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Abstract

:

The renal collecting duct is the nephron segment where the final urine content of acid equivalents and inorganic ions are determined. The role of two different cell types present in this nephron segment has been determined many years ago: principal cells that express the epithelial sodium channel ENaC and aquaporin 2, regulate electrolyte reabsorption, while intercalated cells, which express acid-base transporters and vacuolar H+-ATPase, maintain an apropriate acid-base balance. Recent evidence challenges this historical view. Rather than having independent and non-overlapping functions, the two cell types in the collecting duct appear to functionally cooperate to regulate acid-base and volume homeostasis via complex paracrine and endocrine interplay. This review summarizes these recent findings.
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1. Introduction: Acid-Base Balance and Role of the Kidney


The western diet generates an excess of protons that would dramatically alter intracellular and plasma pH if not strictly regulated. Plasma bicarbonate (on average 24 mM) buffers the acids generated from our metabolism. As it is freely filtered by the renal glomerulus, bicarbonate must be efficiently reabsorbed to maintain blood levels. This occurs via the action of two main organs: the lungs through expulsion of volatile carbon dioxide, and the kidneys by reabsorbing filtered bicarbonate back into the blood and by de novo generating bicarbonate ions.



Filtered bicarbonate is predominantly reabsorbed from the proximal convoluted tubule (Figure 1) (at least 80%) by the concomitant action of cytosolic and luminal carbonic anhydrases, the apical sodium-proton exchanger 3 and the basolateral sodium-bicarbonate cotransporter NBC1 [1,2]. The remaining bicarbonate is reabsorbed from the thick ascending limb of the loop of Henle, the distal nephron, specifically the distal convoluted tubule & the connecting tubule, and finally the cortical and both the outer and inner medullary collecting duct [3,4]. As the last segment of the nephron where bicarbonate reabsorption and urine acidification can be fine-tuned, this final segment plays an essential role in one’s acid-base balance, as highlighted by patients who develop distal renal tubular acidosis (see Section 7). In this latter segment of the nephron, two cell types co-exist: principal cells and intercalated cells, whose respective roles have historically been thought to be independent. Principal cells are involved in sodium and water reabsorption via the apical epitelial sodium channel ENaC and aquaporin 2, respectively. Intercalated cells participate in acid-base homeostasis. In this review, we have focused on the function of intercalated cells as recent findings challenge the role historically attributed to these cells as exclusively involved in acid-base homeostasis. Here, we review the long-established function of intercalated cells in acid-base regulation and we then summarize the emerging role of these cells in chloride and sodium homeostasis. We also review their amazing plasticity to inter-convert from one type to another, and their involvement in human pathologies.





[image: Diseases 02 00071 g001 1024] 





Figure 1. Nephron anatomy model including the fractional delivery of bicarbonate to the various nephron segments. The fractional delivery (FD) values of bicarbonate to the various sites are only indicative, as they vary with an individual’s diet [5]. PCT: proximal convoluted tubule, TDL: thin descending limb, LH: loop of Henle, MTAL: medullary thick ascending limb, CTAL: cortical thick ascending limb, DCT: distal convoluted tubule, CNT: connecting tubule, CCD: cortical collecting duct, OMCD: outer medullary collecting duct, IMCD: inner medullary collecting duct. 
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2. Renal Intercalated Cells: Mirror Cells?


Kidney cortical collecting duct (CCD) contains at least two different cell types: principal cells that transport water, Na+ and K+, and intercalated cells, which mediate acid-base transport [6] (Figure 2). In mouse, rat and rabbit connecting tubule (CNT), CCD and outer medullary connecting duct (OMCD), intercalated cells represent approximately 40% of all cells [7,8,9,10,11,12]. The respective percentages of type-A, type-B and non-A, non-B intercalated cells vary between nephron segments and species as shown in Table 1. Intercalated cells express high amounts of cytosolic carbonic anhydrase II and are interspersed among the principal cells of the distal convoluted tubule (DCT), connecting tubule (CNT), and collecting duct [9,11,13]. They are distinguished from other cell types by their positive staining for the vacuolar H+-ATPase and carbonic anhydrase II (CAII), by their dark cytoplasm and high mitochondrial density [10,11]. Three kinds of morphologically and immunologically different intercalated cells have been identified in mouse kidney and named type-A, type-B, and non-A, non-B intercalated cells [9,13].
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Table 1. Percentages of intercalated cells in various distal nephron segments in mouse, rat and rabbit. These rough percentages were assessed using electron microscopy and immunohistochemistry. The variations are likely due to diet differences and therefore may not reflect the situation in humans. CNT, connecting tubule, CCD, cortical collecting duct, OMCD, outer medullary collecting duct, IMCD, inner medullary collecting duct. These numbers are from [12,13,15,16,17].
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Nephron Segmen

	
Type-A IC

	
Type-B IC

	
Non-A, non-B IC






	
CNT

	
35%–40% of IC in mouse

	
present in mouse

	
50% of IC of mouse




	
predominant in rat and rabbit

	
predominant in the initial CNT

	
14% of IC in rat




	
CCD

	
60% of IC in mouse

	
20% of IC in mouse

	
20% of IC in mouse




	
45% of IC in rat

	
50% of IC in rat

	
5% of IC in rat




	
OMCD

	
100% of IC in mouse

	
0% in mouse

	
0% in mouse




	
predominant in rat and rabbit




	
IMCD

	
100% of IC in mouse

	
0% in mouse

	
0% in mouse









Type-A intercalated cells have a columnar shape with apical microprojections and tubulovesicular structures under the apical surface. These cells express the kidney anion exchanger 1 (the kidney isoform of band 3) at their basolateral membrane and vacuolar H+-ATPase is expressed at the apical side (Figure 2). Type-A intercalated cells are characterized by a robust apical endocytosis that regulates the amount of vacuolar H+-ATPase under acid load conditions [6,10].



Almost mirroring the type-A intercalated cells, type-B intercalated cells display the opposite polarity, with the bicarbonate exchanger pendrin located at the apical membrane and vacuolar H+-ATPase at the basolateral membrane (Figure 2). This opposite polarity not only reflects a re-location of key proteins to opposite membranes but also the expression of different bicarbonate transporters. With their squamous shape, type-B intercalated cells have a smooth apical surface, an organelle-free zone below the apical membrane, and cytoplasmic vesicles dispersed throughout the cells. Additionally, these cells bind peanut agglutinin, in contrast to type-A intercalated cells [9,13,14]. Specific binding of type-B intercalated cells to peanut agglutinin has become a useful tool to study intercalated cells remodeling under acidic conditions as detailed in Section 5.
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Figure 2. Model illustrating the collecting duct cell types. Type-A intercalated cells secrete protons into the lumen through the apical vacuolar H+-ATPase proton pump and the H+/K+-ATPase, and reabsorb HCO3− in exchangefor Cl− through the basolateral kidney by carbonic anhydrase II (CAII). Additionally, these cells express two potential chloride/bicarbonate exchangers, the basolateral SLC26A7 and the apical SLC26A11. The Na+-K+-2Cl− cotransporter (NKCC1) is also expressed at the basolateral membrane of these cells, along with the chloride channel ClC-Kb. Type-B intercalated cells secrete HCO3− into the lumen through apical pendrin and protons are effluxed into the blood through the basolateral vacuolar H+-ATPase. These cells also express the ClC-Kb chloride channel and SLC26A11 at their basolateral membrane. At the apical membrane, pendrin’s function is coupled to that of SLC4A8 to promote sodium and chloride reabsorption. Principal cells regulate ion homeostasis by expressing the epithelial sodium channel (ENaC), a K+/Cl− cotransporter (KCC), the water channel aquaporin 2 (AQP2) and the renal outer medullary potassium (ROMK) channel in their apical plasma membrane, and the sodium/potassium ATPase at the basolateral membrane. So far, no basolateral chloride channel has been identified in these cells. 
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Non-A, non-B intercalated cells are mainly located in the CNT and the proximal collecting tubule. These large cells express both pendrin and vacuolar H+-ATPase at their apical membrane, and display a large number of mitochondria and intracellular vesicles [13]. The function of non-A, non-B intercalated cells is not known. The presence of apical vacuolar H+-ATPase and bicarbonate transporter suggests that these cells could be involved in either proton or bicarbonate secretion or that they are an intermediate cell-type undergoing interconversion as detailed below [9,13].




3. Function of Renal Intercalated Cells in Acid-Base Regulation


Intercalated cells are enriched in mitochondria, and express proteins involved in transport of proton equivalents such as vacuolar H+-ATPase, carbonic anhydrase II and bicarbonate transporters [1,18]. These characteristics suggest a role for these cells in acid-base regulation [19].



With their apical vacuolar H+-ATPase and basolateral kidney anion exchanger 1 (Figure 2), type-A intercalated cells, were implicated early on in active proton secretion into the tubular lumen. Carbon dioxide enters the cells where carbonic anhydrase II catalyzes its hydration to produce one bicarbonate ion and a proton. The proton is pumped across the apical membrane via the vacuolar H+-ATPase and the bicarbonate ion is transported across the basolateral membrane by the kidney anion exchanger 1 protein [1,20]. Therefore, the function of type-A intercalated cells results in both net reabsorption of bicarbonate and concomitant proton secretion into the urine.



Type-B intercalated cells are thought to mirror type-A intercalated cells as they have almost the opposite polarity. Also rich in carbonic anhydrase II, these cells instead reabsorb protons via the basolateral vacuolar H+-ATPase and excrete bicarbonate into the urine via the apical bicarbonate transporter pendrin [21]. As menioned earlier, the function of non-A, non-B IC remains obscure.



Over the years, the molecular identity of proteins involved in these opposite physiological functions has become clearer. For example, at the basolateral membrane of type-A intercalated cells, SLC26A7 appears to have a role in bicarbonate reabsorption linked to that of kidney anion exchanger 1 [22]. SLC26A7 acts as a pH-sensitive chloride channel which mediates Cl−/HCO3− exchange by recycling Cl− and reabsorbing bicarbonate [23]. Deletion of SLC26A7 results in distal renal tubular acidosis [24]. At the apical membrane of type-B intercalated cells, expression of the bicarbonate transporter SLC4A8 functionally complements that of pendrin (SLC26A4) as outlined below [25]. Water movement across the apical membrane of type-B intercalated cells may be facilitated by expression of aquaporin 5 [26]. Interestingly, a recent report demonstrated that while the Na+/K+- ATPase is required to energize principal cells of the collecting duct, the vacuolar H+-ATPase rather than the Na+/K+- ATPase, appears to be essential in maintaining cell volume and resting membrane potential in intercalated cells [27]. In fact, expression of the Na+/K+- ATPase in intercalated cells remains controversial [8,28,29,30,31].



In agreement with the role of intercalated cells in regulation of systemic acid-base balance, these cells are equipped with a range of tools that allows them to sense and respond to changes in acid-base balance. Among the many sensors spread over the nephron, some are specifically active in intercalated cells. Soluble adenylyl cyclase (sAC) is directly activated by CO2 and bicarbonate concentrations and its activity is also modulated by calcium [32,33]. In type-A and type-B intercalated cells, activated sAC it produces a sAC-dependent rise in cAMP resulting in translocation of vacuolar H+-ATPase to the apical membrane, and further proton pumping to the lumen [34]. Another potential pH sensor is the alkali sensor insulin receptor-related receptor (InsR-RR), which is expressed in type-B intercalated cells and non-A, non-B intercalated cells [35]. During alkalosis, InsR-RR is activated by alkaline pH both in vitro and in vivo and is thought to stimulate secretion of bicarbonate by type-B intercalated cells [36]. Finally, a number of channels such as the renal outer medulary potassium channel ROMK and some aquaporins have their activities modulated by intracellular or extracellular proton concentrations [37].




4. Emerging Roles of Intercalated Cells in the Regulation of Electrolyte Homeostasis


With the identification of pendrin as the apical chloride/bicarbonate exchanger in type-B intercalated cells ten years ago [38], a new functional role emerged for intercalated cells. The traditional view of principal cells being predominantly involved in sodium and potassium exchange and intercalated cells being responsible for acid or base secretion, has been challenged by evidence demonstrating that the different collecting duct cell types functionally overlap. Principal cells apically express the epithelial sodium channel ENaC, which regulates sodium reabsorption in a vasopressin- and aldosterone-dependent pathway. Chloride reabsorption was thought to occur predominantly via a passive, paracellular pathway with a smaller transcellular component. The transcellular pathway was assumed to occur via apical chloride/bicarbonate exchange and a basolateral chloride channel expressed in type-B-intercalated cells [39]. The group of Susan Wall first demonstrated that on a NaCl restricted diet, slc26a4 knockout mice were hypotensive and failed to reabsorb chloride, in contrast to wild-type animals [40]. Further, over-expression of pendrin in intercalated cells resulted in chloride-sensitive hypertension [41]. In agreement with these previous findings, pendrin function was found to be up-regulated by angiotensin II and aldosterone [42,43]. Thus, these studies provided a molecular pathway for the coordinated reabsorption of water and sodium ions by principal cells and chloride ions via type-B intercalated cells.



Additionally, significant electroneutral and thiazide-sensitive sodium reabsorption was found in type-B intercalated cells [44], which persisted in mice lacking alpha ENaC [45]. This finding supported the presence of an alternative sodium reabsorption pathway in the collecting duct. Further work from Drs. Eladari and Chambrey’s groups identified this other molecular pathway to occur through the sodium-driven chloride/bicarbonate exchanger NDCBE/SLC4A8, which works in tandem with pendrin at the apical membrane of type-B intercalated cells to mediate net reabsorption of sodium and chloride [25,46]. The sodium acumulated intracellularly via the concomitant activity of apical SLC4A8 and pendrin was shown to exit the basolateral membrane of type-B intercalated cells through AE4 (slc4a9) protein [27]. Thus, according to these new findings, intercalated cells are not only required to regulate bicarbonate excretion in the urine but are also involved in transcellular reabsorption of sodium and chloride ions. These novel findings reconcile the findings from Sebastian and colleagues who observed that some patients with distal renal tubular acidosis have an urinary loss of sodium and chloride that is sustained even upon correction of the acidosis [47].




5. Interconversion of Intercalated Cells


A fascinating aspect of intercalated cells is that they can convert from one type to another depending on acid-base status. More than twenty years ago, studies showed that feeding rabbits an acid diet for 20 hours resulted in a four-fold decrease in the number of peanut agglutinin binding cells without altering the total number of intercalated cells, supporting internalization and degradation of the peanut agglutinin binding sites [14]. These studies infer that a change in diet could result in conversion of type-B intercalated cells to type-A intercalated cells, a phenomenon called “plasticity of epithelial polarity” [6,14]. To study the molecular basis of epithelial intercalated cells’ plasticity, an immortalized cell line of type-B intercalated cells was generated [48]. Primary type-B intercalated cells were isolated from rabbit kidneys and transfected with a plasmid encoding a temperature-sensitive mutant of the large T antigen of SV40. This allowed the continuous division of the cells at permissive temperature to form a monolayer of type-B intercalated cells. These immortalized cells demonstrated multiple characteristics of type-B intercalated cells: negative staining for the basolateral chloride/bicarbonate exchanger, positive staining for the vacuolar H+-ATPase at the basolateral membrane and binding the peanut lectin at the apical membrane.



When the immortalized type-B intercalated cells were seeded at low density and allowed to become confluent, they were found to retain characteristics of type-B intercalated cells. However, when plated at high density, they converted to acid-secreting cells within a few hours, a characteristic of type-A intercalated cells [49]. Van Adelsberg and colleagues determined that at high density, these cells produced an extracellular matrix (ECM) protein, later identified as hensin (see below) [50], which induces reversion of polarity of the chloride/bicarbonate exchanger location from apical to the basolateral membrane. Later studies identified that the reversion of polarity is in fact likely due to down-regulation of apical pendrin [21] and synthesis of basolateral kidney anion exchanger 1. This conversion of type-B to type-A intercalated cells also induced robust apical endocytosis and alteration in cell morphology, as they became more columnar like type-A intercalated cells.



A large multi-domain protein called hensin (“change in shape” in Japanese) or DMBT1 was purified from the extracellular matrix and found to induce the epithelial cell conversion process when secreted as a multimeric protein [51]. Antibodies for hensin prevented this effect, indicating that hensin is necessary for conversion of polarity. In fact, soluble hensin was synthesized by both low density and high density type-B intercalated cells, but only hensin secreted by high density type-B intercalated cells was observed in the extracellular matrix. Sucrose density gradient analysis of soluble hensin showed that low density cells secrete monomeric hensin, and high density cells secrete higher order multimers. High density cells caused aggregation of monomeric hensin, suggesting that the multimerization resulted from surface events in the high density cells [51].



To confirm that type-B intercalated cells are progenitors of type-A intercalated cells, mice lacking hensin in the intercalated cell lineage were generated [50]. Deletion of hensin did not affect the percentage of intercalated cells from the total number of cells in the CCD, relative to principal cells [50]. However, immunological studies revealed that all the cortical intercalated cells in the mutant mice were type-B intercalated cells, with apical pendrin and basolateral or diffuse/bipolar vacuolar H+-ATPase expression as compared to only 30% of intercalated cells being type-B in the wild type mice. In the medulla of the knockout mice, a new cell type was identified, which resembled the cortical type-B intercalated cells in ultrastructure, but did not express pendrin. The presence of type-B intercalated cells exclusively and the absence of type-A acid secreting cells in the collecting duct of the hensin knockout mice resulted in continuous bicarbonate secretion, which caused metabolic acidosis and complete distal renal tubular acidosis (see below) [50].



Additional work dissected the role of hensin polymerization on intercalated cell conversion. Acidosis induces hensin polymerization and deposition, a process that involves β1 integrin [50]. Deletion of β1 integrin expression from intercalated cells caused a phenotype that was identical to the deletion of hensin, consistent with hensin and integrin being important functional partners for intercalated cell conversion. Additionally, hensin requires the interaction with galectin 3 to polymerize in the extracellular matrix and promote the conversion of the cells [52]. The peptidyl prolyl cis-trans isomerase activity of cyclophilin A was also found to be necessary to initiate the hensin polymerization process [53]. When cyclophilin A was blocked by the cyclosporin A immunosuppressant, it prevented hensin polymerization and caused distal renal tubular acidosis (see below).



The renal collecting tubule contains two different cell types, intercalated cells and principal cells. This pattern of differentiation in the collecting duct may be driven by a process called “lateral inhibition”, which involves various key regulating processes requiring the Notch signaling pathway and Foxi1 transcription factors.



Lateral inhibition is a process in which a cluster of cells differentiate through a specific signal, such as the activation of the Notch surface receptor, while neighbor cells remain “deaf” to this signal and retain their undifferentiated state [54]. Notch signaling was indeed found to play a key role in renal collecting duct development. Deletion of Notch signaling from the mouse collecting duct increased the number of intercalated cells, whereas overexpression of active Notch intracellular domain in the collecting duct resulted in the absence of intercalated cells, and the only cell type present was principal cells [55]. Active Notch signaling seems to promote the ureteric bud cells to develop into principal cells, whereas inactive Notch signaling promotes the formation of intercalated cells.



Forkhead 1 (Foxi1) also plays an important role in renal development, as it regulates expression of pendrin, a protein expressed in both the inner ear and in type-B intercalated cells of the kidney. Foxi1 is expressed in the distal nephron and in the endolymphatic duct/sac epithelium of the inner ear in mice at embryonic stage E16 and E11.5, respectively [56]. Mice lacking the Foxi1 gene are deaf, have disturbed balance and do not express pendrin, suggesting that Foxi1 could be an upstream regulator of Pendrin. Foxi1 null mice produce an alkaline urine compared with WT mice, a symptom resembling distal renal tubular acidosis [57]. Northern blots and immunohistochemistry experiments on kidneys of Foxi1 null mice revealed the absence of kidney anion exchanger 1, pendrin and anion exchanger 4 [58]. In fact, examination of the collecting duct epithelium of Foxi1 mice revealed the presence of a single cell type that was positive for both principal and intercalated cell markers [57]. Although Atp6v1b1 mRNA expression was similar to that of WT mice, the vacuolar H+-ATPase protein product was not detected in Foxi1 null kidneys due to inefficient translation or rapid protein degradation. A more recent study showed that the lack of Foxi1 expression in mice causes the absence of A (Atp6v1a), B1 (Atp6v1b), E2 (Atp6v1e2), and a4 (Atp6v0a4) subunits that normally form the vacuolar H+-ATPase in three different epithelia (inner ear, kidney and epididymis) [59]. Thus, Foxi1 and Notch signaling appear to be two upstream regulators of intercalated cell formation.



The literature also contains reports demonstrating the conversion of intercalated cells into principal cells. Culture of isolated and sorted type-B intercalated cells can result in the appearance of principal cell characteristics, such as amiloride-sensitive sodium reabsorption and ability to secrete potassium [60]. Lithium, a commonly prescribed therapy for bipolar mood disorder, causes nephrogenic diabetes insispidus (NDI) in 50% of the patients [61]. Lithium-induced NDI results from a down-regulation of aquaporin-2 expression in principal cells [62], originating from lithium-induced arrest of principal cells division [63]. Interestingly, after discontinuation of lithium treatment, a transient cell type has been identified that shares both principal and intercalated cell characteristics, including vacuolar-H+-ATPase and aquaporin 2 expression [64]. Thus, intercalated cells are extraordinarily plastic as they can not only convert from one type to another, but they can also convert into principal cells.




6. Regulation of Intercalated Cell Function


Evidence of functional cooperation between the various intercalated cell types raises one central question: how is this inter-cellular cooperation regulated? As intercalated cells are involved in salt homeostasis, mineralocorticoid hormones regulate total or plasma membrane expression levels of a number of key intercalated cell proteins. For example, total pendrin expression and transport activity are increased by aldosterone [65], via a nitric oxide and cAMP dependent mechanism [66]. Further, the effects of angiotensin II and aldosterone on collecting duct acidification have also been reported in early studies [67,68,69,70,71,72]. Angiotensin II and aldosterone stimulate vacuolar H+-ATPase activity by increasing its abundance in the plasma membrane [73], via the action of G protein, phospholipase C, protein kinase C and extracellular signal-regulated kinase (ERK) 1/2 proteins [74,75]. Aldosterone also acts in a parallel pathway through cyclic AMP and protein kinase A [75]. In the Madin-Darby canine kidney (MDCK).C11 model cell line that resembles intercalated cells, the prorenin receptor, which is an accessory protein of the vacuolar H+-ATPase, plays an important role in regulating ATPase activity [76]. Finally, in the kidney medulla, aldosterone or high dietary sodium bicarbonate increases AE1 expression levels [77]. As aldosterone also regulates plasma membrane abundance of the epithelial sodium channel ENaC in neighbouring principal cells [78], both angiotensin and aldosterone act on both principal cells and intercalated cells. A molecular mechanism regulating intercalated cell signaling was recently proposed by Shibata and colleagues. They demonstrated that a single phosphorylation at serine 843 in the mineralocorticoid receptor expressed in type-A and type-B intercalated cells prevents ligand binding to the receptor and is able to block aldosterone signaling and chloride reabsorption [79]. Dephosphorylation, likely via protein phosphatase 1, increases surface expression of electrolyte flux mediators, predominantly in type-B intercalated cells.



In addition to the effects of aldosterone and angiotensin II on the function of proteins expressed in intercalated and principal cells, a number of paracrine signaling pathways are emerging and have been extensively reviewed in [80]. One such mechanism occurs via purinergic signaling. Mice deficient in the P2Y2 purinergic receptor have sodium imbalance and hypertension [81]. Release of the purinergic receptor substrate, ATP, by intercalated cells was proposed to occur via connexin Cx30 proteins [82] and may alter potassium channels either at the apical side of principal cells or intercalated cells while inhibiting sodium and water reabsorption [83,84]. Further, Gueutin and colleagues recently demonstrated that ATP-triggered prostaglandin E2 release by type-B-intercalated cells participates in hydroelectric imbalance as observed in dRTA patients where impairment of ENaC activity occurs in neighboring principal cells [46]. Other modulators of water and salt reabsorption include the G protein coupled receptor OXGR1, which is apically located in type-B and non-A, non-B intercalated cells. This receptor is sensitive to local accumulation of dicarboxylate such as alpha ketoglutarate that can locally accumulate in the distal nephron [85,86]. Another modulator is the vasodilator bradykinin, which can bind to its B2 receptors in the basal side of collecting duct cells [87,88]. Therefore, there is a growing body of evidence supporting that intercalated cells are not only involved in acid-base homeostasis but also in electrolyte balance as reviewed in [89].




7. Diseases Associated with Abnormal Intercalated Cells Function and Animal Models (Table 2)


The abnormal functioning of intercalated cells causes a variety of diseases that mostly affect acid-base balance with mild impairment in electrolyte homeostasis.
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Table 2. Diseases associated with abnormal intercalated cell function.
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Protein

	
Disease and Symptoms

	
Mutated gene

	
Knockout mice symptoms

	
References






	
Kidney anion exchanger 1 (kAE1)

	
Distal renal tubular acidosis (dRTA)

Metabolic acidosis, alkaline urine, hypokalemia, hyperchloremia, hypercalciuria, kidney stones, mild electrolyte imbalance

	
SLC4A1

	
Severe anemia, complete dRTA, increased serum osmolarity, decreased urine osmolarity, hypercalciuria, dehydration

	
[90,91,92]




	
vATPase subunit B1

	
Recessive dRTA associated with deafness, hypokalemia and dehydration

	
ATP6V1B1

	
Mild metabolic acidosis

	
[93,94,95]




	
vATPase subunit a4

	
Recessive dRTA associated with deafness, hypokalemia and dehydration

	
ATP6V0A4

	
Deafness, dRTA accompanied by unsuspected proximal tubule malfunction, proteinuria and phosphaturia

	
[95,96,97]




	
SLC26A7

	
dRTA

	
SLC26A7

	
Complete dRTA, hypotension, failure to reabsorb chloride

	
[22,24]




	
Carbonic anhydrase II

	
Mixture of recessive distal and proximal RTA, can be associated with autosomal recessive osteopetrosis (increased bone density), growth failure, mental retardation and hearing impairment

	
CA2

	
Renal tubular acidosis symptoms, down-regulation of proteins involved in acid-base homeostasis in intercalated cells such as SLC26A7, pendrin and AE1

	
[98,99,100,101]




	
Pendrin

	
Pendred syndrome

Goiter and hearing loss

	
SLC26A4

	
Renal inability to excrete the excess bicarbonate into the urine, deafness

	
[38,56,102,103]









Plasma pH must be tightly regulated between 7.38 and 7.42 in order to maintain normal cell function. A decrease in plasma bicarbonate concentration causes a drop in plasma pH and this condition is known as metabolic acidosis [20,104]. As mentioned earlier, the renal proximal tubule plays an essential role in bicarbonate reabsorption. Upon synthesis of protons and bicarbonate by the cytosolic carbonic anhydrase II, the basolateral sodium/bicarbonate exchanger NBCe1 (encoded by SLC4A4 gene) mediates reabsorption of filtered bicarbonate, while protons are secreted into the pro-urine via the apical sodium/proton exchanger, NHE3 [1,105]. In the distal nephron, intercalated cells mediate the fine-tuning of bicarbonate reabsorption, by reabsorbing the remaining filtered bicarbonate through basolateral kidney anion exchanger 1 and excreting protons via the apical vacuolar H+-ATPase. Distal renal tubular acidosis (dRTA) is characterized by the inability of type-A intercalated cells to excrete acids into the urine (Table 1). As proton excretion is coupled to bicarbonate reabsorption, a decrease in protons excreted into the urine in the distal nephron results in a decrease in plasma bicarbonate concentration. Interestingly, dRTA patients also develop a mild electrolyte imbalance with abnormal urinary excretion of sodium and chloride [47].



Distal renal tubular acidosis can arise from genetic or immune defects as well as a side effect of drugs affecting type-A intercalated cells. Familial dRTA can be autosomal dominantly and recessively inherited [90]. Loss-of-function mutations in the SLC4A1 gene lead to abnormal functioning of the kidney anion exchanger 1 causing either autosomal dominant or recessive dRTA. This abnormal functioning results in defective bicarbonate reabsorption through the basolateral side of type-A intercalated cells. Mutations in the B1 subunit of the cytosolic V1 ATPase complex or the a4 subunit of the V0 transmembrane pore complex of the vacuolar H+-ATPase cause recessive dRTA associated with deafness. Mutations in carbonic anhydrase II lead to a mixture of recessive distal and proximal RTA, which is often associated with autosomal recessive osteopetrosis (increased bone density), growth failure, mental retardation and hearing impairement [106].



The molecular basis for recessive versus dominant familial dRTA caused by mutated anion exchanger 1 has been clarified recently. Heterologous expression of the kidney anion exchanger 1 in Madin-Darby canine kidney (MDCK) cells shows that it is functional and localizes to the basolateral membrane, reflecting the location of this exchanger in native cells [107,108,109]. In these cells and in human embryonic kidney 293 cells, expression of dominant or recessive dRTA mutants of the anion exchanger 1 demonstrates mis-trafficking of the mutant, varying from intracellular retention in the endoplasmic reticulum or the Golgi to apical mis-localization [107,108,109,110]. Co-expression of intracellularly retained dominant dRTA mutants of the kidney anion exchanger 1 with wild-type (WT) kidney anion exchanger 1 retained the WT protein intracellulary [107,111,112]. In contrast, when co-expressed with a recessive dRTA mutant of the anion exchanger 1, the WT protein rescued cell surface trafficking of the mutant.



Distal RTA can also originate from autoimmune disorders such as systemic lupus erythematosus and Sjogren syndrome [113], and from chronic liver diseases [114], but the pathogenicity of these causes of acquired dRTA are much less well understood.



Patients with either a mutated a4 or B1 subunit of the vacuolar-type H+-ATPase have complete dRTA, hearing loss, hypokalemia and dehydration [115,116]. Mice lacking the B1 subunit of the vacuolar-type H+-ATPase have abnormal urinary acidification upon acid challenge but do not develop spontaneous acidosis and had normal hearing [93,94]. This mild phenotype was caused by the compensatory over-expression of alternate B2 subunit of the ATPase [117]. Knockout of the vacuolar H+-ATPase a4 subunit resulted in a more severe phenotype in two independent mouse models [96,97]. In both animal lines, knocking out the a4 subunit resulted in severe deafness due to expanded cochlear and endolymphatic ducts [118], impaired sense of smell [97,119] and spontaneous metabolic acidosis. The a4 knockout mice also developed hypocitraturia and early nephrocalcinosis [97]. Furthermore, development of dRTA was accompanied by an unsuspected proximal tubule defect, specifically low molecular weight proteinuria and phosphaturia [96]. Interestingly, proximal tubular cells of the knockout mice showed abnormal endocytic traficking and accumulation of lysosomal materials. As this phenotype resembles that of anion exchanger pendrin knockout mice, it was proposed that pendrin and the proton pump not only cooperate in intercalated cells of the kidney but also in the inner ear for endolymph homeostasis.



Twenty years ago, two mouse models knocked out for the anion exchanger 1 were generated [120,121]. These mice, which were either lacking the erythrocyte anion exchanger 1 or both erythrocyte and renal anion exchangers 1, had a similar phenotype: 85% of the newborn mice died within two weeks after birth and the surviving animals developed severe anemia due to the premature degradation of their red blood cells. Characterization of potential renal defects was not described at that time. Ten years later, Stehberger and colleagues reported that the mice lacking the anion exchanger 1 have characteristics of complete dRTA and express many features of the human disease [91]. Mice deficient in the anion exchanger 1 displayed a urinary concentrating defect with increased serum osmolarity, decreased urine osmolarity and consequently increased urine output leading to dehydration. The urinary concentrating malfunction correlated with altered expression and localization of aquaporin-2 water channels in principal cells, thus highlighting again that principal and intercalated cell functions are inter-dependent. These studies showed that the anion exchanger 1 plays an important role in maintaining acid-base homeostasis by distal regeneration of bicarbonate in mouse and human kidneys.



Interestingly, Sun and colleagues observed that in AE1 knockout mice, a 4-day acid load increased Slc26a7mRNA and protein levels in both the outer and inner medulla [22]. In agreement with this finding, genetic ablation of SLC26A7 in mouse intercalated cells induced a metabolic acidosis and alkaline urine pH, characteristics of distal renal tubular acidosis [24]. As AE1 knockout mice develop dRTA, increased expression of Slc26a7 cannot compensate for the absence of AE1 and vice-versa.



Carbonic anhydrase II is very abundantly expressed in proximal tubular cells, intercalated cells and in osteoclasts. Patients with a deficiency in carbonic anhydrase II develop intracranial calcifications and mental retardation in addition to renal tubular acidosis and osteopetrosis [98,99,100]. Mice deficient for carbonic anhydrase II develop renal tubular acidosis similar to that of humans deficient in this protein; however osteopetrosis and cranial calcification were not observed in the murine model [101]. These mice displayed a marked down-regulation of proteins involved in acid-base homeostasis in intercalated cells such as SLC26A7, pendrin and AE1 but no change in aquaporin 2 expression was observed [122].



Genetic ablation of pendrin and SLC4A8 confirmed their role in acid-base balance as well as electrolyte homeostasis (Figure 2). Mutated pendrin causes Pendred syndrome, which is characterized by sensorineural deafness and abnormal organification of iodide in the thyroid [102]. Mutations on the gene encoding pendrin rarely cause impaired acid-base balance under ambient conditions [123,124]. However, the lack of renal pendrin expression resulted in a lower bicarbonate excretion than in WT mice, after administration of the aldosterone analogue deoxycorticosterone, and in a severe metabolic alkalosis, characterized by impaired renal ability to properly excrete an excess of bicarbonate in the urine [38]. In addition, sodium and chloride restriction increased urine output, enhanced intravascular volume depletion and hypotension [40]. This is partially due to downregulation of epithelial sodium channel (ENaC) expression that lowers its capacity to preserve sodium [125]. In the apical membrane of the distal convoluted tubule, the thiazide-sensitive sodium/chloride cotransporter NCC compensates for the genetic ablation of pendrin or carbonic anhydrase II [126,127]. Additionally, genetic disruption of the SLC4A8 protein abolished the thiazide-sensitive, amiloride-resistant sodium and chloride reabsorption by type-B intercalated cells [25], confirming the role of this protein in electrolyte reabsorption.



Multiple animal models lacking subunits of the vacuolar H+-ATPase have been generated. Mice lacking the B1 subunit display a mild metabolic acidosis [94] but deletion of the a4 subunit has a more dramatic effect on urine acidification [96], confirming the essential role of this protein in proton secretion into the urine. Recent data support that vacuolar H+-ATPase activity is more important than that of the sodium/potassium ATPase in maintaining cell volume and resting membrane potential in intercalated cells [27].




8. Conclusions and Future Directions


Although the functional role of principal and intercalated cells has been established a long time ago, recent advances highlight that cells in the heterogenous collecting duct have not yet revealed all their secrets. While type-A intercalated cells seem to remain predominantly involved in acid-base homeostasis by pumping protons into the urine and reabsorbing bicarbonate, type-B intercalated cells appear to have a dual role in both regulating acid-base homeostasis and sodium-chloride reabsorption. Thus, principal cells are not the only ones in this nephron segment involved in water and electrolyte reabsorption. It would be surprising if, interspersed within principal and type-B intercalated cells, the role of type–A intercalated cells was restricted uniquely to acid-base balance. Like type-B intercalated cells, type-A intercalated cells are also equipped with proteins that could potentially affect volume homeostasis. For instance, some evidence point to a role of the kidney anion exchanger 1 in type-A intercalated cells in regulation of electrolyte reabsorption, as single nucleotide polymorphisms within SLC4A1 have been associated with the development of hypertension [128].



Many exciting questions remain to be answered. For example, the collecting duct reabsorbs chloride via both a transcellular and a paracellular pathway, but the role and regulation of the chloride paracellular reabsorption in this segment of the nephron remains unclear, as does the impact of this transcellular regulation on paracellular fluxes. Activity of the tight junction protein claudin-4 that is expressed in the collecting duct, is modulated via phosphorylation by aldosterone [129], supporting that paracellular flux of chloride may also be hormonally regulated. Additionally, a number of other molecules that could potentially influence acid-base homeostasis, such as SLC4A4 or SLC26A11 have been identified in these cells but whether they influence either electrolyte or acid-base homeostasis remains ill-defined. Overall, it appears that the up-coming years will potentially provide exciting novel functional roles for all these molecular determinants that will complete our functional picture of these heterogenous cell types in the distal nephron.
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