearance of the 70-kDa 

form of γ-ENaC was studied by immunoblotting. Modified from Reference 161.
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Figure 4. 
Schematic model depicting how tissue kallikrein (TK) participates in the response to dietary 

K+ loading. Dietary K+ loading stimulates TK production by connecting tubule cells. TK is 

then released into the urinary fluid and reaches the cortical collecting duct. There, TK may 

favor K+ secretion by principal cells through TK’s stimulating action on epithelial Na+ 

channel (ENaC)-mediated Na+ absorption, an effect that occurs through proteolytic 

processing of the γ-ENaC subunit (161). TK also inhibits K+ absorption by intercalated cells 

by decreasing colonic H+,K+-ATPase expression and activity. Moreover, TK upregulates 

ENaC-independent electroneutral NaCl absorption, presumably through a decrease in the 

local production of bradykinin (68). Other abbreviations: BK, large-conductance, Ca2+-

activated potassium channel; NDCBE, Na+-driven Cl−/HCO3
− exchanger; PDS, pendrin; 

ROMK, renal outer medullary K+ channel. From Reference 132.
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