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|. Definition and morphology

The distal tubule of the mammalian kidney can be defined as the nephron segment between
the macula densa region and the cortical collecting tubule. It comprises several
morphologically and functionally heterogeneous subsegments, reabsorbs 5-10% of the
filtered sodium and chloride under normal conditions, and participates importantly in net K*
secretion. The segment also plays a central role in systemic calcium homeostasis, in
systemic magnesium homeostasis, and in net acid secretion. Inherited disorders of distal cell
function lead to systemic abnormalities of extracellular fluid (ECF) volume and potassium,
calcium, and magnesium balance, confirming the importance of the distal tubule to human
physiology and human disease.

The variable nomenclature sometimes applied to the distal nephron, and segmental and
functional differences between mammalian species, have led to confusion about anatomical
and functional properties. Although the definition of “distal tubule” is precise, the term has
also been used to describe the thick ascending limb (or distal straight tubule) and distal
convoluted tubule (see below). According to this anatomical definition, the connecting
tubule and cortical and medullary collecting ducts form the collecting system. Early
anatomists and physiologists, however, also described a “distal convolution”, which can be
distinguished from the proximal convolution and from straight tubules (171). This distal
convolution corresponds to the distal tubule of the micropuncture literature and comprises
the distal convoluted tubule and connecting tubule (468, 565). Some authors have referred to
the entire region between the macula densa and the confluence as the “distal convoluted
tubule” (339, 340), and when tubule segments were dissected for perfusion in vitro, it has
then been divided into bright, granular, and /ight portions, according to its appearance.

Careful analysis of cell types along the renal distal tubule and of the segment’s physiological
properties, its hormonal responsiveness, and its response to physiological perturbation
indicates that the renal distal tubule comprises four anatomically discrete subsegments (91,
229, 254). These include a short region of cortical thick ascending limb (cTAL), the distal
convoluted tubule (DCT), the connecting tubule (CNT), and the initial portion of the cortical
collecting duct (CCD). Here, the term renal distal tubule will be used to indicate the entire
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region between the macula densa and the CCD. The term diistal convoluted tubule will be
restricted to the segment comprising distal convoluted tubule cells.

Figure 1A shows the microanatomical organization of superficial and juxtaglomerular distal
nephrons. In rats and rabbits, the post macula densa thick ascending limb of superficial
nephrons ascends toward the kidney surface. The length of this post macula densa segment
varies greatly. It is 0-500 um in rabbits and 150 £+ 20 um in rats (105). This segment never
reaches the kidney surface in normal rats, rabbits, or humans (254). In most species, there is
an abrupt transition from TAL to DCT before the tubule reaches the kidney surface. After
ascending toward the kidney surface, DCTs commonly make “hairpin” turns, after which
they return close to the glomerulus (see Figure 1A). Although direct contact of the second
loop of the distal tubule with a more proximal portion of distal tubule or the macula densa is
uncommon, this second portion of the distal tubule frequently does make contact with the
afferent arteriole (106). The physiological significance of this contact is not clear, but it may
participate in resetting the tubuloglomerular feedback (345, 542, 543). The distal convoluted
tubule has been shown to be 1.15 £+ 0.05 mm long in the adult rat, with the entire renal distal
tubule measuring 2.26 + 0.11 mm (105). In all species, the DCT comprises distal convoluted
tubule cells; in most species, intercalated cells begin to appear along the length of this tubule
segment. In rat, mouse, and human, intercalated cells appear in the latter portion of the DCT
and continue through the connecting and collecting tubules; in rabbit, intercalated cells are
found only in the connecting and collecting tubules (254).

Distal convoluted tubule cells (see Figure 1B) are taller than TAL cells and demonstrate
extensive amplification of the basolateral cell membrane (amplification is defined as the
ratio of basolateral membrane area to apical membrane area). The amplification, twofold in
rat and rabbit (254), results from extensive formation of narrow lamella-like lateral
processes. These processes exhibit intermingling with neighboring DCT cells, providing
extensive areas of cell-cell interaction. Encased within these basolateral processes are
mitochondria, which impart a “palisading” appearance to the cells (231). Distal convoluted
tubule cells contain the largest number of mitochondria per unit length of any cell along the
nephron (233). In the basal portion of the cell, the lateral cell processes split into basal
ridges that contain bundles of filaments, believed to anchor the cells to the basement
membrane. Cell nuclei are uniformly located very close to the apical surface, where they
often appear to be flattened by the luminal membrane. Mitochondria are not interposed
between the nucleus and apical membrane but do fill the perinuclear region. The apical
membrane is characterized by numerous short microvilli. Corresponding to the high density
of mitochondria and to the extensive basolateral membrane amplification, the Na*-K*-
ATPase activity is the highest in the DCT of any nephron segment (238, 433).

The CNT lies just distal to the DCT, arising abruptly in rabbits and gradually in most other
species (254). In all species, it comprises predominantly two cell types, CNT cells and
intercalated cells. The microanatomical organization of CNT differs between superficial and
deeper nephrons (see Figure LA). In superficial nephrons, the CNT is an unbranched
segment that flows into the initial portion of the initial collecting tubule, before draining into
a collecting duct. In the rat, the CNT of superficial nephrons was shown to be 0.49 + 0.03
mm in length (105). The connecting tubules of mid cortical and juxtamedullary nephrons
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generally join to form an “arcade’ before draining into a collecting duct, as shown in Figure
1A. These ‘arcades’ then ascend through the cortical labyrinth. As shown in Figure 1A, as
they ascend, additional nephrons empty fluid into them, and it has been suggested that this
serves to prevent the additional of dilute fluid into the collecting duct; as discussed below,
connecting tubule cells express aquaporin 2 (246). These arcades usually run close to an
interlobular artery (246). Only after one or more CNTSs have joined do principal cells appear,
indicating transition to the CCT. It has been suggested that some arcades probably exist in
all mammalian species, but the percentage of nephrons emptying into the collecting duct via
arcades, versus emptying directly, varies (465).

The appearance of CNT cells (see Figure 1B) is the same whether in superficial distal
tubules or in arcades. Connecting tubule cells have been characterized as appearing
intermediate between DCT and principal cells (232). In species such as the rat, where
transitions from DCT to CNT and CCT are gradual, distinguishing DCT, CNT, and principal
cells may be difficult, especially near the junctions between segments (226). However, it is
now clear that CNT cells are distinct morphologically, functionally, and at the molecular
level. Connecting tubule cells demonstrate basolateral cell membrane amplification, as do
DCT cells. However, in CNT cells, more of the amplification results from infolding of the
basal membrane rather than amplification of lateral cell processes (as in DCT cells) (226).
Thus, in the CNT, there is less cell-cell contact than in the DCT. Mitochondria appear
between the basal infoldings, but their number is significantly reduced compared with the
DCT. The nucleus of CNT cells is apically oriented, but unlike in DCT cells, mitochondria
may be observed between the nucleus and the apical membrane. The apical membrane of
CNT cells exhibits fewer apical projections than does the apical membrane of DCT cells.

Il. Electrophysiology

Electrical properties of the DCT, and CNT have been examined in vivo, in rats, using
micropuncture techniques, and in vitro, in rabbit, mouse, and rat. In the rat, experiments
performed in vivo showed that the transepithelial voltage throughout most of the superficial
renal distal tubule is oriented with the lumen negative with respect to the blood (82, 237,
314). Wright (565) first showed that the transepithelial voltage becomes more lumen
negative along the length of the distal tubule, a result confirmed by others (for references,
see (400)). As the transepithelial voltage of the TAL is oriented with the lumen positive,
with respect to the interstitium, the orientation of the transpiethelial voltage transitions
somewhere along the DCT. TAL cells extend 100-300 um beyond the macula densa in both
rabbit and rat (231). Schnermann et al. (435) showed that the first 300 um of rat DCT
secretes NaCl in situ. They suggested that NaCl secretion creates a lumen-positive diffusion
potential, owing to the higher permeability of these segments to Na* than to CI~. When
Wright (565) plotted transepithelial voltage versus percent length along the superficial distal
tubule, a sigmoidal relation was obtained (see Figure 2). The voltage was very low along the
first 40% of the tubule length, rapidly increased in the region between 40 and 60%, and
remained constant along the terminal 30% of tubule length. The region between 40-60% of
distal length was shown by Dorup (105) to be the site at which intercalated cells appear in
the rat and to comprise primarily DCT and CNT cells. This region is also the site at which
all three subunits of the epithelial Na™ channel first appear (524). Thus the transepithelial

Compr Physiol. Author manuscript; available in PMC 2018 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCormick and Ellison Page 4

voltage becomes negative in the region in which molecular pathways that mediate
electrogenic Na* transport appear at the apical membrane. Based on a summary of the data,
a model developed by Weinstein utilized a voltage of =5 mV, oriented with the lumen
negative, for the middle portion of the DCT (554). A model of the CNT, also developed by
Weinstein, estimated a value of =24 mV, oriented with the lumen negative, when aldosterone
was present (555). It is this voltage that drives transepithelial K* secretion.

Figure 2B shows measurements of the transepithelial resistance of rat distal tubules,
measured both in vivo and in vitro. Of note, the resistance is correlated inversely with the
magnitude of the transepithelial voltage and therefore with the distance along the tubule. De
Bermudez and Windhager (95) showed that the resistance of the distal tubule is reduced by
arginine vasopressin, an effect that is more pronounced along the last 50% of distal tubule
length than along the first half of distal tubule length. The decline in transepithelial
resistance along the distal tubule probably reflects the larger component of electrogenic
transport in more distal regions. Unfortunately, transitions between segments of rat distal
tubules are gradual, so that inferences concerning properties of individual segments must be
made cautiously.

In contrast, transitions between segments of the rabbit distal nephron are abrupt, making it
possible to isolate specific nephron segments for study in vitro. Unfortunately, despite
discrete segmentation of the rabbit distal nephron, a great deal of variability has been
observed in studies of rabbit distal segments perfused in vitro; this is now believed to reflect
difficulties in identifying and perfusing discrete segments. Two studies during the 1970s
indicated that the voltage of the rabbit DCT is large and oriented with the lumen negative,
with respect to the bath (180, 215). Subsequently, later studies, however, obtained voltages
that are much lower (351, 451, 454, 525). There are several explanations for the differences
in transepithelial voltage between studies performed before 1980 and those performed
subsequently. In the early experiments, the perfused DCT segments were as long as 800 pm
(180). As noted by Imai and colleagues (452, 454), DCT segments are usually <500 pm in
length in rabbits, and it is likely that the longer DCT segments contained CNT cells as well
as DCT cells. Velazquez et al. (525) harvested DCT from rabbits in the usual manner by
cutting at the transition from TAL to DCT and at the junction with the CNT. Each DCT
segment was then transected a second time at its midpoint. When the proximal segments
were perfused in vitro, the transepithelial voltage was 0 mV and was amiloride resistant. In
contrast, when the more distal segments (still “DCT” segments) were perfused in vitro, the
transepithelial voltage was lumen negative (-4 mV) and could be inhibited by amiloride.
These results suggest that the large transepithelial voltages obtained from early studies
resulted, in part, from contamination by CNT cells. A second cause for variability of
membrane voltages is the tubule perfusion rate. The transepithelial voltage of distal nephron
segments varies inversely with tubule perfusion rate and with perfusion pressure (180).
Although the mechanisms by which perfusion pressure and flow rate affect voltage are not
understood fully, the same effect is observed in vivo, during perfusion of distal tubules
(169). Regardless of the mechanisms by which luminal flow rate affects the transepithelial
voltage, it appears that most measurements of transepithelial voltage in earlier studies were
obtained using lower perfusion pressures. If one uses data from more recent studies, the
values for rabbit tubules are similar to those of rodent tubules.
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When CNT are perfused in vitro, they are usually obtained from arcade segments (see Fig.
1A), not from superficial distal tubules. Thus data on the properties of rabbit CNT cannot be
compared directly with data on properties of “mid” or “late” segments of rat distal tubules.
Nevertheless, both morphological and molecular information suggest that CNT from arcades
are similar to CNT from superficial distal tubules (18, 84, 125, 367). The transepithelial
voltage of CNT from rabbits perfused in vitro has ranged between 5 and 27 mV, oriented
with the lumen negative with respect to the bath. As is the case for other tubule segments,
the voltage of CNT varies inversely with perfusion pressure; the highest voltage (=27 mV)
reported for this segment was obtained at a very low perfusion rate (215).

Claudins form the predominant permeability barriers across tight junctions. Along the DCT,
paracellular solute transport is likely to be relatively modest (554), suggesting that
paracellular permeability is low. Three claudins, 3, 7, and 8, have been reported to be present
along the DCT (202), although claudin 7 was found at the basolateral membrane, rather than
tight junctions. The appearance of claudin 8 appeared quite specific for the DCT (284).

The discussion above has focused primarily on a morphological or anatomical definition of
the distal tubule. This nephron segment clearly plays important functional roles, as will be
discussed below. The major ion transport pathways expressed by the cells of the distal tubule
have largely been identified, and the hormonal receptors involved in regulating it have
largely been identified.

lll. Solute and water transport

A. Water transport

Distal convoluted tubule cells do not express aquaporin-2 (AQP2) (85); thus, the DCT forms
the terminal diluting segment of the kidney. As AQP3 and AQP4 are typically expressed in
cells that express AQP2, these also may not be expressed by DCT cells (85).

B. Sodium and chloride transport

1. Rates of Na* and CI~ transport—Information about the quantitative contribution of
the distal tubule to renal NaCl transport derives primarily from micropuncture experiments
in rats. Sodium chloride delivery to the distal tubule depends on extracellular fluid (ECF)
volume status. When ECF volume ranges from low to high, Na* delivery to the superficial
distal tubule ranges from 4 to 20% of the filtered load (126, 240, 241, 314, 385). Because
solute is reabsorbed by TAL cells, but water is not, the Na*™ concentration in the lumen of the
first accessible segments of distal tubules ranges from 35 to 77 mM (168). It should be
recalled, however, that solute delivery to distal segments accessible to micropuncture reflects
the actions of a segment of TAL that lies distal to the macula densa (the post macula densa
TAL) and a short segment of the DCT. To overcome these limitations, Schnermann and
colleagues used Munich Wistar rats, which have post macula densa segments accessible at
the kidney surface (435), and showed that luminal Na* and CI~ concentrations rise as fluid
flows from the macula densa into the DCT, owing to Na* and CI~ secretion. Thus solute
delivery to the most proximal portions of the DCT may be overestimated by measurements
taken in superficial distal tubules. Under basal conditions, in the rat, transepithelial Na*
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reabsorption is approximately 200 pmol-min~1-mm=1 (554). When Na* delivery to the DCT
is varied, however, Na™ transport also varies directly; thus Na* reabsorption is load-
dependent. Khuri et al. (241) and Kunau et al. (257) increased distal Na* delivery by
infusing saline or urea-saline into hydropenic animals. Both groups found that
approximately 80% of the delivered Na* load was reabsorbed along the distal tubule. When
volume expansion was more extreme, however, Kunau and colleagues found that fractional
Na* reabsorption declined to 40% (257). Although this suggests that the distal tubule
responds to extracellular volume expansion by reducing the fractional NaCl reabsorption,
Diezi et al. (102) could not detect a change in distal fractional reabsorption, if the delivered
load was kept constant, suggesting that the distal tubule is not subject to the effects of the
‘physical factors’ that alter transport along the proximal tubule.

Velazquez and colleagues (519) were the first to study the mutual dependence of Na and Cl
transport along the DCT systematically. They found that Na* transport along the distal
tubule is linearly dependent on the luminal concentration of Na*, between 10 and 100 mM,
when the luminal CI~ concentration is maintained constant. Similarly, they found that CI~
transport along the distal tubule is linearly dependent on the luminal CI~ concentration,
between 10 and 100 mM. In addition to dependence on the concentration of the transported
molecule, however, these investigators also reported that Na* transport is dependent on CI~
concentration and that CI~ transport is dependent on Na* concentration; the molecular
mechanism responsible for this mutual dependence is now known to be the thiazide-sensitive
Na-ClI cotransporter (NCC, encoded by SLC12A3) (see below).

When luminal NaCl delivery increases, much of the increased NaCl transport along the
distal tubule traverses the NCC, although some Na* traverses pathways that do not saturate.
In microperfused rat distal tubules, raising the luminal NaCl concentration twofold increased
transepithelial Na* transport by a factor of 3; this increase could be blocked entirely by
luminal chlorothiazide (129). The dependence of transepithelial NaCl transport on luminal
NaCl concentration probably results from a dependence of NCC on extracellular Na* and Cl
~ concentrations, as modeled by Weinstein (554), although regulatory mechanisms also
contribute.

2. Mechanisms of Na* and CI~ transport—Pathways for Na*™ and CI~ transport across
the mammalian distal tubule have been investigated using functional, optical,
electrophysiological, immunological, radioligand, and molecular techniques. These
pathways are shown Table 1 and in Figure 3.

a. Na*-K*-ATPase: The Sodium-potassium-ATPase (Na*-K*-ATPase) is expressed at the
basolateral membrane of DCT cells, CNT cells, and cells of the collecting tubule. It provides
the primary driving force for Na* transport across all three segments by keeping the cellular
Na* concentration low and the cellular K* concentration high (236). The Na*-K*-ATPase
also contributes to making the inside of the cell electronegative with respect to the outside,
both because it is electrogenic (moves 3 Na* out and 2 K* in) and because it generates large
ion concentration gradients. Distal convoluted tubule cells express the highest Na*-K*-
ATPase activity of any nephron segment (107, 117, 152, 233, 238), an observation that
mirrors the extensive amplification of their basolateral cell membrane and the abundance of
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mitochondria (233, 271). Connecting tubule cells also express high levels of Na*-K*-ATPase
activity, but the activity of principal cells is much lower.

The Na*-K*-ATPase and the H*K*-ATPase share a great deal of structural homology. They
are both composed of an a.-subunit that is predicted to span the membrane 10 times and a -
subunit that spans the membrane once in a type Il orientation. During the biosynthesis of
these pumps, the B-subunits assemble with the a-subunits in the endoplasmic reticulum.
Formation of the a-p complex appears to involve interactions between the cytoplasmic,
extracytoplasmic, and transmembrane domains of the proteins and may be assisted through
the involvement of chaperone proteins (111). Subunit assembly is required for the
holoenzyme complex to reach the plasma membrane (111).

The Na*-K*-ATPase is also associates with an FXYD protein (reviewed in (154)), which has
been characterized as a fine-tuning modulator of the Na*-K*-ATPase expressed in kidney
tissues. This small single transmembrane domain protein interacts with the a subunit of Na*-
K*-ATPase to increase affinity for ATP and decrease affinity for Na* allowing medullary
cells to continue pump activity under reduced cellular ATP levels. The FXYD subunit is
undetectable in kidney cell cultures grown under isotonic conditions and expression is
induced with acute or chronic exposure to hypertonicity. The FXYD subunit demonstrates
remarkable regulatory complexity including induction by chloride ions rather than sodium,
the differential expression of at least 2 isoforms, involvement of separate MAP kinase
signaling pathways for transcription (JNK) and translation (P13K) as well as cell type
regulation of expression. Mutations of this subunit, surprisingly, cause a disorder of
magnesium wasting (see below) (413).

b. Thiazide-sensitive Na-Cl cotransporter: A dominant pathway by which Na* enters
DCT cells across the apical membrane is NCC (see Figure 3) (18, 43, 367, 390, 586).
Thiazide diuretics were shown nearly 40 years ago to inhibit Na* transport along the
superficial distal tubule (258), but the nature of the transport pathway(s) inhibited by these
diuretics remained obscure. As noted, Velazquez et al. (519) showed mutual dependence of
Na* and CI~ transport along the DCT. Stokes (474) reported that thiazides inhibit a coupled
electroneutral NaCl cotransport pathway in the bladder of the winter flounder and suggested
that it might be a related pathway. Ellison et al. (129) reported that a thiazide-sensitive
electroneutral transport pathway mediates the majority of Na* and CI~ transport by the
‘early’ distal tubule (DCT). Gamba et al. (151) isolated and cloned the electroneutral NaCl
cotransporter from the bladder of the winter flounder; they also showed that this protein
(now known as NCC) was structurally similar to a protein from the distal nephron of rats
(150). The NCC was subsequently cloned from human (457), mouse (259), and rabbit (520).
NCC is homologous to the bumetanide-sensitive Na-K-2Cl cotransporters (both secretory
and absorptive isoforms (149), and to the K-CI cotransporters (149). These transporters are
members of the cation chloride cotransporter family; genes for this family are identified as
members of the SLC12family; NCC derives from SLC12A3 (149).

The mammalian NCC has a core size of 110 kDa (in rat, it is 1002 amino acid residues in
length), but because it is glycosylated, runs between 125 and 180 kDa on Western blots (43,
390). It comprises 12 membrane-spanning domains, with amino and carboxyl termini within
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the cytoplasm. The protein is glycosylated on two asparagine residues on the fourth
extracellular loop (200); deletion of both glycosylation sites (but not either one alone)
creates a protein that is not functional (200). Although the cation chloride transporters have
not yet been crystallized, data obtained by crystallizing related amino acid polyamine
organocation superfamily members, AdiC and ApcT, were used to model NKCC1 (461).
The model, which probably shares several aspects with the closely related NCC, is
consistent with the structure suggested above.

The site(s) at which thiazide diuretics, Na*, and CI~ bind to the transporter have remained
obscure, owing to conflicting data. Tran et al. (499) showed that CI~ competitively inhibits
[3H]metolazone binding to kidney membranes, suggesting that the diuretic binds to the
anion site on the transporter. Chang and Fujita (70) proposed a kinetic model in which
binding of ions and diuretics can be approximated by a state diagram. The transport protein
is postulated to possess two ion-binding sites: one for anions and DCT diuretics and one for
cations. Rate constants can be devised that permit the behavior of the model system to
correspond to the behavior of the protein under a variety of physiological conditions.
Alternatively, Monroy and colleagues (338) used data from NCC expressed in Xenopus
/aevis oocytes to show that the concentrations of both Na* and CI~ affect the affinity of
thiazides for NCC. The higher the concentration of both ions, the lower the thiazide-induced
inhibition of NCC function. For example, the 1Cgq for metolazone inhibition of NCC was
shifted by one order of magnitude to the left when either CI~ or Na* was decreased from 100
to 2 mM (338); final answers concerning sites and mechanisms of diuretic binding to NCC
await further structural data.

Expression of NCC is limited to the DCT in all species studied to date. While thiazide
diuretics can inhibit transport along the proximal tubule (112, 140) and collecting duct
(492), under some conditions, these effects are related to inhibition of transport proteins
other than NCC (280). Although NCC expression is limited to the DCT, there are species-
specific differences in the distribution of transport proteins along the distal tubule. In rabbit,
NCC expression is limited to DCT cells and ends abruptly at the transition to CNT (18,

520). In human, rat, and mouse, however, expression of NCC extends from the proximal end
of the DCT through a transitional segment (17, 43, 301, 302, 367). This transitional segment,
referred to as the DCT2 or ‘late DCT’ (367), shares properties of the distal convoluted and
CNT; it will be described more fully below.

Kinetic characteristics for NCC, with respect to its substrates, Na* and CI~, are now well
defined. Before the protein was cloned, in vivo microperfusion data showed that the luminal
K1/> concentrations for transport were 9 mM for Na* and 12 mM for CI~ when the
counterion was kept constant (519). These values are slightly above those obtained by
expressing the cotransporter in Xenopus oocytes, (338). These values are highly dependent
on the experimental conditions used, and when modeling the kinetics of NCC, Weinstein
integrated data from a variety of conditions to derive a best-fit model that incorporates
varying concentrations of both ions (554); in this case, the apparent K1/, values for both Na*
and CI* are below 5 mM.
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The role of NCC has also been studied using knockout approaches. A global NCC knockout
exhibited hypomagnesemia and hypocalciuria, both cardinal features of human Gitelman
syndrome (see below). The mice were reported to be normotensive at baseline, during
anesthesia, although blood pressure was low when consuming a low salt diet (439).
Abnormal sodium losses were not observed in those mice. A subsequent study showed that
dietary KCI deprivation, which had little effect on plasma K* in wild type mice, caused
substantial hypokalemia in NCC™/~ mice (344). Interestingly, however, a mouse model that
more closely resembles Gitelman syndrome, in which a Gitelman-mutant NCC was
‘knocked in’, did have substantial hypokalemia and hypotension at baseline (584). Reasons
for the differences between the two models are unclear at this time.

c. Sodium proton antiporter: A second major apical Na* transport pathway of the DCT is
NHEZ2, which is coexpressed with the NCC (68). Micropuncture studies suggest it transports
substantial amounts of Na*, but that it may be activate primarily when distal bicarbonate
delivery is high (546) (see below, for further discussion). Although NHE3 has been detected
at the apical surface of TAL cells, it does not appear to be expressed by DCT (9). The
“housekeeping” isoform of the Na*/H* exchanger, NHE-1, has been localized by
immunocytochemistry to the basolateral surface of DCT cells in rabbit (29).

d. Other sodium entry pathways: At least in some species, the DCT also expresses the
amiloride-sensitive Na* channel, ENaC. While early studies reported ENaC along the DCT
(109), the method for identifying the DCT was not defined explicitly. In rats and mice, there
is now clear evidence for a segment of the distal nephron in which ENaC and NCC are co-
expressed, at the molecular level (17, 298, 434). This correspondence occurs in the segment
defined originally by Bachmann and colleagues as the DCT2 (also called the ‘late’ DCT),
based on coexpression of NCC with the Na*/Ca?* exchanger (367). The relative length of
the segment in which NCC is co-expressed with ENaC, and its physiological role, remain
subjects of debate. Most evidence suggests that the DCT2 is approximately one third as long
as the DCT1. Of note, when rats are treated with thiazide diuretics chronically, to block
NCC, cells of the DCT1 undergo apoptosis (300); similarly, when NCC is deleted
genetically, the DCT1 does not develop (303). These data suggest that expression of NCC is
essential for both the development and maintenance of DCT1 structure and function.

e. Chloride channels: As noted above, Na* exits DCT cells across the basolateral
membrane via the ubiquitous Na*-K*-ATPase, (see Figure 3). Chloride, however, exits the
cell primarily via two pathways, a KCI cotransporter and a chloride channel. Cellular
chloride activity is maintained above electrochemical equilibrium in DCT cells by NCC.
There is both functional and molecular evidence for a basolateral chloride channel in the
DCT; the channel has a conductance of 9 pS and is inhibited by phorbol ester (307). This
channel is probably a member of the CIC family of chloride channels. Rodent chloride
channels are CIC-K1 and CIC-K2, which are homologous to the human channels CIC-KA
and CIC-KB, respectively (242). Vandewalle et al. (516) detected CLC-K1 and CLC-K2 in
microdissected Sprague-Dawley DCT segments; immunocytochemical analysis, using an
antibody that recognized both CLC-K1 and CLC-K2, demonstrated abundant labeling of the
DCT basolateral membrane (516). In contrast, Uchida et al. (502) did not detect expression
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of the CLC-K1 by DCT segments. Yoshikawa et al. (590) used in situ hybridization,
combined with immunocytochemistry with known markers, to identify sites of CLC-K
expression. Whereas CLC-K1 was expressed in the medulla, CLC-K2 was expressed
throughout the TAL, DCT, and CNT. Similar results have been obtained for humans for CIC-
KB. Weinstein argues, based on known conductive properties of the DCT (306, 307) and on
mathematical modeling, that the majority of transcellular chloride flux must traverse a
coupled transporter, yet, there is strong evidence for a role of CIC-KB in mediating
basolateral Cl exit from DCT cells, as patients with mutations in CLCNKB exhibit a clinical
syndrome that includes some features of typical Gitelman syndrome, combined with features
of Bartter syndrome (444).

f. Potassium chloride cotransporters: A second pathway for CI~ exit from DCT cells is a
K-CI cotransporter. Functional evidence for K-CI cotransport across DCT cells had been
reported several years ago, where it was speculated to be either in the apical or basolateral
membrane (128, 527). Jentsch and colleagues could not detect KCC4 in DCT cells, and
found that its deletion did not affect intracellular chloride (38). They detected this isoform
on the basolateral membrane of alpha intercalated cells, however, and found that mice
lacking KCC4, develop metabolic acidosis (38). Gamba and colleagues recently confirmed
that KCC4 is expressed at the basolateral membrane of alpha intercalated cells (332). More
recently, however, Velazquez and colleagues found that KCC4 is expressed along rabbit
DCT (523). In humans, KCCL1 has been reported to be expressed widely, including along
DCT (285). Based on conductive properties of the peritubular membrane of the DCT,
Weinstein (554) found that DCT models require that the predominant C!~ exit pathway along
this segment must be coupled; conductive CI~ movement could not be sustained by known
parameters.

g. Other transporters: An isoform of the anion exchanger, AE2, has also been detected
along the DCT, and substantial bicarbonate reabsorption may traverse this pathway. Other
Na* entry pathways have been detected in DCT cells in some species.

h. Connecting Tubule Transporters: Although the focus of this review is the DCT, a
summary of mechanisms of Na* and CI~ transport by CNT cells will be presented. Early
studies showed that rabbit CNT isolated and perfused in vitro transport Na* and K* and
exhibit a transepithelial voltage oriented in the lumen-negative direction (7, 215). Rates of
Na* transport were reported to be ~20 pmol-cm=1.s71, which is three or four times as great
as rates in isolated CCD but similar to rates in isolated DCT segments perfused in vitro. Like
DCT segments, CNT express the Na*-K*-ATPase at their basolateral surface. Although Na*-
K*-ATPase expression levels are lower than in the DCT, they are higher than in the CCT
(238).

Although early studies reported substantial effects of thiazide diuretics on transport along
the connecting tubule (452, 454), molecular results have shown clearly that CNT cells do not
express NCC (18, 367). In contrast, it is now very clear that ENaC is expressed at the apical
surface of CNT cells, where is participates importantly in Na* transport (17, 301, 434).
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A role of CNT cells in mediating transepithelial chloride transport has not been well
established, but intercalated cells clearly do play a role. In this respect, type B intercalated
cells express the anion exchanger pendrin (541), which has been recognized increasingly for
its role in systemic NaCl homeostasis (11, 460).

i. Transport Models: Models of the distal tubule have been developed. Fujita and
colleagues (69, 71) developed a model that incorporated the effects of both thiazide diuretics
and amiloride. The model incorporated 40 initial parameters and could successfully predict
the behavior of the tubule during exposure to thiazide diuretics and amiloride. A more recent
model created by Weinstein (554) shared many properties, but it did not assume that cells
are rigid. Further, Weinstein was able to use newer kinetic data for NCC derived using a
mammalian form, rather than the flounder bladder form. It used values for electrolytes and
pH present in the first segments of the DCT. It suggested a value of the transepithelial
voltage of =5 mV. The model suggested a surprisingly large component of Na* transport
along this segment by NHE2 of 121 pmol-min~1-mm~1, compared with transport by NCC of
only 95 pmol-min~1-mm™1. It should be noted, however, that these rates were only along the
most proximal portion of the DCT. After a short distance, NHE2 activity was modeled to
decline substantially, so that later segments were primarily dependent on NCC. This would
be consistent with the observation of Wang and colleagues that an inhibitor of NHE2 had
little effect under usual conditions, but did when distal bicarbonate delivery was high (19).

Weinstein has incorporated several additional features in his DCT models (552, 554, 556).
First, he showed the effects of concatenating the DCT with the CNT on diuretic effects. In
focusing on effects of diuretics on urinary acidification, his models predicted that increasing
distal Na* delivery (modeling ECF volume expansion) should have little effect on urinary
acid excretion. In contrast, administration of thiazide diuretics should shift the predominant
Na™ reabsorptive pathway along the DCT from NCC to NHEZ2, thereby enhancing acid
secretion, contributing to metabolic alkalosis. Most recently, Weinstein has concatenated the
DCT, CNT and CD in his model, to explore the basis for maintaining K* excretion during
anti-natriuresis. Potassium excretion is maintained constant in the high aldosterone state of
volume contraction because angiotensin Il dependent activation of DCT sodium
reabsorption reduces sodium delivery to the CNT, while ENaC and Na*/K*-ATPase are
activated by aldosterone. As a consequence, sodium/potassium exchange remains constant.
In contrast, states of potassium loading will stimulate K* secretion along the CNT, while
maintaining distal Na* delivery; this combination will lead to kaliuresis (552-556).

3. Regulation of Na* and CI~ transport

a. Dietary salt, aldosterone, and angiotensin 11: One of the major advances of the past two
decades has been the realization that NaCl transport by the DCT is adjusted to meet
physiological needs. Many of the important regulatory factors are shown in Figure 4. Prior
to 1985, most investigators believed that rates of Na* transport along the distal tubule were
modulated primarily by delivered load, not by hormones and cytokines (227, 228). Most
subsequent work, however, has suggested that NCC is strongly activated by dietary NaCl
deprivation, and that this effect contributes importantly to homeostasis. In 1989, Ellison and
colleagues showed that dietary NaCl restriction increases thiazide-sensitive Na-Cl
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cotransport by perfused distal tubules (126). As perfusion controlled rates of Na*, Cl~, and
fluid delivery, these results established that the activity of the transporter is enhanced.
Fanestil and colleagues reported that dietary NaCl restriction did not increase the density of
[3H] metolazone binding sites in kidney (130), where [2H]-metolazone binding sites were
taken surrogates for the number of thiazide-sensitive NCCs. Gamba and colleagues (341)
reported that the same intervention failed to increase NCC mRNA, whereas in 2012, Lai
(263) found a twofold increase in NCC mRNA, using the same intervention. Nevertheless,
Kim and colleagues (244) found that dietary NaCl restriction increased the abundance of
NCC protein, a finding now widely confirmed. This increase was later shown to occur
within 3 days (317) and persist for at least 10 days. McDonough and colleagues (424)
showed that dietary NaCl loading caused NCC to redistribute from an apical compartment to
an intracellular one. Uchida and colleagues (78) and Vallon and colleagues (503) showed
that dietary NaCl restriction increased the abundance of both total and phosphorylated NCC,
with an exaggerated effect on the phosphorylated (activated) moiety. Palmer and colleagues
(146) could not detect any effect of dietary NaCl restriction on total NCC abundance, but did
find a substantial effect on NCC located at the plasma membrane. Taken together, these
results strongly suggest that NCC is activated during dietary NaCl restriction, that this effect
occurs at the protein, and perhaps message level, that the abundance of the phosphorylated
apical membrane associated form of the transporter is especially increased, and that these
effects have physiological relevance.

i. Aldosterone: Given the modulation of NCC activity by dietary salt, it is not surprising that
effort has focused on the role of the renin/angiotensin/aldosterone system in signaling to
NCC. Here, we will address the roles of angiotensin 11 and aldosterone on NCC abundance
and activity. Hierholzer et al. (190) showed that adrenalectomy increases the tubule fluid-to-
plasma Na* ratio in distal tubules, along the entire length. In retrospect, these data suggest
that aldosterone activates transport along the DCT, especially the DCT2, as well as the CNT,
but this conclusion was long ignored. Studies using isolated dissected rabbit kidney tubules
detected minimal binding of [3H]-aldosterone to DCT segments (108, 135-137), leading
many to conclude that the DCT is not part of the aldosterone-sensitive distal nephron
(ASDN). Yet [3H]-aldosterone binding was detected along the DCT, at higher aldosterone
concentrations (1.5-20 nM) (136). Similar results were obtained in rats, in which binding to
DCT segments was detectable at 2 but not 0.2 nM [3H]aldosterone (136). The metabolic
enzyme 11B-hydroxysteroid dehydrogenase type 2 (11HSD?2) plays a central role in insuring
that most mineralocorticoid receptors (MR) are not bound by cortisol (or corticosterone, in
rodents) by metabolizing glucocorticoid hormones. Bostanjoglo et al. (43) showed that
11HSD?2 colocalizes with NCC in rat distal tubules. In rabbit, Velazquez et al. (520) showed
that 11HSD2 message colocalizes with NCC (520). In the rat, although 11HSD2 was
expressed by DCT cells, expression was not uniform (43). It was present at low to
undetectable levels in the DCT1 (the most proximal portion of the the DCT) and at higher
levels along the DCT2 (the more distal portion of the DCT). Even along the DCT2, however,
expression of 11HSD2 was lower than expression along the CNT. In the mouse, the segment
co-expressing 11HSD2 with NCC appears to be shorter than in rat, but an area of dual
expression is clearly present (55).
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More recent studies using PCR and immunofluorescence provide additional interesting
insights into steroid hormone action along the DCT. Ackermann and colleagues (3) used RT-
PCR to show GR is expressed all along the nephron. MR, in contrast, were expressed only
along the TAL, DCT, CNT, and CD. This group also used immunofluorescence to show co-
expression of both GR and MR in nuclei from DCT segments that express NCC. When
animals were placed on a high NaCl diet, to suppress endogenous aldosterone secretion, MR
was no longer expressed in the nucleus the DCT2 (where 11HSD2 is expressed). In contrast,
high NaCl diet did not suppress MR nuclear localization along the DCT1. Together, these
data suggest that MR plays an important role all along the DCT and CNT. Along the DCT1,
it appears likely that MR are occupied predominantly by glucocorticoids, as there is little
11HSD?2 to degrade glucocorticoids there. In contrast, it appears that MR along the DCT2
are likely responsive primarily to aldosterone, because 11HSD?2 is more highly expressed
here, making this segment more responsive to ECF volume status.

Abundant functional data confirm the importance of mineralocorticoid hormones in
regulating NaCl transport by DCT. Chen et al. (74) and Velazquez et al. (517) reported that
mineralocorticoid and glucocorticoid hormones increase the number of [3H]-metolazone
binding sites when administered to adrenalectomized animals. The combination of
glucocorticoid and mineralocorticoid hormones increased the number of receptors more than
did either hormone alone. Velazquez et al. (517) showed that aldosterone strongly simulates
thiazide-sensitive NCC activity. In those experiments, thiazide-sensitive Na-Cl cotransport
was barely detectable in adrenalectomized rats. Doses of of either aldosterone in the upper
physiological range or dexamethasone increased transport capacity by up to 20-fold (517).
The increase in ion transport did not result only from increases in luminal NaCl delivery,
because they persisted when the luminal NaCl delivery was controlled by microperfusion.

Kim et al. (244) showed that aldosterone increased expression of thiazide-sensitive NCC, as
determined by Western blot and immunocytochemistry of rat kidney cortex. Abdallah and
colleagues reported that chronic furosemide infusion, which increases distal solute delivery,
increases angiotensin 11 and aldosterone concentrations, and reduced serum K*
concentration increases NCC abundance (1). This effect was attenuated, though not
prevented, by spironolactone. As noted above, Uchida and colleagues (78) reported that
dietary NaCl restriction increased the abundance of pNCC; they found that this effect could
be inhibited by spironolactone and concluded that mineralocorticoid actions were primarily
responsible. Van der Lubbe (513) showed that the effects of aldosterone on pNCC
abundance occurred, even when circulating angiotensin 11 levels were suppressed by
losartan, proving that the effects are not exclusively through angiotensin II.

There is some evidence for mechanisms by which aldosterone stimulates NCC. SGK1, a key
early aldosterone signaling protein, is expressed along the DCT (334) and can activate NCC.
Mice in which SGK1 has been knocked out constitutively do not fully activate NCC, in
response to a low NaCl diet (139). Even more strikingly, mice in which SGK1 is deleted
during adulthood (using the Pax8/rTA system) have an 80% reduction in NCC protein
abundance, without any change in NCC message (133). Recently, some information about
mechanisms of aldosterone’s effect on NCC has begun to emerge. Two different
mechanisms of SGK-1 action on NCC have been considered. “ then state Rozansky et al.
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showed that SGK1 supresses the inhibitory activity of WNK4 on NCC as expressed in
Xenopus oocytes (see section I11.b.iv.). More recent studies by Staub et al. revealed SGK-1
modulates NCC in a similar fashion it modulates ENaC. Rozansky and colleagues (419)
showed that SGK1 suppresses the inhibitory activity of WNK4 on NCC, as expressed in
oocytes (see section Il1.b.iv.). More recently, studies by Staub et al. (13, 134, 415) revealed
that SGK1 modulates NCC much like it regulates ENaC. Those investigators showed that
NEDD4-2 can associate with NCC, via a non canonical motif, and enhance its ubiquination.
Ubiquitination is a common signal for proteins to be removed from the plasma membrane.
When NEDDA4-2 is genetically deleted along the nephron, NCC abundance rises
substantially, NCC is more active functionally, and salt-sensitive hypertension results (416).
Although these effects suggest a direct effect of aldosterone on NCC abundance and activity,
it remains possible that the hypokalemia often induced by aldosterone contributes to
activation (503, 514), during exogenous infusion, and from angiotensin Il (62), during ECF
volume contraction.

Interestingly, the DCT has also been proposed to contribute to the phenomenon of
aldosterone escape. Although aldosterone is a potent sodium-retaining hormone and
contributes importantly to NaCl retention during ECF volume depletion, aldosterone’s
effects on NaCl excretion wane, when aldosterone concentrations are high inappropriately,
as during exogenous infusion or primary hyperaldosteronism; this effect has been termed
aldosterone or DOCA escape; this phenomenon should be distinguished from the secondary
rise in aldosterone concentration that occurs during chronic pharmacological blockade of
angiotensin 1 signaling (438). Escape from aldosterone corresponds temporally to a
reduction in the abundance of the NCC (550). Thus, while effects along the more proximal
segments play a major role in this phenomenon (250), it appears that effects on NCC
abundance also contribute. Thus, the increase in NCC and pNCC abundance that occurs
secondary to aldosterone infusion wanes over time, as chronic treatment of rats with
aldosterone led to secondary declines in NCC abundance (550). This phenomenon was
shown to be independent of NO, which is also known to modulate NCC (501).

ii. Angiotensin 11: There is also compelling evidence that angiotensin Il increases the
abundance and activity of NCC. As noted, dietary NaCl restriction, which stimulates both
angiotensin Il production and aldosterone secretion, increases NCC activity (127). Brooks
and colleagues and Terker and colleagues (493) both found that NCC abundance is normal
in AT1 receptor knockout animals, but these mice have reduced NCC abundance (by 44%)
when consuming a low salt diet (51). Beutler and colleagues detected no effect of
candesartan on NCC abundance, during dietary NaCl restriction (27), but Ecelbarger and
colleagues found that chronic treatment with candesartan decreased NCC abundance and the
magnitude of the diuretic response to hydrocholorthiazide (310). Kwon and colleagues (261)
reported that 7 days of angiotensin infusion did not affect membrane NCC abundance,
whereas Van der Lubbe (512) found that angiotensin Il infusion did increase NCC
abundance and did so in the absence of changes in mineralocorticoid levels. Gamba and
colleagues showed that angiotensin 11 increases NCC activity, when expressed in oocytes, in
a manner that required WNKA4 (see below) (423); the same group went on to show that mice
deficient in WNK4 could not respond to angiotensin or low salt diet, suggesting that WNK4
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plays a key role in the angiotensin 1l effect (62). During angiotensin Il infusion, a high salt
diet leads to a secondary decrease in the abundance of NCC (501), suggesting some escape
from its effects, but a recent study of chronic angiotensin Il infusion showed that proximal
sodium transporting proteins down regulated, whereas distal ones remained activated (354).
The mechanism for this process remains unknown, but it was shown to be independent of
nitric oxide signaling.

To transport ions, NCC must be phosphorylated (see Figure 4C and 4C). When expressed in
oocytes, mutations that disrupt phosphorylation at T58 (rodent numbering) reduce transport
activity substantially, mutations at S71 have moderate effects, and mutations at T53 have
only modest ones. Mutation of all three residues essentially eliminates function, and the
response to intracellular chloride depletion (376), and in vivo, phosphorylation appears to be
cooperative, as many investigators have observed concordance between phosphorylation at
the three sites. In oocytes, mutation of the three key residues does not affect the abundance
of NCC at the plasma membrane, suggesting that they affect substrate turnover (376); this
conclusion, however, was disputed by Alessi and colleagues, who observed membrane
translocation of NCC when an aspartic acid mutation was introduced at T60 (409). Despite
this, it seems clear that the phosphorylation-defective NCC lacks the ability to transport
NaCl, even if it gets to the membrane. As will be discussed below, serine/threonine protein
kinase 39 (SPAK) is one of the most important kinases contributing to activation of NCC by
phosphorylation and both SPAK and OSR1 have been shown to phosphorylate NCC at these
three residues, in vitro (Figure 4B) (408). Interestingly, the centrality of phosphorylation at
T60 in humans (T58 in rodents) is confirmed by the phenotype of individuals who inherit a
mutation of that residue; those individuals manifest classic Gitelman syndrome (291, 312,
445, 446), indicating severe transporter dysfunction.

Although many aspects of NCC regulation remain conjectural, Figure 4C shows
schematically possible steps required to regulate NCC. Once synthesized, the protein must
move to the plasma membrane. Most evidence suggests that NCC is not phosphorylated
until it is inserted into the plasma membrane, as several groups have reported that
phosphorylated NCC is never detected in subapical vesicles or intracellular sties (274, 382).
As noted, Gamba and colleagues showed, in oocytes, that trafficking of NCC to the plasma
membrane is not affected when all three crucial phosphorylation sites are mutated (376).
Fenton and colleagues recently developed a novel MDCK line that expresses NCC (417).
They found that NCC trafficking to the plasma membrane was constitutive and did not
change when NCC was either stimulated (by low chloride hypotonic environment) or
inhibited. Those workers also found that NCC is removed from the plasma membrane by
clathrin-dependent mechanisms, and appeared to be dependent McCormick and colleagues,
who found that SPAK deletion did not affect the ratio of apical to intracellular NCC (326).
Yang and colleagues also reported that phosphorylation of NCC at T58 prolonged its
residence in the plasma membrane of MDCK cells, (581), a finding confirmed by Fenton
and colleagues. This suggests that phosphorylation should have an effect on the relative
abundance of NCC in the membrane; in support of this, Yang and colleagues reported that
patients who inherited a T60M mutation in NCC excreted less NCC in their urine (581), but
it should be noted that deletion of NCC causes striking atrophy of the DCT, and that total
NCC abundance is generally low in this situation (303), so that reduced excretion may
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reflect reduced abundance and not altered trafficking. Interestingly, early work on WNK4,
using oocytes, suggested that it regulated NCC primarily by altering trafficking to or from
the plasma membrane (561, 577). This was later extended to mammalian cells, showing the
WNK4 appeared to affect NCC trafficking to the plasma membrane, by altering its
movement into lysosomes, thereby targeting it for ER associated degradation (353, 476—
478). This observation, also made in vitro, appears at odds with the recent work. Thus, many
details of NCC regulation within the cell remain to be solidified.

Work by McDonough and colleagues (274, 275, 354, 425, 426) also shows that NCC
abundance in the apical membrane is modulated acutely by arterial pressure and angiotensin
I1. That work, using in vivo models, shows a shift in NCC protein from an apical
compartment to a subapical one, in response to acute hypertension, with a shift in the
opposite direction, upon treatment with angiotensin converting enzyme inhibitors. Gonzalez-
Villalobos and colleagues suggested that the origin of the angiotensin Il during either
angiotensin Il infusion or inhibition of nitric oxide synthases is renal angiotensinogen (167).
This provocative hypothesis requires additional investigation, however, as there are other
data suggesting that liver angiotensin 11 production dominates, and there are some concerns
about the model (308, 318).

As phosphorylation of NCC is essential for its activity, the abundance of phosphorylated
forms of NCC is often taken as a surrogate for its activation status. More recently, most
studies of the effects of physiological perturbations on NCC activity have analyzed the
abundance of phosphorylated moieties of NCC, an approach that appears more sensitive than
determination of total NCC. Most of these have indicated that angiotensin Il stimulates NCC
activity. Thus, it appears that both angiotensin 11 and aldosterone can stimulate NCC activity
and phosphorylation. At least angiotensin Il can also increase NCC abundance at the plasma
membrane. The combination of both stimuli also appears to be more potent than either one
alone (note the 4 fold increase in NCC abundance at 10 days, when mice consume a low
NaCl diet, compared with the waning effects of infused angiotensin 11 or aldosterone (51).
Although these are both strongly salt retaining factors, the effects of both angiotensin Il and
aldosterone can wane, if hypertension develops, as occurs during aldosterone escape.
Although the mechanisms for this effect remain obscure, the phenomenon of NCC
trafficking away from the plasma membrane during acute hypertension has been reported
(275).

b. Dietary K*: During the past several years, it has become apparent that NCC is also
modulated by dietary potassium intake; this is now believed to play an important role in
modulating systemic potassium balance. Vallon and colleagues reported that dietary K*
intake alters the abundance of phosphorylated NCC in rodents (503), with dietary KCI
restriction leading to increased pNCC and dietary KCI loading leading to decreased pNCC.
These investigators postulated that the activation of NCC in the setting of dietary KCI
restriction likely limits Na* delivery to the ASDN, thereby reducing K* loss, by impeding K
* secretion. Frindt and Palmer (145) reported that dietary KCI loading reduced the amount of
NCC at the apical membrane, further supporting a role for NCC in this regard. As NaCl
restriction also activates NCC, van der Lubbe et al. tested the effects of modulating K*
intake in the setting of dietary NaCl restriction. They found that, even when dietary NaCl
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was low, KCI added to the diet reduced the abundance of pNCC decreased (514). Loffing
and colleagues (464) recently showed that gavage with high K* food rapidly decreases the
abundance of pNCC, an effect that occurs within 30 minutes. In this situation, the
investigators were able to vary both the K* and the anion independently, and reported that
the effects of high K* gavage to rapidly dephosphorylate NCC were independent of the
anion employed. Loffing and colleagues suggested that the effects of K+ were related to a
gut hormone, as they could not mimic them in vitro (464), but McDonough and colleagues
recently reported that infusions of KCI reduce NCC abundance and phosphorylation,
suggesting that the effect may be direct (403).

Two recent studies have suggested that the nature of the accompanying anion may in fact
alter the response to potassium loading. Two groups reported that potassium loading with a
non-chloride anion led either to an increase or little change in NCC and pNCC abundance
(533). Although several investigators have suggested that NCC inhibition will increase distal
K+ secretion by increasing Na* delivery, Hunter and colleagues recently reported that acute
thiazide administration did not increase kaliuresis or ENaC-mediated sodium transport
(210). Wade and colleagues reported that the effects of dietary potassium deprivation to
increase apical NCC abundance are observed along both the DCT1 and DCT2, even though
reciprocal changes in ROMK apical abundance only occur along the DCT2 (535). Together,
these results suggest that NCC abundance and activity are modulated by both dietary and
serum potassium. Although the mechanisms of these effects remain to be explored, they are
likely to be physiologically important.

c. Sympathetic nervous system: There is some evidence that NCC is involved in
sympathetic nerve control of sodium reabsorption and blood pressure. In a rat model of salt-
sensitive hypertension in which renal sympathetic nerve activity was increased by ablation
of sensory neurons with capsaicin, NCC activity and abundance increased (281), although
the NCC western blots showed a sharp band for NCC, typically associated with a lack of
specificity. A more recent study examined the possible mechanisms by which sympathetic
activation might lead to increased NCC activity. Infusion of norepinephrine into mice caused
salt-sensitive hypertension that was associated with increased expression of total and pNCC
(347). WNK4 mRNA and prote in levels were reduced by norepinephrine infusion,
suggesting that stimulation of p-adrenergic receptors reduces WNK4 expression leading to
NCC activation (see a discussion of WNK regulation of NCC, below), sodium retention, and
salt-induced hypertension (347)). Downregulation of WNK4 expression was reported to
require the glucocorticoid receptor, since these effects were not observed in glucocorticoid
receptor knockout mice. Chromatin-immunoprecipitation and luciferase reporter assays data
suggested that isoproterenol-induced transcriptional modulation of the W/NK4 gene is
mediated by histone acetylation via inhibition of HDACS activity (347). Recently, Terker
and colleagues confirmed that norepinephrine infusion causes salt-sensitive hypertension
and activates NCC, but they did not observe a decrease in WNK4 abundance (493). They
then developed an acute norepinephrine model, allowing them to show that the effect was
independent of angiotensin Il receptors and occurred even when SPAK was ablated.
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d. Sex Steroids: Chen et al. (74) reported that the densities of [3H]-metolazone receptors
were higher in kidneys from female than male rats. This observation correlated with an
increased sensitivity to thiazide diuretics in female animals. They noted that ovariectomy
reduced the number of 3[H]-metolazone receptors, suggesting that estrogens increase
expression of activated NCC. Verlander et al. (529) reported that estrogen increases the
amount of NCC protein in rat kidney cortex and increased the complexity of the apical
plasma membrane of the DCT. In preliminary results, in contrast to this, Ecelbarger and
colleagues reported that estrogens reduced NCC abundance in diabetic ovariectomized mice
(406). Similar results were reported recently with regard to estradiol effects in
ovariectomized rats, where treatment reduced both aldosterone and the abundance of NCC
(189).

e. Arginine vasopressin: Arginine vasopressin (AVP) is a well-known regulator of water
reabsorption along the collecting duct, but it also activates ENaC-mediated Na* reabsorption
(217), and expression and phosphorylation of NKCC2 along the TAL (159). These effects of
AVP are mediated by type 2 AVP receptors (V2oR), which are also expressed along the DCT
(349), raising the possibility that AVP stimulates NCC along this segment. Ecelbarger and
colleagues initially reported that chronic (7 days) infusion of the V2 receptor-specific
agonist 1-deamino-[8-D-arginine]-vasopressin (dDAVP) in rats increased expression of total
NCC by more than two-fold (113). However, in two subsequent studies, they found that
dDAVP alone did not increase NCC expression unless the animals were also water-loaded
(114, 462); another group also reported that chronic infusion with dDAVP had no effect on
total NCC expression, although these animal were also sodium-restricted (262). A more
recent study in mice showed that infusion of dDAVP for 3 days increased total NCC (428),
as did a study in which mice were treated with dDAVP following overnight water-loading
(410)

While there is some variability in findings with regard to effects of dDAVP on total NCC,
effects on NCC plasma membrane abundance and phosphorylation, better correlates of NCC
activity, are more consistent. First, a study using Brattleboro rats, which do not produce
vasopressin and thus have central diabetes insipidus, found that acute administration dDAVP
increased both apical membrane expression of NCC and its phosphorylation at SPAK/OSR1
target residues (350). Treatment of isolated tubules /n vitro confirmed the effect of dDAVP
was direct, and not secondary to other pathways such as the RAAS. Another study reported
similar effects on NCC phosphorylation, but no effect on NCC distribution (383). An
increase in levels of SPAK/OSR1 phosphorylation suggested that the effect of dDAVP on
NCC phosphorylation is mediated via this pathway. Subsequently, it was shown that NCC
phosphorylation in response to the vasopressin V2 receptor agonist dDAVP was attenuated
in mice lacking SPAK (428). Another study examined the role of adenylyl cyclase 6 (AC6)
in regulating NCC under baseline conditions, and following short-term dDAVP
administration (410). These experiments made use of AC6 knockout mice, and showed that
ACE6 is not essential for basal phosphorylation of NCC or its membrane localization.
However, the dDAVP-induced increase NCC phosphorylation and membrane abundance was
completely abolished in AC6 knockout mice. These authors also reported a dDAVP-induced

Compr Physiol. Author manuscript; available in PMC 2018 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCormick and Ellison Page 19

increase in total NCC expression in wild type mice after water-loading overnight, which was
also dependent on ACS.

f. Insulin: Obesity and increased insulin levels have been reported to stimulate several
sodium transport proteins, including NCC (28, 239, 405). Ecelbarger and colleagues also
reported that treatment with the insulin-sensitizing drug rosiglitazone reduced the natriuretic
response to thiazides in both lean and obese mice (239). Three groups have reported
evidence that insulin stimulates NCC via phosphoinositol 3-kinase (P13K)-dependent
pathway. Sohara et al. (363, 459) reported that insulin induces phosphorylation of SPAK and
NCC in mpkDCT cells, and found that knocking down WNK4 inhibited this. They also
observed that intraperitoneal injection of insulin is associated with increased
phosphorylation of SPAK and NCC in the kidney of wild-type mice but not in a WNK4
hypomorphic mouse. Komers et al. (251) demonstrated in obese Zucker rats that the
abundance of pNCC is increased, as is the response to hydrochlorothiazide. They also
observed that insulin’s effect on phosphorylating NCC can be prevented by PI3K blockers in
vitro. Finally, Chavez-Canales et al. (73) showed that insulin increases the activity of NCC
in Xenopus laevis oocytes. Again, inhibition of PI3K prevented the insulin effect on NCC. It
was also observed by using a kidney ex vivo perfusion technique that insulin perfusion into
the kidney induces phosphorylation of the cotransporter.

g. Systemic pH: Although DCT cells do not participate directly in modulating acid/base
status, NaCl transport activity appears to be affected by changes in pH. Fanestil and
colleagues reported that bicarbonate administration increased the number of [3H]
metolazone binding sites (presumed to reflect NCC molecules) (131), whereas acid-loading
decreased them. Similar results were later obtained by Kim and colleagues, who used
antibodies directed at the transporter itself to estimate abundance (243). These investigators
speculated that the reduced NaCl transport that resulted during acidosis was likely to
compensate for the increased activity of the proximal NHE3.

Another interaction between DCT cells and cells that modulate acid/base status has been
noted more recently. Deletion of NCC leads to minimal salt wasting, owing to increased
NaCl reabsorption both proximally and distally (439). It has recently been recognized that
simultaneous deletion of the CI/HCO3 antiporter pendrin, which in itself also causes a very
mild phenotype, leads to quite substantial salt wasting and alkalosis (11, 460). Pendrin is
expressed primarily by intercalated cells along the CNT and CCD. A few such cells appear
along the later segments of the DCT.

h. Other peptide hormones: While regulation of NCC by angiotensin Il and AVP is well
established, two lesser-known peptide hormones have been reported to increase the density
of [®H]metolazone binding sites in rat kidney. Amylin is a peptide secreted by p-cells of the
pancreas in response to nutrient stimuli. Administration of this peptide increased the density
of [3H]metolazone binding sites 32-58% (35). Administration of the structurally related
peptide adrenomedullin also increased [2H]metolazone density by ~30% (35). The
physiological significance of these observations remains unclear.
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C. Signaling to NCC: WNKs, SPAK/OSR1, Cullin 3, Kelch-like 3

The discovery in 2001 that mutations in members of the With No Lysine [K] (WNK) kinase
family (WNK1 and WNK4) can cause the inherited disorder Familial Hyperkalemic
Hypertension (FHH, also known as Gordon Syndrome and Pseudohypoaldosteronism type
I1) inspired renewed focus on the DCT. This syndrome, discussed in more detail below, is
manifested uniformly by hyperkalemia, and often by hypertension. As this syndrome is
highly responsive to treatment with thiazide diuretics, specific inhibitors of NCC, it was
suspected that the genetic defects involved would involve NCC in some way. The study of
the regulatory molecules involved in this disease has proven fruitful, if at times introducing
confusion. The identification of the downstream WNK targets, the kinases SPAK and OSR1,
which directly phosphorylate NCC at several amino-terminal residues, has further extended
our knowledge. More recently, the Lifton group and the Jeunemaitre groups identified
additional genes that cause FHHt, encoding the proteins Cullin 3 and Kelch-like 3 (KLHL3).
Cullin 3 and KLHL3 are components of a ubiquitin ligase complex, and their roles in
modulating the WNK-SPAK/OSR1 kinase system are just beginning to be elucidated. A
simplified scheme of regulation by WNK kinases, cullin 3 and KLHL3 is shown in Figure 4.

The first member of the WNK family was identified by Cobb and colleagues from a rat brain
cDNA library during a search to identify novel members of the MAP/extracellular signal-
regulated protein kinase family (573). The WNKSs were so-named because the lysine
involved in binding ATP and catalyzing phosphory! transfer is situated in subdomain I,
rather than subdomain I, where it is located in other serine/threonine kinases. Four genes
encode members of the WNK kinase family in mammals, with alternative promoter usage
and alternative splicing resulting in the generation of multiple isoforms (325). WNK2 has
not been reported to play a role in the regulation of NCC or other renal cation cotransporters
or ion channels so will not be discussed here.

The WNK1 gene (WNKI) produces at least two major products (100, 365, 573) and many
alternatively spliced forms (365, 530)). These include a full-length kinase-active WNK1
(WNKZ1), which is widely expressed, and a second truncated product. The truncated product
is produced from a separate promoter and lacks the majority of the kinase domain; this
product is, therefore, kinase-inactive. It appears to be expressed only by kidney tubule
epithelial cells along the TAL, DCT, and CNT; KS-WNKZ1 expression is 80X higher than
WNK1 along DCT, whereas it is only 10X higher along the next highest segment, the CNT
(530). For this reason, the kinase-inactive isoform has been termed ‘kidney-specific WNK1’
(KS-WNKJ1), to differentiate it from the full length WNKZ.

WNKA4 is expressed by epithelial cells throughout the body, including cells of the distal
nephron (79, 368, 560). Original reports suggested strong expression near tight junctions
(560), but this has not been replicated. It is highly expressed by cells of the DCT and CNT,
but expression extends distally into the collecting duct and, at lower levels, into thick
ascending limb (364, 368).

WNKS3 is a third member of the family that is also expressed by kidney epithelial cells and
elsewhere in the body (197, 224, 411). In contrast to the renal expression patterns of KS-
WNK1 and WNK4, WNK3 expression is not predominantly along the ASDN; instead it is
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expressed throughout the nephron, from the proximal tubule to the collecting duct (411).
Although mutations in WNK3 have not been reported to be associated with FHHt, WNK3
has been shown to regulate the same classes of ion transport proteins that are targets of
WNK1 and WNKA4 (see below).

1. WNK kinases, in vitro—The clinical features of FHHt identify it as a disease of renal
electrolyte transport, so investigation of the effects of WNK kinases was first directed at
their role in modulating renal ion transport proteins. It is now clear that WNK kinases
modulate the trafficking of many transport proteins to or from the plasma membrane, at least
in vitro. In view of the fact that most of the defects in FHHt can be corrected by treatment
with thiazide diuretics (322), and FHHt presents as a “mirror-image” of Gitelman Syndrome
(322), a disease that results from inactivating mutations of NCC (259, 457), it is not
surprising that WNK4 was soon shown to regulate NCC activity, in vitro (166, 561, 578).

Initial studies overexpressed WNK Kkinases in Xenopus oocytes and cultured mammalian
cells. These showed that WNK4 reduces NCC abundance at the plasma membrane, without
a substantial effect on total NCC abundance (53, 165, 166, 560, 577). Immunoprecipitation
studies showed that WNK4 and NCC associate in a protein complex involving the carboxyl
termini of both proteins (53, 561, 580). The role of WNK4 kinase activity in modulating
NCC activity has been controversial. Two groups reported that the effects of WNK4 on NCC
are dependent on its kinase activity (166, 561) whereas another group found evidence of a
kinase-independent action (580). Indeed, one group showed that a truncated form of WNK4
lacking the entire kinase domain inhibited NCC activity (479, 580).

Studies to determine the mechanism by which WNK4 reduces surface NCC expression
suggest that WNK4 inhibits the insertion of NCC into the plasma membrane, rather than
affecting endocytosis. Studies using both Xernogpus oocytes (165) and mammalian cells (53)
showed that the ability of WNK4 to reduce NCC surface expression is not affected by a
dominant-negative dynamin, suggesting that clathrin-dependent processes are not involved.
Furthermore, the effect of WNK4 on NCC was sensitive to inhibition of lysosomal proton
pumps, suggesting that WNK4 reduces trafficking of NCC to the plasma membrane,
ultimately leading to enhanced lysosomal degradation (53). This view was extended to show
that WNK4 reduces both the antegrade movement of NCC to the plasma membrane and the
total abundance of NCC in transfected cells. The same group showed that WNK4 diverts
NCC to the lysosome, where it can be degraded, by increasing its interaction with the
adaptor protein, AP3 (478).

WNK1 was reported to have little effect on NCC activity itself, but it blocked the WNK4
effect (165, 577). Subsequently, however, a much more complex signaling pathway has
emerged (Figure 4c and 4d). First, it is now clear that WNK1 is expressed endogenously by
oocytes and cells, complicating the interpretation of overexpression experiments. Second,
WNKT1 is capable of phosphorylating and activating SPAK and OSR1, thereby activating
NCC, in vitro. Third, it appears that WNKZ1 splice forms that are highly expressed in the
kidney are especially potent in this regard (530).
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Among renal-enriched WNK1 isoforms, a splice isoform, generated from a unique promoter,
or promoters) and lacking intrinsic kinase activity, is most abundant. In the DCT, this form is
enriched over 80 fold, compared with the rest of the kidney (530). This form has been called
kidney-specific WNK1 (KS-WNKZ1) because it appears to be expressed primarily in the
kidney, and especially along the DCT. This kinase-deficient WNK binds to and inhibits
WNK kinase activity and WNK effects on NCC, presumably through a dominant-negative
mechanism (270, 479).

WNKS3 is also capable of stimulating NCC strongly, at least /n vitro (411, 579). This effect is
associated with an increase in NCC protein abundance at the plasma membrane and with an
increase in NCC phosphorylation (411). A synthetic kinase-inactive form of WNK3 exerts
inhibitory effects on NCC that resemble the effects of WNK4 (411, 579). We confirmed
those results and showed further that WNK4 binds to and inhibits WNK3 actions on NCC;
conversely, WNK3 blocks WNK4 inhibition of NCC (579). Intriguingly, when WNK3 and
WNKA4 are expressed in varying ratios, together with NCC, the range of NCC activities is
much greater than when NCC is expressed with either WNK4 or WNK3 alone. Furthermore,
the net effect of expressing NCC with different molar ratios of WNK3/WNK4 is a finely
graded regulation of NCC activity from negligible (when WNK4 abundance greatly
exceeded WNK3) to very high (when WNK3 abundance greatly exceeded WNK4). As will
be noted below, however, the importance of WNK3 in regulating ion transport along the
DCT may not be great, under normal circumstances, as gene knockout models produce quite
mild phenotypes (330, 371).

We also reported that FHHt-mutant WNK4 Q562E loses its ability to inhibit WNK3 (579);
yet, as noted above, FHHt does not appear to result from loss-of-function. This raised the
possibility that interactions between WNK4 and WNK3 might help to explain the FHHt
phenotype. In support of this hypothesis, we found that WNK4 Q562E binds to and inhibits
the effect of wild type WNK4 on WNK3. Thus, WNK4 Q562E appears to act as a dominant-
negative WNK4 modulator, leaving WNKS3 activity unopposed and NCC activity strongly
stimulated. While the knockout models noted above minimize a role for WNK3 in the DCT,
most of the same interactions likely occur between WNK4 and WNKZ1, and these may be
more relevant. WNK kinases can interact with each other to form oligomers (495, 573, 576,
580), through a region near the carboxyl terminal tail (576). The interactions require
conserved amino acid residues, including crucial histamine and glutamine residues (called
the ‘HQ’ motif (495)); disruption of these HQ motifs inhibits their ability to activate the
kinases SPAK and OSR1 (495). This suggests that WNKs may act predominantly as dimers
(or oligomers) and engage in trans-phosphorylation (495).

Studies of WNK kinase effects on the DCT in vivo will be discussed after SPAK and OSR1
have been introduced.

2. SPAK and OSR1, in vitro—The WNK kinases can regulate ion transport via
mechanisms that are both dependent and independent of their kinase activity. Extensive
work has now shown that activity of cation-chloride transporters, including NCC along the
DCT, is stimulated following phosphorylation of conserved serines and threonines at their
cytoplasmic N-terminal tail (Figure 4b). The WNK kinases, however, do not directly
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phosphorylate these residues. A yeast two-hybrid analysis revealed that the STE20-related
kinases, SPAK (previously called PASK (proline-alanine-rich Ste-20-related kinase) and
now called serine/threonine kinase 39) and OSR1 (oxidative stress responsive 1, OXSRJ,
this should not be confused with the gene OSR) bind to the N-terminal regions of the
cation-chloride cotransporters KCC3, NKCC1, and NKCC2 (388). Subsequently, WNK1
was shown to interact with both SPAK and OSR1, and to phosphorylate two conserved
residues (T243/S383 in SPAK, T185/S325 in OSR1) resulting in WNK activation (343,
532). In turn, SPAK and OSR1 were shown to interact with and directly phosphorylate NCC
(343, 408). The interaction occurs between the C-termini of SPAK/OSR1 and the N-
terminus of NCC (which contains the motif RFXV that is conserved between cation-chloride
cotransporters) (408) (see Figure 4b). Mutagenesis of the T60 phosphorylation site in NCC
(T58 in rodents) confirmed that SPAK/OSR1-mediated phosphorylation stimulates NCC
activity /n vitro. Activity of NCC was greatly increased under hypotonic low chloride
conditions, which maximally activate SPAK/OSR1 (343), compared with activity under
isotonic conditions, and mutation of the T60 phosphorylation site in NCC prevented this
activation (408). Thus, WNKZ1 and SPAK/OSR1 were proposed to form components of a
signaling cascade that stimulates activity of cation-chloride cotransporters including NCC.

3. WNK, SPAK and OSR1, in vivo—Transgenic, knockout, and knockin mouse models
have been generated to analyze the functions of WNK kinases, SPAK, and OSR1 /n vivo.
The first was a gene trap approach that disrupted the first W/KZ intron (and presumably left
the KS-WNKZ1 promoter region intact) led to the production of WNK1 knockout mice (592).
Mice homozygous for the disrupted allele die before embryonic day 13 from cardiovascular
defects (572). Heterozygotes were viable but had blood pressure that was lower than wild
type mice, lending support to the idea that L-WNK1 is a stimulator of sodium reabsorption.
A second heterozygous WNKZ1 knockout model, however, was found to have normal arterial
pressure during both normal and salt restricted diets (484), raising questions about the first
report. Consistent with normal pressure in heterozygotes, a group of patients who
manifested Hereditary Sensory Neuropathy Type 2 were found to be compound
heterozygotes for WNKZ1. While one allele exhibited mutations in the neuron-enriched
HSNII exon, the other contained a premature stop codon in WNK1 expected to lead to a
non-functional protein. These individuals were reported to have normal blood pressure
(448).

Very recently, a new WNKZ1 model was developed, in which the first intron of the gene was
deleted (531). This model mimics a cause of FHHt in humans, in which much of the same
intron is deleted. These heterozygous mice exhibit increased full length-WNKZ1 specifically
in the DCT and CNT, with elevated blood pressure and increased total and phosphorylated
NCC. Thus, these mice provide substantial support for a role of WNK1 to stimulate NCC
activity, at least when overexpressed. As WNKZ1 along the nephron is low and nearly
uniform, at least at the message level. In contrast, KS-WNK1 is highly expressed by the
DCT (530). Thus, this mutation disrupts the normal ratio of KS-WNKZ1/WNKZ1 in the distal
nephron. As several WNK4 knockout and hypomorphic mouse models (discussed below)
appear to lack the ability to stimulate NCC when challenged, these data suggest that full
length-WNK1 plays no more than a modest role in stimulating NCC activity normally.
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In vivo models designed to examine the role of WNK4 in regulating electrolyte homeostasis
and blood pressure have resulted in sometimes confusing data, but a clearer picture of
WNK4 actions is now emerging. Two WNK4 knockout mouse lines and one WNK4
hypomorphic line have been reported wnk4 (62, 369, 487). Under basal conditions, one
knockout mouse had low plasma K* concentrations (—.54 mM (62)), whereas the other two
did not. Similarly, the systolic arterial pressure, measured telemetrically was slightly reduced
in one model (5.5 mm Hg (369)), but not in the other two. There was mild hypomagnesemia
in both models in which plasma magnesium was reported, but unlike NCC knockout mice
(see above) or humans with Gitelman syndrome (see below), there was no hint of
hypocalciuria. In all three cases, the abundance of NCC and phosphorylated NCC was
reduced substantially. This phenotype has sometimes been characterized as ‘Gitelman-like’,
but as hypocalciuria is an essential diagnostic criterion for Gitelman syndrome in humans
and is characteristic of NCC knockout mice, and as hypocalciuria is uniformly observed
when SPAK is deleted (see below), the phenotype does not resemble Gitelman syndrome or
mimic NCC knockout. Perhaps the best summary of these data is that, under basal
conditions, WNK4 supports NCC phosphorylation; its deletion produces a tendency toward
hypokalemic alkalosis and salt wasting but differs from that observed in the setting of NCC
knockout or disruption.

The effects of WNK4 deletion are much more striking when knockout mice are challenged
with dietary perturbations. Gamba and colleagues (62) showed that dietary NaCl restriction
or angiotensin Il infusion did not activate NCC in mice lacking WNK4. Uchida and
colleagues recently reported that WNK4 knockout mice become hypotensive when
challenged with dietary NaCl restriction (487), despite activation of WNKZ1. Thus, it appears
that WNK4 is an important stimulus to NCC activity, maintains arterial pressure, and
contributes to renal homeostasis under dietary stress.

Another way to study normal WNK4 function is to generate mice with additional copies of
WNKA4. Lalioti et al. generated mice carrying nominally two extra copies of wild type
WNK4 (265). Under basal conditions, the mice were normokalemic, but had slightly low
arterial pressure during wakefulness, and mild hypocalciuria. The abundance of NCC was
not evaluated quantitatively, but immunofluorescence suggested that the density of DCT
profiles expressing NCC was reduced. The abundance of WNK4 protein was not estimated
in those mice, but a subsequent publication showed only a modest increase (449). Using a
similar approach, Uchida and colleagues developed mice with WNK4 expression increased
by approximately 2-fold. They found a minimal increase in NCC abundance and the mice
were normotensive, but they did exhibit an increase in plasma potassium. In contrast to these
models, Uchida develop another transgenic mouse with multiple copies of WNK4 and
remarkably increased abundance. Those mice exhibited clearly increased SPAK
phosphorylation, increased NCC and pNCC abundance, and a clear FHHt type phenotype.
Thus, substantial increases in wild type WNK4 abundance appear to activate NCC and cause
hypertension. Smaller increases may not, although the data remain contradictory in this
regard.

There have been three mouse models described in which disease-causing WNK4 mutations
have been expressed. Lalioti and colleagues made transgenic mice, carrying two copies of
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the Q562E mutation (561). The mice had mild hyperkalemia, hyperchloremia, and increased
arterial pressure. When challenged with a high K* diet, Q526E WNK4 mice became more
hyperkalemic, with clearly impaired K* excretion. Histological analysis revealed that
overexpression of Q526E WNK4 increased the luminal surface area of DCT profiles, as
detected visually. Immunostaining indicated that expression levels of NCC were increased in
Q526E WNK4 mice, but co-localization studies with segment markers indicated that NCC
expression was still confined to the DCT. Little or no differences were observed in ROMK
expression between wild type and transgenic mice on normal or high K* diet, or in levels of
ENaC expression (265). Importantly, interbreeding of Q562E WNK4 mice with NCC
knockout mice resulted in complete amelioration of all the defects observed in the Q526E
WNK mice, suggesting that dysregulation of NCC is the key mechanism underlying FHHt.
Another report described generation of a WNK4 D561A knock-in mouse (585). Unlike the
mice generated by Lalioti et al., which express mutant WNK4 on a wild type WNK4
background, these mice express one mutant WNKA4 allele and one wild type allele, closely
mimicking the human disease. The phenotype of these mice was remarkably similar to the
phenotype of the WNK4 Q562E transgenic mice; the investigators also noted that the
phenotypic effects were completely corrected by thiazide diuretics, like in humans (585). In
addition, however, these investigators reported substantially increased phosphorylation of the
NCC, which implicates that signaling through SPAK is increased.

A third model of FHHt more recently reported is an inducible FHHt transgenic model, in
which expression of Q562E WNK4 was switched on by administration of doxycycline (81).
Induction of Q562E WNK4 led to an increase in blood pressure and plasma potassium,
which were both reversed when doxycycline administration was stopped, suggesting that the
effects of this mutation were regulatory in nature. Mayan and colleagues detected increased
NCC abundance in the urine of patients with WNK4 Q562E, versus controls, providing
further support for the relevance of these observations to humans (320).

One result of these studies has led to some confusion, however. As noted, wild type WNK4
has been shown to inhibit NCC activity both /n vitro and in animals. Some (53, 166, 561),
though not all (578, 580), investigators have reported that mutations of WNK4 abrogate its
inhibitory activity. This has led some investigators to suggest that FHHt results from /oss of
WNK4-mediated NCC inhibition (53, 384, 561, 579). Yet, the WNK4 Q562E transgenic
animals express mutant WNK4 on a background that includes two wild type WNK4 alleles
(265); the knock-in animals express mutant WNK4 on a background of a single wild type
allele (585). In both situations, wild type WINK4 is present and expressed within the kidney,
suggesting that WNK4 mutations act as ‘gain-of-function’ rather than ‘loss-of-function’
mutations. At this point, it is not possible to reconcile all of the data concerning WNK4
effects on NCC, but they do suggest that WNK4 may exist in two forms, an inhibitory form,
where it suppresses NCC activity, as detected in vitro and in the Lalioti transgenic model,
and an activating form, in which it stimulates NCC.

The in vivoroles of WNK3 with regard to the regulation of electrolyte homeostasis and
blood pressure are thus far less ambiguous. Two independently-generated WNK3 knockout
models had similar phenotypes. The Uchida group found no differences in plasma or urinary
electrolyte levels, or in expression of total or phospho-NCC at baseline, or following dietary
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NaCl restriction, but salt restriction did cause a decrease in blood pressure (372). The
mechanism causing this reduction in blood pressure is unclear. The lack of a significant
phenotype may result from increased expression of WNK1 and WNK4 observed in the
knockout mice. Similarly, Mederle and colleagues reported no differences in electrolyte
levels in WNKS3 knockout mice generated using a gene trap approach (329). WNK1 mRNA
levels were significantly elevated in WNK3 knockout mice. One difference between this
model and that of the Uchida group was that dietary NaCl restriction led to increases in
pSPAK/OSR1, pNKCC2 and pNCC expression levels, and in hydrochlorothiazide-induced
diuresis, that were greater in WNKS3 knockout mice than in wild type mice (329). The reason
for this difference may be that immediately prior to dietary NaCl restriction, the mice were
injected with the NKCC2 blocker furosemide, which may have resulted in a more severe
salt-deprivation. Thus, the majority of data are consistent with a minor role for WNK3 in the
kidney at baseline; whether the role is altered by physiological or pathophysiological
mechanisms remains unclear.

In vitro, there is abundant data indicating that WNK kinases interact functionally (479, 495,
536, 579, 580). There is less information /n vivo, but recent data confirm that KS-WNK1 is
expressed primarily along the DCT, as noted above. As dietary potassium loading appears to
increase the abundance of KS-WNK1 along the DCT (270, 364, 536). This, in turn, may
inhibit other WNKs, leading to inhibition of NCC activity. In vivo, the effects of disruption
or overexpression of KS-WNKZ1 are generally consistent with the predictions based on its /n
vitro actions. Two groups have independently generated and characterized KS-WNK1
knockout mice, with similar findings. Both groups reported no effect of KS-WNK1
disruption on plasma electrolyte levels or systolic blood pressure on standard diets (181,
297), with one finding a slight increase in diastolic blood pressure and mean arterial pressure
(181). One group reported an increase in sodium retention and blood pressure following Na*
loading (297), while the other found no effect on blood pressure or electrolyte homeostasis
after Na* or K* loading (181). Protein expression levels of total and pNCC were elevated in
KS-WNK1 knockout mice (181, 297), but in contrast to wild type mice, Na* restriction did
not increase the pNCC/total NCC ratio, and Na* loading did not decrease this ratio (181).
KS-WNKZ1 knockout mice thus appeared to have lost their ability to regulate NCC
phosphorylation. The lack of phenotype may be due to a compensatory reduction in
expression of ENaC and a reduction in expression of ROMK and BKCa (which is expressed
along the CD) (181). The increased expression level of ROMK was unexpected since /in
vitro, KS-WNK1 was reported to stimulate ROMK expression at the apical membrane by
inhibition L-WNKZ1 (86, 270, 296, 536). Expression of total and pNKCC2 was also reported
to be elevated in KS-WNKZ1 knockout mice (297), which is consistent with an effect of KS-
WNKZ on transport along this segment; this has been described (77).

In transgenic mice overexpressing KS-WNK1, systolic and diastolic blood pressure was
significantly lower than that of wild type mice on a standard Na* diet (297). Plasma
aldosterone and angiotensin 11 levels were elevated, indicating a normal response to restore
ECF volume. Na* restriction could not induce an increase in total or pNCC or total and
pNKCC2; salt wasting was present in these KS-WNK?1 transgenic mice. These mice also
displayed hypokalemia with upregulation of ROMK and hence increased tubular K*
secretion. One limitation of this study is that the KSP-cadherin promoter was used to drive
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transgene expression; this promoter is active along the entire nephron, so the KS-WNK1
transgene was expressed along segments where KS-WNKU1 is not normally expressed.

The observation that both SPAK/OSR1 and NCC phosphorylation was increased following
dietary salt restriction provided indirect evidence that SPAK/OSR1-mediated activation of
NCC in vivo (78). More direct evidence that SPAK and OSR1 regulate NCC activity /7 vivo
has come from the generation of several mouse models. The first insights came from the
generation of knock-in mice expressing a SPAK mutant (SPAK T243A) that cannot be
phosphorylated and hence activated by WNK kinases (396). SPAKT243A/T243A mjce
displayed salt-sensitive hypotension, and hypomagnesemia and hypocalciuria. Plasma
potassium levels were normal on a regular sodium diet, but reduced on a low sodium diet. In
this model, the abundance of phosphorylated NCC and NKCC2 were both reduced. More
recently, several groups described a Gitelman-like phenotype in mice in which SPAK
expression has been completely ablated (176, 326, 583). Interestingly, the phenotype of
these mice was somewhat different from that observed in the SPAKT243A/T243A mjce. The
knockout mice also exhibited reduced abundance of NCC and pNCC, but they exhibited an
increase in the abundance of phosphorylated NKCC2 (326, 582). One group noted that the
dominant forms of SPAK in kidney differ from that in brain, where the majority of SPAK is
full length. Two shorter forms, one called kidney-specific SPAK, from an alternative
promoter, and one called short SPAK, from an alternative translation site, are highly
expressed in kidney, especially along the thick ascending limb (177, 326), where it appears
to inhibit OSR1 actions. Surprisingly, despite being expressed at significant levels along the
DCT (176, 326, 428), targeted disruption of OSR1 specifically in the kidney (global
disruption is embryonic lethal) led to /ncreased levels of pNCC (292). The phenotype of
these mice was more reminiscent of Bartter Syndrome, in which NKCC2, expressed along
the TAL, is inactivated. Activation of NCC is likely a compensatory response to promote
sodium retention in response to reduced ECF volume. A simple interpretation of these data
is that /n vivo, SPAK plays a more important role in the regulation of NCC along the DCT,
whereas the major target of OSR1 is NKCC2. Additional support for this idea comes from
the observation that despite an increase in OSR1 expression along the DCT, NCC
phosphorylation in response to the vasopressin V2 receptor agonist dDAVP was attenuated
in mice lacking SPAK (428). There is evidence, however, that OSR1 does play a role in the
DCT. Grimm and colleagues (177) suggested that disrupting SPAK affected the ability of
OSR1 to traffic to the apical membrane, where it might phosphorylate and activate NCC.
Thus, the actions of SPAK and OSR1 were suggested to be complementary in this segment.
While the exact relative importance of SPAK and OSR1 along the distal tubule may differ
between TAL and DCT, it does appear that the kinases may have complementary actions in
the DCT.

4. Cullin3 and KLHL3—While mutations in either WNK1 or WNK4 lead to FHHt,
mutations in these genes are only causative in a small portion of the reported cases.
Identification of other genes that cause FHHt has been hampered by insufficient numbers of
affected family patients to perform traditional positional cloning. Recently it has become
possible to combine microarray technology with high throughput sequencing to enrich
exonic sequences and identify mutations that alter protein coding. A major advantage of this
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approach is that it permits the rapid identification of de novo disease-causing mutations or
mutations in small kindreds. Whole exome sequencing of patients with FHHt, but without
mutations in either WNK1 or WNK4 led to the identification of two genes that are mutated
in the majority of individuals with FHHt (46, 305), Cu/3and KLHL3. The proteins encoded
by these genes, Kelch-like 3 (KLHL3) and Cullin-3, are known to interact with each other,
and are involved in protein ubiquitination, a process which is classically considered to target
proteins for proteasomal degradation, but may also modulate protein activity, interaction and
localization. Cullin-3 acts as a scaffold for the ring ligase, which catalyzes the addition of
ubiquitin to lysine residues; KLHL3 interacts with Cullin-3 and acts as an adaptor, binding
the substrate for the ring ligase (Figure 4). The majority of mutations in KLHL3 are
missense mutations, leading to single amino acid changes in regions that interact with
substrates or with Cullin3. Mutations in Cullin-3 alter Cullin3 mRNA splicing, resulting in a
Cullin-3 transcript in which exon 9 is skipped and 57 amino acids are deleted. It is unlikely
that deletion of these amino acids leads to a non-functional Cullin-3 protein, since Cullin-3
knockout mice are embryonic lethal (458).

An interesting clinical observation arose from the discovery that mutations in Cuv/3and
KLHL3cause FHHt. The severity of the disease is strongly correlated with the causative
gene, with mutations in Cu/3leading to early diagnosis (average of 9 years of age), more
severe hyperkalemia and metabolic acidosis, and hypertension in 94% of individuals by 18
years of age. Also of note, while the majority of mutations that cause FHHt are dominant, a
subgroup of those patients carried recessive mutations in KLAHL3. The overall pattern for the
severity of disease is related to the causative gene thus: Cu/3>KLHL3>WNK4>WNKI. This
pattern suggests that Cu/3 lies upstream of KLHL3, WINK4and WK in a pathway that
regulates NCC activity and plays an important role in maintaining ECF volume and
electrolyte homeostasis.

Several /n vitro studies have recently begun to provide information regarding this new NCC
regulatory pathway, with similar findings. First, KLHL3 was found to interact with both
Cullin3 and WNK4 in HEK293 cells (537). KLHL3 induced ubiquitination of WNK4 and
reduced WNKA4 protein levels (537). Mutations in either KLHL3 or WNK4 that cause FHHt
impaired their interaction and reduced WNK4 ubiquitination, leading to elevated WNK4
levels (537). KLHL3 was found to target WNK4 for ubiquitination and polyubiquitination,
and a total of fifteen ubiquitination sites were identified throughout the WNK4 protein,
including seven in the kinase domain and one in the second coiled-coil domain.
Polyubiquitination and degradation of WNK4 was abolished by the KLHL3 FHHt-causing
mutation R528H (450). Inhibition of WNK4 by KLHL3 was also observed to increase
membrane expression of ROMK. Finally, while it was observed that expression of an FHHt-
causing WNK4 mutant increases WNK4 expression /n7 vivo, this may be unrelated to direct
effects on WNKA4 stability (450). Since changes in NCC activity determine the volume of the
DCT, this increase in WNK4 expression could have been secondary to hypertrophy of the
DCT following activation of NCC by the mutant WNK4.

Another study using HEK?293 cells found that KLHL3 interacts with all full-length WNK
isoforms and with Cullin-3, but not with SPAK/OSR1 or NCC (370). The majority of the
dominant FHHt-causing KLHL3 mutations inhibited binding to WNK1 or Cullin-3, and /n
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vitro, wild type, but not R528H, KLHL3 ubiquitinated WNK1. KLHL3 binds to a site in
WNK(1 outside the catalytic region (residues 479-667); mutation of residues within the
equivalent region in WNK4 causes FHHt (WNK4 E562K and WNK4 Q565E) (560). As
noted by other groups, these mutants were unable to interact with KLHL3. siRNA (small
interfering RNA)-mediated knockdown of CUL3 increased WNKZ1 protein levels and kinase
activity in HelLa cells (370). The most recent study used the Xenopus laevis oocyte co-
expression, and reported that co-expression of KHLH3 increased the ubiquitination and
degradation of co-injected of WNK4, and FHHt-causing mutations in KLHL3 reduce its
ability to reduce WNK4 abundance (570). Co-injection of a Cullin-3 fragment (residues 1—
400) also reduced the effect of KLHL3 on WNK4 expression, possibly through a dominant-
negative effect on an endogenous Cullin isoform. The functional effects of KLHL3 and
Cullin3 are somewhat unclear in this study, since injection of wild type WNK4 with NCC
increased NCC activity which conflicts with previous data (165, 578, 579). This issue was
not addressed by the authors but may be related to differences in uptake conditions. Injection
of KLHL3 either alone, or with WNKA4, strongly inhibited NCC activity; injection of Cullin3
also inhibited NCC activity, but weakly (570). One caveat with this study is that the effects
of KLHL3 FHHt-causing mutants on WNK4 expression correlated inconsistently with their
effects on NCC activity. Wild type KLHL3 strongly inhibited WNK4 expression and
activity. However, the mutant KLHL3 A77E had little effect on WNK4 expression levels, yet
a similar inhibitory effect on NCC activity to KLHL3 R528C, which reduced KLHL3 levels
almost as much as wild type KLHL3 (570). Thus, the precise relationship between FHHt-
causing mutations in KLHL3 and WNK4 expression and ultimately NCC activity is unclear.
The overall consensus from these studies is that KLHL3 stimulates WNK4 ubiquitination
and degradation, and FHHt-causing mutations in either KLHL3 or WNK4 prevents these
effects leading to increased activation of NCC.

c. Potassium Transport

1. Rates of K* transport—The majority of filtered K* is reabsorbed along the proximal
tubule and loop of Henle; ~10% of filtered K* reaches the DCT. Early micropuncture work
established the superficial distal tubule as an important site of K* secretion. Many studies
indicated that K* secretion along the distal tubule accounted for most or all urinary K*
excretion under a variety of conditions (400, 569). More recently, regulation of K* excretion
has been studied largely using principal cells of the cortical (and initial) collecting tubule as
the model system (158, 568). This largely reflects technical issues, and the fact that
collecting duct shares most of the major K transport pathways with the connecting tubule
and initial collecting tubule, yet there is now substantial evidence for a unique and dominant
role of the distal tubule in mediating net potassium excretion (334). This review will not
address the important role of principal cells and of the CCD in renal K* homeostasis, nor
will it provide a detailed description of factors that regulate K* secretion by principal cells.
Mechanisms and control of K* excretion by the kidney and by the collecting duct have been
reviewed extensively (158, 568). Here, the important role that DCT and CNT cells play in K
* homeostasis will be described.

Micropuncture studies indicated that the luminal concentration of K* along the first 20-30%
of the superficial distal tubule is low (566). This portion of the tubule is lined by DCT cells
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(105). In one study, when early distal tubules were perfused separately from late distal
tubules, rates of K* secretion by early tubules were found to be low and did not reach
statistical significance (466). These data suggested that the DCT does not contribute
importantly to K* secretion. However, microperfusion of segments of the distal tubule that
lay within the initial 40% of tubule length did secrete K* at low but significant rates under
control conditions (518). These segments would be expected to comprise only DCT cells
(105). When the luminal CI~ concentration was reduced, rates of K* secretion rose
substantially (see below). Thus, a large percentage of K* secretion occurs along the portion
of the distal tubule comprising primarily DCT, CNT, and intercalated cells. Pathways that
can participate in K* secretion have been identified along the DCT1, DCT2 and CNT. A
second function of K* transport pathways along the distal tubule is to provide the
electrochemical gradient required to permit cation reabsorption, via recycling of K* at the
basolateral membrane through KCNJ10/KCNJ16 channels. K* secretion mechanisms at the
apical membrane, and the role of K* transport pathways at the basolateral membrane in
electrochemical gradient generation will be described below.

2. Mechanisms of K* transport—The rate of K* secretion along the distal tubule is
determined largely by the transepithelial voltage, and luminal K* concentrations at the distal
end of the superficial distal tubule are typically close to those predicted by the Nernst
equation (565). The transepithelial voltage along the distal nephron is determined primarily
by sodium reabsorption via ENaC. The absence or presence of ENaC expression along the
distal tubule is the major determinant of K* excretion. As described above, ENaC is absent
from the DCT1 (302), and accordingly, the transepithelial is near to OmV (524). Along the
DCT2, where ENaC is expressed (302) there is a small, amiloride-sensitive lumen negative
transepithelial voltage (524). Finally, along the CNT and then the CCD, ENaC expression
coupled with a lack of NCC expression (302) results in a substantial lumen negative
transepithelial voltage. The lumen negative voltage generated by Na* entry at the apical
membrane thus provides the driving force for K* secretion along the DCT2, CNT and CCD.
Based on the effects of low luminal CI~ concentrations to stimulate K* secretion, Velazquez
et al. (518) proposed that a K*-CI~ cotransport pathway is expressed at the apical membrane
of DCT cells, but no further evidence has been obtained. The majority of evidence suggests
that the primary pathways of K* secretion are two K* channels, the renal outer medulla K*
channel (ROMK1, also called Kirl.1) and BK (Maxi-K).

a. ROMK 1: ROMK1 is a constitutively active channel that mediates basal K* secretion (see
for extensive review (557)), and its activity is most likely regulated by effects on total
expression and on membrane abundance, as well as by altering channel activation. Along the
distal nephron, immunolocalization studies have shown ROMK1 expression at the apical
membrane of DCT1 (despite its low rate of K* secretion), DCT2, and CNT cells (335, 518,
535, 574). ROMK1 displays a nonlinear current-voltage relationship, characterized by a
larger inward current than outward current, (hence the alternative name inward-rectifying
potassium channel 1.1 or K;1.1 (255). Functional ROMK1 channels are formed by a
homomeric assembly of four subunits, each of which possesses two transmembrane
domains.
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b. BK channels: Patch-clamp studies using isolated rabbit CNT revealed a role for BK as a

renal K*-secretory channel. High flow stimulated a K* conductance sensitive to the BK
channel blocker charybdotoxin (489). BK channels are relatively inactive under basal
conditions, but increased fluid delivery to the distal tubule results in increased cell-surface
shear stress, which increases intracellular Ca2* levels, resulting in channel activation (295).
BK channels display diverse tissue-specific properties (47, 427, 473) that partially arise from
differential expression of splice variants of the pore-forming a-subunit (BK-a) and
association with different accessory p-subunits (p1-4) (252, 327). BK-a is expressed along
the distal tubule, but the distribution of the accessory B-subunits varies. Immunostaining of
mouse Kidney sections showed that BK-B1 subunit expression is restricted to the apical
membrane of the primary cells of the CNT (175), suggesting BK-a/B1 channels play a role
in flow-induced K* secretion. The BK-B4 subunit is expressed along both DCT and CNT,
where it is restricted to intercalated cells. Expression of BK-B4 is cytoplasmic, so the
function of BK-a/B4 channels, which are unlikely to play a role in flow-induced K*
secretion (175), is unclear.

c. KCNJ10: KCNJ10 (Kir4.1) is another K* channel in the DCT. This channel participates
in generating the primary K* conductance at the basolateral membrane. KCNJ10 subunits
consist of two transmembrane helices and one pore-forming domain. In the kidney, KCNJ10
forms heterotetramers with KCNJ16 (Kir5.1), which is also expressed along the distal
nephron (20). /n vitro, KCNJ10/KCNJ16 display different biophysical properties to KCNJ10
homodimers (20), including reduced open probability, increased single-channel
conductance, and altered pH sensitivity. KCNJ10 has been reported to be inhibited by
activation of the CaSR (207), which also co-localizes to the basolateral membrane of the
DCT. The CaSR also inhibits KCNJ15 (Kir4.2), also expressed along the DCT (219, 306),
but does not interact with KCNJ16 (207). Therefore, it is also possible that KCNJ10 and
KCNJ16 form functional heterotetramers along the DCT.

Mutations in KCNJ10 cause EAST (SeSAME) syndrome (see below); those identified so far
have varying effects on channel activity, from complete inactivation (arginine-199STOP) to
relatively little effect on activity (alanine-167valine). In addition, several mutations alter pH
sensitivity, resulting in channel silencing at physiological pH, and the arginine-175glutamine
mutation reduces affinity of the channel for PIP2. No diseases have yet been linked to
mutations in KCNJ15 or KCNJ16, and the physiological relevance of heterotetramer versus
homotetramer formation is unknown. Although KCNJ10 permits K+ movement across the
basolateral membrane, this process appears to be crucial for transepithelial NaCl cotransport,
as the disruption of such transport leads to phenotype that resembles loss of NCC. KCNJ10/
KCNJ16 heteromers appear to form the only major K* conductive pathway across the
basolateral membrane of the DCT (594), but Weinstein has suggested that little net K*
movement occurs through them (554, 556). This suggests that the channel serves another
crucial function, perhaps its role in setting membrane voltage.

d. Miscellaneous K * pathways: Several other K* channels and cotransporters are expressed
along the DCT and CNT, but their role in the function of these nephron segments is
unknown. Along the CNT and CCD, KCNK1, a double-pore K* channel is expressed at the
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apical membrane (146, 377). In addition, the voltage-gated K* channel ERG1 has been
localized to the apical membrane of the DCT and CNT (60), and KCNQ1 is expressed along
the basolateral of the DCT and CNT, although expression along DCT1 was weaker (595).
Finally, KCC4 has been localized to the basolateral membrane of the DCT (523).

3. Regulation of K* transport—Many factors regulate K* secretion along the distal
tubule. Factors that act from the peritubular side to increase K* secretion along the distal
tubule include elevations of plasma K* (468), aldosterone (141), vasopressin (142), and
angiotensin 11 (545). A low H* concentration also stimulates K* secretion (467). Basolateral
factors that inhibit K* secretion along the distal tubule include metabolic acidosis (467) and
hypokalemia (468).

Factors that influence K* secretion along the distal tubule from the luminal side include the
luminal concentrations of Na*, K*, and CI~ and the luminal fluid flow rate (568). Luminal
inhibitors of K* secretion include organic cations, such as amiloride (526), triamterene (52),
trimethoprim (80, 172, 521), and pentamidine (247), as well as inorganic cations, such as
Ca?* (374).

Increases in distal flow rate and luminal Na* concentration both stimulate K* secretion by
distal tubules. It is likely that reducing the luminal Na* concentration below a critical level
inhibits K* secretion by its effects on cellular Na* concentration and activity of the Na*-K*-
ATPase pump (168). This is supported by the parallel reductions in K* secretion and
transepithelial voltage that occur when luminal Na* concentration is reduced below 40 mM
(168). Good et al. (168), however, reported that the luminal Na* concentration in fluid
entering the distal tubule usually ranges from 38 to 77 mM, even under conditions of low
dietary NaCl intake. Thus the luminal Na* concentration would not limit K* secretion along
the distal tubule unless severe ECF volume contraction reduced the luminal Na*
concentration below 40 mM. It should be emphasized that the luminal Na* concentration can
and does frequently decline below 40 mM along the collecting duct. If the same relation
between Na* concentration and K* secretion holds in that segment, luminal Na* may be
limiting to K* excretion, even under conditions of mild ECF contraction. Mathematical
models have been developed by Weinstein showing the impact of both fluid flow rate and
luminal Na* concentration (555, 556). These models are entirely consistent with the
microperfusion data of Good and colleagues (169), in which the effect of luminal factors
were studied largely in the absence of systemic perturbation. The summative models show,
however, that if one assumes that transport in the DCT and CNT can be modulated
independently (for example by angiotensin 11 and aldosterone), and the transport properties
are appropriately scaled, luminal Na* concentration may play an important role (554-556).
A role for luminal Na* concentration in modulating K* secretion derives from the
observations that the human diseases GS and FHHt, exhibit increased and decreased K*
secretion, likely related to increased and decreased luminal Na* (379).

Fluid flow rate also affects K* secretion along the distal tubule (169, 240). In a series of
microperfusion experiments, when the luminal flow rate was increased from 6 to 26 nl/min,
K* secretion nearly doubled (169). In contrast to the case of luminal Na* concentration,
discussed above, this range of flow rates is well within the range observed under free flow
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conditions of hydropenia and mild volume expansion. Thus the flow rate of fluid entering
the distal tubule is likely to have an effect on K* secretion on a day-to-day basis. Before the
discovery of the role played by BK channels in flow-mediated secretion, it was suggested
that these effects resulted largely from changes in luminal K* concentration. When the flow
rate is low, luminal K* concentrations increase dramatically along the length of the distal
tubule, owing to continued secretion. In contrast, when the flow rate is high, luminal K*
concentrations remain lower. The lower luminal K* concentration permits continued K*
secretion along the length of the distal tubule (564). These factors almost certainly do play a
role, but the striking effect of BK deletion in mice to abrogate flow-dependent K* secretion
(391) suggests that these channels have a unique role.

Another factor that alters K* excretion in humans and animals is diuretic drugs. Loop and
DCT diuretics (thiazides and others) increase urinary K* excretion and can cause
hypokalemia. A factor that contributes to diuretic-induced K* wasting is contraction of the
ECF volume and hyperaldosteronism (559). Another factor is the increase in distal flow rate.
Loop diuretics inhibit K* reabsorption along the TAL and increase K* delivery to the DCT
(203, 526). Thus a component of the K* wasting that results from loop diuretic
administration reflects direct actions of the drugs, yet DCT diuretics such as the thiazides do
not alter K* secretion directly (526), at least under normal conditions, and yet these drugs
are potent kaliuretics. One factor contributing to this effect is that DCT diuretics increase
Ca?* absorption by the DCT. This reduces the luminal concentration of Ca?* in the late
distal tubule. Calcium acts in the distal tubule to inhibit K* secretion indirectly, by blocking
Na* channels (375). This observation may explain part of the difference in kaliuretic potency
of loop and DCT diuretics. In contrast to the effects of DCT diuretics, loop diuretics increase
distal Ca2* delivery, which would be expected to inhibit K* secretion.

Under some conditions, however, thiazide diuretics may inhibit K* secretion by the distal
tubule. When the luminal concentration of CI™ in the distal tubule is low, the relation
between luminal Na* concentration and K* secretion changes. Velazquez et al. (527) showed
that raising luminal Na* concentration from 40 to 150 mM stimulates K* secretion by distal
tubules perfused with a ClI™-free solution (527). They showed that this effect occurred
primarily along the early distal tubule and suggested that it reflected transport via an apical
K*-CI~ cotransport pathway. Because there is little molecular evidence for a luminal K*-CI~
transport pathway, these effects of luminal Na* concentration on K* secretion are more
likely to involve secretion via ROMK.

Organic cations may also affect K* secretion by the distal tubule. Amiloride blocks
epithelial Na* channels and thereby reduces K* secretion along the distal tubule and
collecting duct. Triamterene appears to act in much the same manner (52). More recently, it
has been recognized that other organic cations, used primarily as antimicrobial substances,
can also block epithelial Na* channels and cause K* retention. Both trimethoprim (80, 430,
522) and pentamadine (247) have been shown to block Na* channels, inhibit K* secretion,
and cause hyperkalemia in patients. It is postulated that these drugs, like amiloride, enter the
pore region of channels (377) leading to channel blockade. It seems likely that other organic
cations may have similar “amiloride-like” effects on the distal tubule.
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a. Regulation of ROMK1: The numerous mechanisms by which ROMK1 activity is
regulated have been extensively reviewed (157, 414, 549, 557). Here, more recent regulatory
mechanisms will be summarized. ROMK is modulated physiologically to enhance K*
secretion appropriately. A recent study using well validated ROMKZ1 antibodies revealed
significant effects of dietary K* supplementation. In renal cortex, total ROMK1 expression
increased, and immunofluorescence indicated enhanced apical staining, along DCT2, CNT
and CD (535). In contrast, although ROMK was expressed along the DCT1, dietary K*
loading did not affect it; this is consistent with a lack of functional ROMK in the apical
membrane of distal tubules, as documented by patch clamp studies (personal
communication, WH Wang).

The PKA pathway plays a central role in mediating the effects of vasopressin on K*
secretion along the TAL and distal nephron (61, 547). Activation of this pathway results in
phosphorylation of ROMK1 at several sites, increasing ROMK1 activity (575); the
importance of phosphorylation of ROMK1 by PKA is illustrated by the observation, in
humans, that mutation of a PKA phosphorylation site causes Bartter Syndrome (455).
Phosphorylation of ROMK1 stimulates channel activity by either increasing insertion of
ROMKU1 into the plasma membrane (589), or by a mechanism involving PIP2-dependent
ROMKT1 activation. Phosphorylation of ROMK by PKA does not directly activate ROMK1
channels in membranes that are depleted of PIP, (293), but lowers the concentration of PIP,
necessary for activation of the channels, suggesting that PKA activates ROMK1 by
enhancing PIP,-channel interaction.

The PKC pathway is also important for regulation of K* transport in CD by PLC-activating
hormones and growth factors, including prostaglandin E,, bradykinin, and epidermal growth
factor (12, 143, 183, 480). The effect of PKC on ROMK1 is complex because PKC exerts
both stimulatory and inhibitory effects (287, 593). PKC-induced phosphorylation of ROMK
channels is required for insertion of ROMKU1 into the plasma membrane (287). Activation of
PKC by phorbol 12-myristate 13-acetate (PMA) inhibits apical K* channels in CCDs (548).
Stimulation of PKC decreased the sensitivity of ROMK channels to PIP2 (593), an activator
of ROMK1 (208, 293); thus PKA and PKC regulate ROMKZ1 activity by enhancing or
inhibiting PIP2-dependent ROMK(1 activation respectively.

The aldosterone-inducible serine-threonine kinase SGK1 regulates the activity of a wide
variety of ion channels and transporters (324). ROMK1 contains a consensus SGK1
phosphorylation site at serine 44, and ablation of this phosphorylation site (S44A) reduced
ROMK1 activity in Xenopus oocytes; conversely, a phosphomimetic mutation, S44D,
stimulated activity (589). These effects involved a decrease or increase in ROMK1 plasma
membrane expression respectively. In vitro kinase assays confirmed that ROMK1 is a
substrate for SGK1. SGK1 may therefore represent a pathway through which aldosterone is
able stimulate K* secretion.

In addition to effects on activity of NCC and ENaC WNK kinases also modulate activity of
ROMKZ1. WNKA4 strongly inhibits ROMKU1 activity /n vitro, through a kinase-independent
mechanism (225, 270). WNK4 reduces ROMK1 abundance at the plasma membrane, but in
contrast to its inhibition of NCC, the effect is dynamin-dependent and involves clathrin-
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mediated endocytosis (225). WNK4 and ROMKT1 interact, but interaction is not sufficient to
result in ROMK1 inhibition (185). FHHt-causing mutations in WNK4 (E559K, D561A and
Q562E) increase this interaction and inhibit ROMK1 to a greater extent than wild type
WNKA4 (185, 225). Furthermore, deletion of the region containing these three amino acids
prevents WNK4 inhibition of ROMK1, and a synthetic peptide of this region blocks the
interaction between WNK4 and ROMK(Y, indicating it plays a key role in the WNK4-ROMK
interaction (348). Taken together, these data suggest a possible mechanism for the
hyperkalemia observed in FHHt, whereby potassium secretion is reduced by lower apical
membrane expression of ROMKZ1. Direct phosphorylation of WNK4 by SGK1 reverses
WNK4 inhibition of ROMK1 (412), with further complexity added by attenuation of the
SGK1 effect by the protein kinase c-Src (591). In contrast to its effects on inhibition of NCC
by WNKA4, angiotensin Il does not affect inhibition of ROMK1 by WNK4 (423).

Studies in Xengpus oocytes and HEK-293 cells have shown that WNKZ1 also inhibits
ROMKT1 activity. The effect is either dependent on intact kinase activity (270, 544), or
independent on it, depending on the study (86). Three proline-rich motifs (PXXP) within
amino acids 1-119 of WNK1 are sufficient to inhibit ROMKZ1 (185, 544). Time course
studies of ROMK1 plasma membrane expression suggest that WNKZ1 increases endocytosis
of ROMK1 in a dynamin-dependent manner (86), an effect involving interactions with the
scaffolding protein intersectin (185). Interaction with intersectin occurs via the N-terminal
proline-rich motifs of WNK1, and triple mutation of these motifs ablates this interaction, as
well as preventing ROMKU1 inhibition (185). WNK4 inhibition of ROMK1 also seems to
require its interaction with intersectin, and interestingly, FHHt-causing mutations in WNK
increase the interaction (185). Recently, direct evidence was provided that WNK1 stimulates
ROMKZ1 endocytosis, and the clathrin adaptor molecule ARH is required (132). It remains to
be determined whether ARH is a WNK1 substrate, and whether other WNK kinases
modulate WNK1-ARH interaction.

KS-WNKT1 alone does not affect ROMK1 activity, but reverses WNKZ1 inhibition of the
channel (296). Two regions within KS-WNK1 have been identified that mediate its
antagonistic effect on WNK1 regulation of ROMKZ1 (296). Not surprisingly, one region,
including amino acids 31-253, contains the autoinhibitory domain; the other, which spans
amino acids 1-77, contains the unique cysteine-rich sequence encoded by exon 4a. Both of
these regions coimmunoprecipitate with amino acids 1-491 of WNK1, and mutational
analysis revealed that the two essential phenylalanine residues in the autoinhibitory domain
are required for region 31-253 to inhibit WNKZ1. In order for KS-WNK1 to inhibit WNK1,
amino acids 120-491 of WNK1 are required, rather than the N-terminal proline-rich motif
(296).

WNKS has also been shown to inhibit ROMKZ1 activity in Xenopus oocytes, through an
effect on plasma membrane abundance, rather than conductance or open probability (278).
Interestingly, introduction of a mutation homologous to the FHHt-causing WNK mutation
Q562E enhanced the inhibitory effect of WNKS3, suggesting that this region may play an
important role in the function of the WNKSs in general.
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Src-family protein tyrosine kinase phosphorylates ROMK1 at tyrosine 337, and
phosphorylation at this site is increased by dietary K* restriction, or inhibited by a high K*
diet (288); parallel changes have been observed in expression levels of c-Src and c-Yes
(551). Activation of c-Src inhibits SGK1-mediated phosphorylation of WNK4, thereby
restoring the inhibitory effect of WNK4 on ROMK channels and K* secretion (591) (see
above). It has been proposed that this interaction between c-SRC, SGK1 and WNK4 may
provide a mechanism to reduce K* loss during ECF volume (ECF) depletion, and increase it
during high K* states, both of which would increase SGK1 expression via stimulation of
aldosterone secretion (549). While K* supplementation inhibits c-Src expression, ECF
depletion has no effect. Thus, during ECF depletion, high c-Src activity prevents the effect
of SGK1 on K* secretion; under high K* conditions, suppression of c-Src permits SGK1 to
stimulate K* secretion. The tetraspanin CD63 has been reported to increase ¢-SRC activity,
enhancing c-SRC-mediated inhibition of ROMK1 (286).

The role of klotho in regulation of Ca2* reabsorption is discussed in detail below; klotho has
also been reported to regulate ROMK1 through the same mechanism. Treatment of cultured
cells with the extracellular domain of Klotho increased plasma membrane expression of
ROMKZ1 through removal of terminal sialic acids from the ROMK1 extracellular N-glycan.
Removal of sialic acids allows binding of galectin-1 to ROMKZ1, preventing clathrin-
mediated endocytosis or ROMK1 (65). Furthermore, injection of the extracellular domain of
Klotho into rats stimulated urinary K* excretion (63).

b. Regulation of BK: Similar to the regulation of ROMKZ1, pathways that regulate BK
channel activity have been described, but the /n vivo relevance of these to K* secretion along
the DCT and CNT is unclear. The pore-forming a-subunit (BK-a) of BK is phosphorylated
by both PKA and PKC. Patch-clamp studies using isolated rat CCD revealed that application
of PGE2 inhibited BK channel activity (223). Inhibition of P38 and ERK MAPK stimulated
BK channel activity, and prevented PGE2 inhibition; this pathway may be mediated through
PKC. Expression of the PGE2 synthetic enzyme cyclooxygenase Il was stimulated during K
* restriction, suggesting that this pathway may serve to reduce K* secretion through BK
under this condition. Studies using microperfused rabbit CCDs showed that specific
inhibition of PKA tonically inhibited flow-stimulated BK channel activity in principal cells,
but not in intercalated cells (294), which may reflect differences in BK-f isoform
expression. PKC also inhibits flow-stimulated BK activity, but this effect may be indirect,
since PKC activation is required for mechanosensitive Ca%* signaling.

The CYP-epoxygenases CYP2C23 and CYP2J2 are enzymes that metabolize arachidonic
acids and are expressed in the CCD (309, 482). CYP2C23 in particular, has been shown to
be the major isoform of CYP-epoxygenase responsible for formation of the arachidonic acid
metabolite 11,12-epoxyeicosatrienoic acid (11,12-EET) in the kidney (198, 216). Dietary K*
supplementation increased the expression of CYP2C23 but not CYP2J2, and increased
11,12-EET levels in isolated rat CCD tubules (483). Application of both arachidonic and
11,12-EET increased BK channel activity, even when CYP-epoxygenase was inhibited.
Furthermore, inhibition of CYP-epoxygenase abolished iberiotoxin-sensitive and flow-
stimulated, but not basal BK channel activity, in isolated microperfused rabbit CCD. In
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summary, high dietary K* stimulates the renal CYP-epoxygenase pathway, which plays an
important role in activating BK channels and flow-stimulated K secretion along the CCD.

c. Models of K* transport: As noted above, the DCT1 primarily reabsorbs Na* and CI~
with relatively little transepithelial K* movement. Consistent with this function, functional K
* channels have been detected along the basolateral membrane, but not along the apical
membrane (289). Although ROMK (535) and KCNAL (Kirl.1) (164) have been detected at
the apical membrane by immunofluorescence, they appear to contribute little to apical K*
conductance (121). In contrast, as noted, 40 pS K* channels along the basolateral membrane
are detectable along DCT1. Weinstein has modeled the DCT1 (554, 556), using measured
conductances for K* and CI~ to estimate rates of transport. According to this model, the
majority of K* movement across the basolateral membrane of this segment traverses an
electroneurtral KCI cotransport pathway, rather than a K* channel. This suggests that the
basolateral channels may primarily serve the function of maintaining an appropriate
basolateral membrane voltage. Along the DCT2, K* clearly traverses conductive pathways
in the apical membrane; ROMK is clearly one important pathway.

d. The aldosterone paradox: Several years ago, Halperin coined the phrase, ‘aldosterone
paradox’ to describe the fact that aldosterone appears to enhance K* excretion, under some
conditions, while favoring NaCl retention under others (290). These differential effects occur
in situations where aldosterone secretion is stimulated respectively by hyperkalemia and by
ECF volume depletion (and therefore angiotensin I1). Although Weinstein has recently
questioned whether the phenomenon is, in fact, paradoxical (556), the moniker has proved
popular (14, 514). From a phenomenological standpoint, several factors appear to limit the
tendency for K* secretion that would otherwise occur associated with exposure to high
circulating aldosterone. When the ECF volume is low, GFR may be slightly reduced, and
rates of proximal tubule reabsorption are enhanced. As a portion of the proximal effects
results from angiotensin 11, which stimulates Na*/H* exchange, this will limit distal Na*
delivery. The DCT appears to play a key role in switching from kaliuresis to antinatriuresis,
in response to ECF volume depletion. As discussed above, this segment is highly responsive
to angiotensin 1. When angiotensin 1 stimulates NCC activity along the DCT, this further
limits Na delivery to the DCT2 and CNT, thereby reducing K* secretion. This process has
been modeled by Weinstein (556).

The key role of the DCT in modulating serum K* is illustrated by diseases of humans in
which DCT function is disturbed. In Gitelman syndrome, wherein NCC is functionally
deficient (259), K* wasting is often unrelenting. In contrast, in Familial Hyperkalemic
Hypertension, where NCC activity is stimulating constitutively (379), hyperkalemia is
constant. These disease processes point to the central role of the DCT in modulating
systemic K* balance.

E. Calcium Transport

1. Rates of Ca2* transport—Ca2* ions play an essential role in many cellular processes.
Three major processes maintain body Ca?* within a narrow range: intestinal absorption,
bone resorption and formation, and urinary excretion. Net intestinal absorption of Ca2*
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amounts to ~200 mg of the normal dietary intake of 1,000 mg. In the steady state, this net
absorption is matched by urinary excretion. Since 10,600 mg of the ~10,800 mg (98%) of
Ca?* filtered daily must be reabsorbed by the kidney (90), this organ represents a key
regulator of Ca2* homeostasis.

The bulk of the filtered load of Ca2* (60~70%) is reabsorbed in the proximal tubule largely
by passive means through the paracellular pathway and only ~15% of the filtered load
reaches the distal tubule. Reabsorption along the distal tubule occurs by active transcellular
transport, since the luminal concentration of Ca?* is below that of blood, and the
transepithelial voltage is lumen negative (268). Furthermore, the passive permeability of the
distal nephron for Ca2* is very low (89). The amount of calcium reabsorbed by the distal
tubule rises when the amount of Ca2* delivered to it increases (89, 173). In rodents, rates are
approximately 2-5 pmol-min~t.mm~1 (87, 89).

Although both Ca2* and Mg?2* (see below) are reabsorbed along the distal nephron,
including along the DCT, the sites of reabsorption overlap only partially. This segmental
separation has implications with regard to side effects of drugs and for genetic diseases.
Ca?* reabsorption along the DCT1 appears to be minimal, as the molecular machinery,
described below, is not present in this segment (103). In fact, the expression of the Na*/Ca%*
exchanger by the DCT2 was used to first distinguish this segment, molecularly, from the
DCT1 (366). Thus, the majority of Ca2* reabsorption takes place along the DCT2 and the
CNT, whereas Mg?* reabsorption occurs predominantly along DCT1 (301) (see Figure 5).
The reader is referred to other work for additional information about transport properties of
the CNT (471).

2. Mechanisms of Ca?* transport—The process by which Ca?* is reabsorbed by the
DCT and CNT is reasonably well-established, at the molecular level; they are shown
schematically in Figure 5. The combination of a 1,000-fold inward concentration gradient
and the cell-negative membrane potential provides a large electrochemical driving force
favoring the entry of Ca2* across both the apical and basolateral membrane. At the apical
membrane, Ca2* enters the cell through the transient receptor potential vanilloid 5 (TRPV5)
Ca?* channel. Ca%* is extruded across the basolateral membrane and into the blood by the
Na*/Ca2* exchanger (NCX1), and the plasma membrane Ca2*-ATPase (PMCAL1b) (311). An
additional essential component of the Ca2* transport mechanism is the intracellular Ca2*
binding protein, calbindin 28K. Like for Na* and K*, a mathematical model for Ca2*
transport along the DCT2 and CNT has been developed (40).

a. TRPV5: TRPV5, originally identified as the epithelial Ca?* channel, is a member of the
TRP channel superfamily (101). The channel contains intracellular amino- and carboxyl-
terminal tails, which flank the six transmembrane (TM) segments; there is an additional
hydrophobic stretch between TM5 and TM6, which is predicted to form the pore. The
amino-terminal tail contains six ankyrin repeats for both channel assembly and protein—
protein interactions, and the carboxyl-terminal tail harbors three potential protein kinase C
(PKC) sites. In cell systems, TRPV5 assembles into large homotetramers (41)
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TRPVS5 is constitutively active at low intracellular Ca* concentrations and physiological
membrane potentials, with strong inward rectification (528). The channel is highly selective
for Ca2*, making it the most Ca%*-selective member in the TRP superfamily (528). DTRPV5
is abundantly expressed along the DCT2 and CNT, where its deletion substantially reduced
Ca?* reabsorption, as TRPV5~/~ mice excrete six- to tenfold more Ca2* than wild-type
littermates (195).

b. NCX1: The Na*/Ca2* exchanger plays a key role in transepithelial Ca2* transport. NCX1
exchanges Na* and Ca?* in a 3:1 stoichiometric ratio. Moreover, NCX1 is widely expressed
in diverse tissues including the heart, brain, and skeletal muscle. In the kidney, the
expression of NCX1 is restricted to the distal part of the nephron, particularly the DCT and
CNT. In the DCT, it is only expressed by cells of the DCT2 (in rodents and humans) (122,
366). In the rabbit, where transitional segments are not observed, expression of Ca2*
transporting proteins, including the NCX1, is limited to the CNT. NCX1 has been estimated
to transport approximately 70% of the Ca%* across the basolateral membrane (194).

NCX is driven by both the Na* gradient across the basolateral cell membrane and by the
intracellular voltage. Because the stoichiometry is 3Na*/2Ca2*, the transporter carries a net
positive charge into the cell. Ca2* inside the cell can bind to the transport protein and
activate it, allosterically. NCX has been modeled to comprise 9 TM domains. These are
divided between an amino-terminal domain, including the first 4 TM domains, and a
carboxyl-terminal domain, comprising the remaining four. The two domains are separated
by a cytosolic loop comprising 500 residues, which includes two Ca%* binding domains.
CBD1 exhibits high Ca?* affinity, whereas CBD2, exhibits lower affinity. When Ca2* binds,
large structural changes occur that strongly activate Ca2* transport. Many regulatory proteins
have been reported to bind to the carboxyl terminal domain. These have been reviewed (50).

c. PMCA1b: Plasma membrane ATPases are high-affinity Ca2* efflux pumps that keep
intracellular Ca2* concentration very low in cells. The highest Ca2*-ATPase activity in
kidney is in the DCT segment. Although this protein likely plays an important role in
transepithelial Ca2* transport, it likely plays a less important role than NCX1, as it has been
estimated to transport only ~30% of the total Ca2* efflux (31). PMCAs belong to the type
[1B subfamily within the large superfamily of P-type ATPases (475). In mammals, four
separate genes code for the major PMCA isoforms 1-4, with alternative splicing generating
a large number of specific PMCA isoforms. They appear to have 10 TM regions, with a long
carboxyl-terminal tail and a central intracellular nucleotide-binding domain (475). The
difference in expression pattern and abundance suggests that the different PMCA isoforms
and splice variants fulfill different roles in cellular Ca2* regulation.

d. Calbindin D28K and D9K : Within the cell, Ca2* channel binds to Calbindin-D28k and
D9k; these proteins are names for their apparent molecular weights, 28 and 9 kDa,
respectively. These proteins rapidly buffer apical calcium influx, thus greatly enhancing the
capacity for Ca2* to enter cells from the lumen, without triggering intracellular signaling
events (253). The calbindins then shuttle CaZ* from the apical to the basolateral membrane,
where the Ca2* offloads to extruding mechanisms. In the rabbit and rat, calbindin-D28k is
expressed predominantly in the DCT and CNT (490). One study has also shown significant
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levels of expression in the CCD of rat (404). Calbindin D9K in rat is expressed in the cTAL,
DCT, CNT, and CCD (32, 437). Initially, there was some confusion over the role that
calbindin-D28k plays in systemic Ca2* homeostasis, as mice deficient in this protein
displayed few Ca2* abnormalities. Nevertheless, this issue was resolved by experiments in
which both calbindin-D28k and the VDR were knocked out. The double knockout mice had
substantial abnormalities, with decreased expression of calbindin-D9k, as well (596). These
results show clearly that calbindin-D28k plays an essential role in mediating CaZ* transport
across the DCT2 and CNT. The function of calbindin-D28k is illustrated by effects of
intracellular calcium. When the intracellular calcium concentration is low, calbindin-D28k
moves toward the apical membrane, associating with TRPV5. This process appears to be
essential for preserving Ca2* influx (266).

3. Regulation of Ca2* transport—Regulation of Ca2* transport along the DCT and
CNT is likely to involve regulation at all three steps of the transcellular pathway (i.e. apical
entry through TRPVS5, shuttling by calbindins and basolateral extrusion through NCX1 and
PMCAS). Regulation of TRPV5 activity in particular has been extensively characterized, and
includes (i) regulation of TRPV5 expression, (ii) regulation of TRPV5 plasma membrane
abundance and (iii) alteration of TRPV5 open probability.

Many of the regulators of TRPV5 expression levels also regulate expression of other
proteins in the transcellular pathway i.e. NCX1 and calbindin-d28K and PMCA1b. Control
of plasma Ca2* levels within a narrow range is achieved by stimulation of the synthesis and
release of calcitropic hormones including 1,25-Dihydroxyvitamin D3 [1,25(0H),D3],
calcitonin (147) and parathyroid hormone (PTH), the latter two of which are release
following sensing of Ca2* demand by the Ca%*-sensing receptor (CaSR). PTH and
1,25(0OH),D3 in particular have been shown to be important activators of expression of the
transcellular transport machinery in the kidney (reviewed in (103)) but several additional
stimuli also play roles.

a. PTH: Isolated nephron segment RT-PCR and in situ hybridization have localized PTH
receptor expression in rat kidney. Expression was noted in the glomerulus, proximal tubules,
cortical thick ascending limb (cTAL), and the DCT, but not in the CCD (277, 407). The CNT
was not addressed as a distinct segment in these studies. PTH acts both acutely (see below),
and chronically though the genomic effects described here, to stimulate calcium
reabsorption. In rats, PTH supplementation was observed to increase renal expression of
TRPVS5, Calbindin-d28K, NCX1 and PMCA1b (505). The same effects were observed in
primary cultures of rabbit CNT and CCD (505). Parathyroidectomy, which reduces PTH
levels, had the opposite effect (with the exception of unchanged PMCA1b levels), and
replacement of PTH reversed this effect (505). In addition, knockout mice lacking the CaSR,
which couples plasma Ca2* levels to PTH secretion, display elevated PTH levels and a
concomitant increase in TRPV5 expression (505).

b. Vitamin D: 1,25-Dihydroxyvitamin D3 [1,25(OH),D4] is a primary regulator of calcium
and phosphorus homeostasis, acting through effects on gene expression in intestine, kidney,
and bone, and through feedback inhibition of PTH production at the parathyroid glands.
1,25(0OH),D3 binds to the vitamin D receptor (VDR), a member of the nuclear receptor
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superfamily of steroid/thyroid hormone receptors, which then acts as a transcription factor to
modulate expression of target genes. In human kidney, the VDR is expressed at high levels
along the DCT, and CCD, with lower but significant expression in the proximal tubule (256).
Rats raised on a vitamin D-deficient diet display a significant reduction in plasma Ca2*
levels associated with lower renal TRPV5 expression, but supplementation with
1,25(0OH),D3 reversed this effect (193). The enzyme 25(0OH) vitamin D3la-hydroxylase
(CYP27B1) [1a (OH)ase] is responsible for the final and key step of 1,25(0H),D3
synthesis, and its targeted disruption in mice also reduces TRPV5 expression. In addition,
expression of calbindin-d28K and NCX1 are reduced (PMCA1b expression is unchanged)
(192); Ca?* supplementation reversed these effects, and also increase PMCA1b expression.
The final demonstration of the central importance of vitamin D in regulating expression of
the renal transcellular pathway proteins comes from ablation of VDR in mice, which display
reduced TRPV5 expression (507), or knockdown of VDR by microRNA in a rat cell line,
which reduces expression of TRPV5, Calbindin D28K, NCX1 and PMCA1b (571). The
observation that dietary Ca2* supplementation reverses the effects of both VDR and 1a
(OH)ase knockout on transcellular pathway proteins suggests that dietary Ca2* regulates
their expression independently of 1,25(0OH),Ds.

c. Sex steroids: It is well established that estrogen deficiency in postmenopausal women is
associated with an increased risk for osteoporosis. Studies in normal humans have shown
that males display a greater degree of urinary Ca?* excretion than females (94, 342). These
observations indicate that sex steroid hormones may play a role in regulating the
transcellular pathway. Estrogens exert a stimulatory effect on expression of Ca2* transport
proteins. In mice lacking the estrogen receptor-a (which is expressed in DCT and CNT),
levels of TRPV5, Calbindin-d28K, NCX1 and PMCAU1b are all reduced (508). While
ovariectomy of rats itself had no effect on expression levels, estrogen replacement in
ovariectomized rats increased expression of all four proteins (504). The effect on at least
TRPV5 expression is independent of 1,25(0OH),D3, since estrogen was still able to increase
itin VDR and 1a (OH)ase knockout mice(504). Testosterone has the opposite effect on
expression of transcellular pathway proteins as demonstrated by several observations in
mice. First, male mice have higher urinary calcium excretion than female mice, associated
with lower expression of TRPV5, Calbindin-d28K, NCX1 and PMCALb (205).
Orchiectomy increased the abundance of TRPV5 and Calbindin D28K at both the mRNA
and protein level; testosterone replacement reversed this effect. No significant differences in
serum estrogen, parathyroid hormone, or 1,25-dihydroxyvitamin D3 levels between control
and orchidectomized mice with or without testosterone were observed, suggesting that
testosterone is acting independently of these hormones.

d. Glucocorticoids. Stress hormone pathways may play a role in modulating renal Ca*
transport through an effect on expression levels of the transcellular pathway machinery.
Chronic glucocorticoid treatment has many systemic side-effects, including decreased
calcium absorption by the duodenum (211) increased renal calcium excretion (486)
(Weinstein et al. 1998), and osteoporosis (56, 380, 398). In rats, the synthetic glucocorticoid
dexamethasone significantly enhanced renal TRPV5 and Calbindin-d28K mRNA and
protein abundance, probably to compensate for reduced Ca2* reabsorption along proximal
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tubule and TAL (355). )Restraint stress was reported to increase expression of NCX (209),
while chronic treatment of mice with ACTH, which stimulates glucocorticoid secretion, led
to increase Calbindin expression, but reduced TRPV5 expression (110).

e. Acid-base status: Chronic metabolic acidosis results in hypercalciuria, whereas chronic
metabolic alkalosis has the opposite effect. Some of these effects are likely related to the
increased dissolution of bone in chronic metabolic acidosis, and therefore maybe
independent of changes in kidney transport proteins; but this does not rule out important
renal changes. Micropuncture studies in dogs showed that chronic (but not acute) metabolic
acidosis increased urinary calcium excretion, whereas metabolic alkalosis (or bicarbonate
infusion) led to calcium retention, independently of parathyroid hormone (485). In mice,
chronic metabolic acidosis induced by NH4ClI loading or administration of the carbonic
anhydrase inhibitor acetazolamide increased urinary calcium excretion, associated with
reduced expression of renal TRPV5 and calbindin-d28K at the mRNA and protein level
(358). In contrast, chronic metabolic alkalosis induced by NaHCO3 administration induced
the expression of Ca2* transport proteins and caused hypocalciuria. The CI7/HCO3-
exchanger pendrin is expressed on the apical membrane of intercalated cells in the
DCT/CNT and CCD, (245, 418, 541) and is the major transporter responsible for
bicarbonate secretion along the distal nephron (10, 418). Recently, it was shown that pendrin
knockout mice, display calcium wasting, most likely as a result of reduced expression of
TRPVS5, calbindin-d28K and NCX1 (21). Thus, bicarbonate and calcium handling by the
distal nephron appear to be closely coupled.

4. Regulation of TRPV5 activity—TRPV5 activity is regulated by two mechanisms (i)
plasma membrane abundance and (ii) open probability. Following irreversible blockade of
TRPV5 at the plasma membrane, TRPV5 activity rapidly returns, suggesting insertion of
new channels to the membrane (267). A pool of TRPV5-containing vesicles close to the
plasma membrane is the likely source of these new channels. Plasma membrane abundance
of TRPV5 is also regulated by endocytosis, with the majority of internalized TRPV5
entering the recycling pathway rather than the degradation pathway (511). Finally,
extracellular mechanisms act to regulate the retention of TRPV5 channels at the plasma
membrane.

Channel activity is determined by the combination of the probability of the channel being
open (open probability, Py), and the amount of current flowing through the channel during
the open state (conductance). Several factors have been identified that regulate plasma
membrane abundance or activity of TRPV5, described below.

4. Regulation of TRPV5
a. Plasma membrane abundance: intracellular mechanisms

i. SI00A10/Annexin 2: /n vitro yeast-two hybrid and immunoprecipitation studies identified
S100A10 as a TRPV5-interacting protein (510). SI00A10 typically exists as a heterodimer
with annexin 2, and S100A10/annexin 2 were subsequently shown to form a complex with
TRPVS5 (510). All three proteins were also shown to co-localize along the DCT2/CNT in
vivo. The S100A10/annexin 2 complex plays a role in several cellular processes including

Compr Physiol. Author manuscript; available in PMC 2018 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCormick and Ellison Page 43

endocytosis, exocytosis and membrane—cytoskeleton interactions (6, 155), suggesting that
S100A10/annexin 2 might regulate plasma membrane expression of TRPV5.
Downregulation of annexin 2 using annexin 2-specific sSiRNAs in HEK293 cells
significantly inhibited the currents through TRPVS5, indicating that the S100A10/annexin 2
plays a role in regulating TRPV5 activity (510). Mutation of amino acids in the C-terminus
of TRPV5 involved in its binding to S100A10 significantly reduced TRPV5 plasma
membrane abundance in Xenopus laevis oocytes, indicating that S100A10/annexin 2 may
regulate TRPV5 activity through an effect on TRPVS5 trafficking (510). Importantly,
expression levels of both SI00A10 (510) and annexin 2 (333) are increased by
1,25(0OH),D3, suggesting a physiological role in Ca2+ homeostasis.

ii. Rablla: Similar to S100A10, the ubiquitously expressed small GTPase Rabl1la was
identified as a TRPV5-binding partner using a yeast two-hybrid approach (509). Rabl1la is
associated with recycling endosomes, which return internalized TRPV5 to the plasma
membrane. Immunofluorescence revealed that Rab11a is expressed along the DCT2/CNT,
and within cells, is localized with TRPV5 in vesicles lying close to the apical membrane. In
Xenopus laevis oocytes, coexpression of a Rab1l1a mutant unable to bind GTP with TRPV5
significantly decreased TRPV5 plasma membrane abundance (possibly through an effect on
channel recycling to the plasma membrane) and hence activity (509). A more recent study
showed that TRPV5 is constitutively internalized in a dynamin- and clathrin-dependent
manner in HEK293 cells (511); histidine 712 of TRPVS5 is critical for this process (98).
Internalized TRPVS5 initially appeared in small vesicular structures and then localizes to
perinuclear structures positive for Rabl1a. Treatment of cells with brefeldin A, which
disrupts delivery of newly synthesized channels to the plasma membrane did not inhibit
TRPVS5 activity, suggesting that TRPV5 exists in a vesicles capable of recycling back to the
surface (511). Recycling of TRPV5 was inhibited by BAPTA-AM, suggesting that channel
recycling is regulated by intracellular Ca2*.

iii. WNK4: As described in section I V.C, patients with the Q565E mutation in WNK4
display hypercalciuria, in contrast to patients with mutations in WNKZ (321). There is
conflicting data regarding the effect of WNK4 on TRPV5 activity. WNK4 was first reported
to increase TRPVS5 activity in a Xenopus laevis oocyte overexpression system by increasing
TRPV5 membrane abundance (222). WNK4 had no effect on open probability in this study.
In contrast, studies performed using the mammalian HEK293 cell line found that WNK4
reduced TRPVS5 activity and cell surface expression by stimulating caveolin-mediated
endocytosis (64).

iv. Intracellular Mg?* and PIP2: Intracellular Mg?* reversibly inhibits TRPV5 activity
through a conformational change induced by direct binding of Mg?* to aspartate 542 (276).
This inhibition is reversed by PIP2, an activator of phospholipase C, without impairing Mg2*
binding to TRPVS5, which could also stimulate the channel independently of intracellular
Mg?2* levels. /n vivo, intracellular Mg2* levels are high, and PIP2 may serve to prevent
MgZ*-induced TRPV5 inhibition by stabilization the channel in the open state. Activators of
phospholipase C such as TK may therefore act through PIP2 to stimulate TRPV5.
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v. Adenylyl cyclase signaling and channel phosphorylation: In addition to the chronic
effects of PTH on regulating expression levels of the transcellular pathway machinery
described above, PTH also acutely stimulates Ca2* reabsorption along the distal nephron
(264, 453). In purified luminal membranes from the distal nephron (264) and in primary
cultures of rabbit DCT and CNT cells (269), PTH stimulates Ca2* uptake. Inhibitors of
cAMP prevented PTH stimulation of CaZ* uptake along rabbit connecting tubules (269),
while the adenylyl cyclase activator forskolin and cell-permeable cAMP analogues
stimulated it. PTH also stimulated an accumulation of cAMP in isolated rabbit cells (174).
These effects are now known to involve effects on TRPVS5 (97). The precise mechanism by
which adenylyl cyclase-mediated activation of PKA leads to activation of TRPV5 has
recently been elucidated. In HEK293 cells, forskolin did not affect TRPV5 plasma
membrane abundance, but did alter single-channel activity (97). Cotransfection of the
catalytic subunit of PKA, increased phosphorylation of TRPV5 and directly stimulated
channel open probability. Mutagenesis identified threonine 709 as the residue
phosphorylated following PTH stimulation. This residue lies in the CaSR-binding region
important for feedback inhibition of TRPV5 activity (96). In functional studies, TRPV5-
W702A, which was predicted be unable to bind the CaSR but retained an intact PKA
phosphorylation site, displayed a significantly increased open probability and was not
further stimulated by PTH. These data suggest that PTH-induced phosphorylation of
threonine 709 induces dissociation of TRPV5 and CaSR, leading to increased TRPV5
activity. PTH-mediated channel phosphorylation therefore reverses CaSR feedback
inhibition of TRPVS5.

vi. 80k-h: 25-hydroxyvitamin D3-1a-hydroxylase knockout mice display up-regulation of
TRPV5 mRNA levels. To identify other genes transcriptionally altered in these from 25-
hydroxyvitamin D3-1a-hydroxylase knockout mice, microarray analysis of kidney mRNA
was performed, and revealed that expression of the protein kinase C substrate, 80k-h was
downregulated; dietary Ca2* supplementation was then shown to stimulate renal expression
of 80k-h (161). 80k-h colocalizes witha TRPV5 in the DCT/CNT, and was shown to interact
with TRPV5 /i vitro. 80k-h binds Ca?* through two EF-hand structures, and mutating them
reduced TRPV5 activity and increased its sensitivity to intracellular Ca2*, enhancing Ca?*-
mediated feedback inhibition of the channel (161). These mutations did not disrupt binding
of 80k-h to TRPV5, or alter the plasma membrane abundance of TRPV5, suggesting that
80k-h directly modulates activity of the channel.

vii. Non-genomic effects of steroid hormones: In addition to long-term effects on
expression levels of the transcellular pathway machinery, steroid hormones may exert acute
regulatory effects on TRPV5. Late distal convoluted tubules and connecting tubules isolated
from mice displayed a rapid dose-dependent uptake of Ca?* in response to 1,25(0H),D3
treatment, suggesting that 1,25(0OH),D3 may act through non-genomic effects (196). Similar
rapid effects of 17beta-estradiol on TRPV5 activity have been observed in a rat cell line,
with the caveat that the cell line used was derived from CCD rather than DCT/CNT (218).
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b. Plasma membrane abundance: Extracellular factors

i. Klotho: A possible role for klotho in regulating renal Ca2* reabsorption was revealed by
the finding that mice lacking klotho display an increased fractional excretion of Ca2* (500).
In primary cultures of CNT and CCD cells, klotho stimulated TRPV5 activity, an effect that
was mimicked by treatment of the cells with purified B-glucuronidase (72). Since klotho is
detected in urine, it is likely that it exerts its effect along the lumen of the nephron by
modifying TRPV5 glycosylation. Mutation of a conserved extracellular N-glycosylation site
(N358) in TRPV5, which is a target of p-glucuronidase, prevented activation of TRPV5 by
klotho (72), and removal of a specific sialic acid is involved (65). Cell surface biotinylation
experiments revealed that klotho increases plasma membrane abundance of TRPV5 (72).
The precise mechanism involves a reduction in TRPV5 endocytosis by increasing its
interaction with galectin-1 at the membrane following sialic acid removal from TRPV5 (65).
It is not known if klotho regulates open probability.

ii. Tissue Kallirein: A possible role for the serine protease tissue kallikrein (TK) in the
regulation of TRPV5 was proposed following the observation that TK knockout mice
display significant hypercalciuria (387). Studies in TRPV5 knockout mice suggest that TK
plays a role in Ca2* homeostasis since these mice display increased TK excretion that is
abolished by Ca2* supplementation (162). Activated TK is secreted from the CNT into the
lumen of the nephron and can act directly or indirectly (by converting kinogens to kinins) on
bradykinin 2 receptors (162). Thus, the effect of TK to increase plasma membrane
expression of TRPV5 and stimulate transcellular Ca2* transport is likely to involve signaling
through the bradykinin pathway (162). This pathway involves activation of phospholipase C
through Gg11; the subsequent production of diacycglycerol activates protein kinase C.
Treatment of cells with the phospholipase C inhibitor U73122 prevented TK activation of
TRPVS5, whereas treatment of cells with a cell-permeable diacylglycerol (a product of
phospholipase C activity) analogue activated TRPV5 (162). Finally, mutagenesis studies
revealed that phosphorylation of TRPV5 by protein kinase C, which is activated by
diacylglycerol, is required for TK stimulation of TRPV5. Cell surface biotinylation studies
showed that the effect of protein kinase C phosphorylation on TRPV5 is to increase its
plasma membrane abundance (162), an effect that involves caveolin-1 (66). In summary, TK
appears to act locally in the CNT to stimulate transcellular Ca?* reabsorption by increasing
TRPVS5 plasma membrane abundance; it is not known if it regulates open probability.

iii. Tissue transglutaminase: Recently, a role for the Ca2*-dependent protein crosslinking
enzyme tissue transglutaminase (tTG) in regulating TRPV5 activity has been described. tTG
was detected in mouse urine and in the apical medium of polarized cultures of rabbit
CNT/CCD cells (42). Application of purified tTG to both HEK293 and polarized rabbit
CNT/CCD cells inhibited TRPV5 activity. The mechanism of inhibition was proposed to
involve crosslinking of TRPV5 by tTG, which may increases rigidity of the channel and lead
to a reduction in channel pore diameter (42). Changes in pH may inhibit TRPV5 activity by
a similar effect on channel rigidity (see below). Furthermore, in the absence of N-linked
glycosylation, TRPV5 was insensitive to tTG, indicating that N-glycosylation is essential for
tTG inhibition. This raises the possibility that there is crosstalk between tTG, which inhibits
TRPVS5, and klotho, which stimulates TRPVS5.
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iv. Ca2*: High intracellular Ca%* exerts feedback inhibition of TRPV5 directly. Studies with
HEK?293 cells showed that in the absence of divalent cations, TRPV5 can act as a Na*
channel (361). Ca%* currents were induced by addition of Ca%* to the culture medium, but
increasing intracellular Ca2* eventually inhibited Ca2* flux into the cells. Mutational
analysis of TRPV5 subsequently identified two C-terminal intracellular Ca*-sensing
regions required for Ca2*-dependent inhibition of channel activity (362). The mechanism by
which the Ca2*-sensing regions modulate TRPV5 activity has recently been elucidated. The
CaSR has been shown to directly interact with the C-terminus of TRPV5 to reduce its
activity (96). When the TRPVS5 residues involved in calmodulin binding were mutated, the
mutant channels TRPV5-W702A and TRPV5-R706E, displayed a significant reduction in
Ca?*-dependent inactivation (open probability was increased) compared to the wild-type
channel. CaSR-mediated feedback inhibition through binding to TRPV5 is reversed by PTH
(see below). Feedback inhibition is also reduced by the actions of calbindin D28K. In cells,
when intracellular Ca2* is reduced, calbindin-D28k, which translocates towards the plasma
membrane, and directly interacts with the N- and C-termini of TRPV5, as noted above
(266). This interaction is disrupted by increasing intracellular Ca2* levels. Calbindin 28K
overexpression stimulated TRPV5 activity, an effect prevented by disruption of the six
calcium-binding EF-hand motifs present in calbindin 28K. Therefore, calbindin does not
simply shuttle CaZ* from the apical to basolateral membranes within the cell, but may
actively suppress feedback inhibition, possibly by competing with the CaSR for binding to
the C-terminus of TRPV5.

Finally, in HEK293 cells, channel recycling has been shown to be inhibited by treatment
with the Ca?* chelator BAPTA-AM (511). BAPTA-AM did not reduce TRPV5 endocytosis,
but rather reduced the reappearance of internalized TRPV5 at the plasma membrane. These
data suggest that in addition to direct effects on open probability mediated through
calmodulin, or calbindin D28K association with the channel, Ca?* stimulates TRPV5
recycling, allowing the cell to rapidly replace inactivated cell surface TRPV5 with the active
channel from a recycling compartment to restore Ca%* influx.

v. pH: As described above, acid-base status is likely to regulate Ca2* balance through effects
of the expression levels of the components of the transcellular pathway machinery. In
addition to these more chronic effects, pH has a direct effect on Ca2* transcellular transport
in primary cultures of rabbit CNT and CCD, with lower pH inhibiting transport relative to
higher pH (30). The possible role of modulation of TRPV5 activity in mediating this effect
was demonstrated by the observation that lowering extracellular pH reduced 4°Ca?* influx at
the apical membrane of these cells. Changes in pH are known to directly affect TRPV5
activity by two mechanisms. Firstly, in a mammalian cell expression system, eGFP-TRPV5
was detected in a pool of vesicles lying close to the plasma membrane (267). Increasing
extracellular pH stimulated TRPV5 activity by causing the eGFP-TRPV5-containing
vesicles to fuse with, but not merge with, the plasma membrane. Reducing the extracellular
pH caused these vesicles to rapidly internalize, resulting in lower TRPV5 activity. This
phenomenon, whereby exocytic vesicles transiently fuse with the plasma membrane, without
escape of vesicular contents, has been termed “kiss-and-run” (472). Thus TRPV5 can be
rapidly shuttled to and from the plasma membrane by changes in extracellular pH. Secondly,
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lowering pH either inside and outside the cell reduce activity of single TRPV5 channels by
reducing open probability and single-channel conductance (587). TRPV5 contains two
proton-binding amino acids, the extracellular glutamate 522, and the intracellular lysine 607.
On acidification, binding of protons to these residues is proposed to induce a conformational
change in the channel pore. Patch-clamp studies in which these amino acid residues are
mutated revealed that the major role of this mechanism is to reduce open probability(587),
possibly resulting from a reduction in pore diameter (65).

5. Regulation of basolateral Ca2* extrusion—As noted above, ~70% of active Ca?*
transport is due to activity of NCX1, with the remaining 30% arising from PMCAU1b activity.
Functional studies have shown that the acute administration of physiological doses of PTH
significantly increased NCX1 activity in renal basolateral membrane vesicles from rats
(221), rabbits (45), and dogs (443). This effect was mimicked by dibutyryl cAMP in the
rabbit (45), but not in the dog (443). The signal transduction pathways that mediate PTH
effects on NCX1 are still unknown.

6. Regulation of Ca?* transport by diuretics and disease—Thiazide diuretics have
long been known to reduce urinary Ca2* excretion, an effect that resembles one of the
cardinal manifestations of Gitelman syndrome. Although the molecular biology of Ca2*
transport along the DCT is now well understood, as is the genetic basis of Gitelman
syndrome, the mechanisms resulting in hypocalciuria remain surprisingly controversial (for
a review, see (401)). One mechanism clearly results from enhanced NaCl reabsorption along
the proximal tubule, owing to ECF volume contraction. Along the proximal tubule, Ca*
reabsorption is coupled tightly to NaCl and fluid reabsorption (39, 567). ECF volume
depletion stimulates both, thereby favoring passive proximal Ca2* reabsorption. Evidence in
support of a role for ECF volume contraction includes temporal aspects of thiazide effects.
Acute thiazide administration often increases calcium excretion (116); while this effect is
likely related to the carbonic anhydrase inhibiting effects of these drugs, it suggests that
these drugs are not profoundly hypocalciuric in the setting of euvolemia. Yet even in the
short term, the rise in calcium excretion is less than that caused by other diuretics (49),
raising the possibility of an ECF volume-independent effect. Several human studies showed
that the development of frank hypocalciuria during thiazide treatment does depend on a
reduction in ECF volume (48, 49). Yet there are countervailing data, as well.

Costanzo and Weiner reported that ECF volume depletion is not necessary for acute
thiazide-induced hypocalciuria in dogs (88), as hypocalciuria could be generated by
unilateral chlorothiazide infusion into a renal artery. In individuals with Gitelman syndrome,
saline infusion, to increase urinary NaCl excretion, did not increase Ca2* excretion
substantially (76). Similar findings have been obtained in models of impaired DCT function.
Yang and colleagues (584) generated an NCC S707X knockin mouse, to mimic patients with
Gitelman syndrome. In these mice, hypocalciuria could not be reversed by NaCl infusion.
McCormick and colleagues (326) found that dietary NaCl loading did not reverse the
hypocalciuria that resulted from disruption of SPAK, an important activator of NCC in the
distal nephron.
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While enhanced proximal Ca2* reabsorption certainly contributes to hypocalciuria in
individuals with Gitelman syndrome and probably in patients taking thiazide diuretics
chronically, recent studies suggest that enhanced Ca2* reabsorption along the TAL may also
contribute (118). Favre and colleagues (138) used clearance techniques to demonstrate that
loop segment NaCl transport is increased in individuals with Gitelman syndrome. As
transport related to NKCC2 activity generates the transepithelial voltage along the TAL,
activation would be expected to increase the magnitude of the lumen positive voltage that
drives Ca2* reabsorption there. This would be expected to result in reduce Ca2* delivery to
the DCT (the opposite of a furosemide effect). Our group reported that SPAK deletion in
mice increases the abundance of pPNKCC2 and enhanced the furosemide effect, both findings
consistent with loop segment activation when DCT function is disrupted. Together, these
findings suggest a role for the TAL in thiazide-induced hypocalciuria.

Despite evidence for effects of thiazides/NCC knockout to enhance Ca?* reabsorption along
more proximal segments, there is also strong evidence that thiazides stimulate Ca?*
reabsorption directly along the distal nephron. Costanzo and Windhager (89) used
micropuncture and microperfusion to show that chlorothiazide perfusion increased Ca%*
reabsorption along the DCT. Coupled with evidence, cited above, for a ECF volume-
independent component of CaZ* reabsorption, most investigators viewed an effect along the
distal tubule as proven. Controversy was raised, however, when Nijenhuis and colleagues
(356, 360) reported that thiazide-induced hypocalciuria was associated with decreased,
rather than increased, abundance of Trpv5, calbindin-Dygk, and NCX1. They also found that
urinary calcium excretion was reduced by hydrochlorothiazide treatment, but not in sodium-
repleted rats treated with hydrochlorothiazide (356, 360). The authors concluded that ECF
volume contraction was a critical component of thiazide-induced hypocalciuria. In the
second study, the same group compared the effect of thiazide diuretics on renal Ca2*
handling in 7rpv5 -knockout mice and their wild-type littermates (356, 360). Here, they
reported that the decrease in fractional Ca2* delivery along the length of accessible distal
tubule was similar in the control and thiazide-treated animals. As the hypocalciuric effect
persisted in 7rpv5-knockout mice, the authors concluded that increased passive Ca2*
reabsorption in the proximal tubule rather than Trpv5-mediated Ca2* reabsorption distally
explained the chronic thiazide-induced hypocalciuria.

While these results clearly support a volume-dependent component to thiazide (and
Gitelman)-related hypocalciuria, the very high urinary Ca2* excretion in the basal state
makes interpretation of the Trpv5 knockout mice experiments more difficult. Furthermore,
distal Ca2* reabsorption is load-dependent. The decrease in the fractional Ca2* delivery to
the distal tubule during thiazide treatment in the free-flow micropuncture study precludes
accurate assessment of maximal reabsorptive capacity. Furthermore, the data concerning
abundance of Ca2* transport proteins along the DCT is somewhat contradictory. In the NCC
S707X knockin mice, noted above, TrpV5 abundance was increased. Furthermore, Lee and
colleagues (273) used a lower dose of thiazide than that used by Nijenhuis and colleagues.
Acute treatment with chlorothiazide reduced the urinary calcium-to-creatinine ratio and
increased Trpvb expression. During chronic treatment, Trpv5 mRNA abundance increased,
but only when ECF volume depletion was prevented. They concluded that the proximal
tubule plays a major role during volume contraction, but when volume contraction is absent,
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thiazide-induced hypocalciuria is the result of increased calcium reabsorption in the distal
tubule and upregulation of Trpv5 and calbindins. A final model supporting a volume-
independent effect of thiazides on Ca2* excretion involves parvalbumin knockout mice (26).
Parvalbumin in the kidney is selectively expressed in the DCT1 and colocalizes with the
NCC; it plays a variety of cellular roles. Interestingly, Pvalb-knockout mice have modestly
reduced abundance of NCC, and do not exhibit a natriuretic response to thiazides; despite
this, these mice exhibited the typical (though slightly blunted) reduction in urinary Ca%*
excretion following thiazide administration. The reasons between differences in NCC and
parvalbumin knockout mice are not entirely clear.

Of course, transport protein abundance and transport activity or capacity may not be
equivalent. There are a number of other potential mechanisms by which thiazides/NCC
knockout might affect Ca2* reabsorption, independent of transport protein abundance. When
Na* and CI~ cannot enter the cell across the apical membrane, intracellular concentrations
decline. As NCX1 exchanges Na* for Ca2*, this will favor Ca2* reabsorption across the
basolateral membrane. Additionally, as noted above, CI~ channels at the basolateral
membrane participate in setting the membrane voltage. When intracellular CI™ activity
declines, this will hyperpolarize the basolateral membrane. As the NCX1 is also
electrogenic, this will also favor basolateral Ca2* reabsorption.

To summarize current information about thiazide and Gitelman syndrome associated
hypocalciuria, it appears that ECF volume-dependent and independent mechanisms are both
involved. The ECF volume-dependent processes involve enhanced Ca?* reabsorption,
primarily along the proximal tubule, but probably also along the TAL. In addition, however,
there are clearly other effects of thiazides/NCC deletion that do not require ECF volume
depletion. Some of these involve the distal tubule, although this does not mean that the
increased Ca2* uptake occurs in the cells that express NCC. As the majority of NCC is
expressed along the DCT1, while the majority of Ca2* reabsorption occurs along the CNT,
the two processes may be sequential. The cellular processes involve likely include changes
in transport protein abundance, but changes in activity may also occur.

F. Magnesium transport

1. Rates of magnesium transport—Magnesium has many cellular functions including
acting as a cofactor in energy metabolism, nucleotide and protein synthesis pathways, and
regulating Na*, K* and Ca2*. The normal physiological range of Mg2* in the plasma is 0.7-
1.1 mmol/l. In the kidney, 90-97% of the filtered Mg2* (approximately 2500mg) is
reabsorbed. Unlike many solutes, such as Na* and Ca?*, relatively little Mg2* is reabsorbed
along the proximal tubule (10-30% of reabsorption). In contrast, the majority of Mg2* is
reabsorbed paracellularly, along the TAL (40-70% of reabsorption). The remaining 3-7% is
reabsorbed along the DCT by a transcellular pathway. Basal rates of magnesium
reabsorption along the DCT are approximately 0.5 pmol-min~t.mm™1 (1 pEg-min~1 .mm™1)
(392, 394), approximately half the rate of Ca2* transport along the same segment. As the
fraction of filtered Mg?* reabsorbed along the distal tubule is relatively small, the DCT was
assumed for many years to play a relatively modest role in systemic magnesium balance
(395). It was only the identification of the molecular basis of monogenic Mg2* wasting
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disorders that changed this view. The DCT is now believed to play a crucial role in
mammalian Mg2* homeostasis (103).

Magnesium is reabsorbed throughout the DCT. This includes both the DCT1 and the DCT2,
in contrast with CaZ*, which is reabsorbed primarily along DCT2 and CNT (103). This
spatial separation may have physiological consequences, and it clearly has
pathophysiological one; in Gitelman syndrome, the DCT1 segment is atrophic (303). As
DCT1 is the primary site for magnesium reabsorption along the DCT, this leads to profound
Mg?2* wasting. Yet, as Ca2" is reabsorbed primarily along the DCT2 and CNT (33), which
remain intact, calcium reabsorption is not impaired. Also unlike the case for Ca2*, the Mg2*
chemical gradient across the apical membrane is small, meaning that the driving force for
Mg?2* entry is much smaller than for Ca2*, and largely driven by the apical membrane
voltage.

2. Mechanisms of magnesium transport—NMost transport along the DCT appears to
be transcellular, although an initial report suggested the claudin 16 (paracellin) is expressed
along the DCT, as it is along TAL (456). That this pathway does not play an important role
along the DCT is consistent with microperfusion studies by Quamme and colleagues
showing little Mg2* secretion when DCT segments were perfused with Mg2*-free solution
(394). It should be noted, however, that the same study concluded that loop segments also
exhibit little permeability, although it is now believed that paracellular Mg2* permeability is
important along the thick ascending limb (201).

The pathways involved in transcellular Mg2* reabsorption along the DCT are not as well
delineated as those for Ca2*, but progress has been made. The transient receptor potential
melastatin member 6 (TRPMG6) appears to be the major apical entry pathway. Unfortunately,
although the major basolateral exit pathway has not yet been identified, other proteins
involved in transcellular Mg2* transport and its regulation have been. These include the
potassium channel, Kv1.1, the y subunit of the Na*-K*-ATPase, and several other more
recently identified proteins. These will be discussed below. Although intracellular Mg2*
buffers may exist, their role is not as clear as it is for calbindins, because the intracellular
Mg?2* concentration is not maintained in the nanomolar range, as it is for Ca2*.

TRPM6 was identified as playing an important role in renal reabsorption of Mg2* through
genetic analysis of individuals presenting with hypomagnesemia and secondary
hypocalcemia (432, 539, 540). TRPM6 is expressed in both intestine and in kidney, where it
localizes to the apical membrane of the DCT (DCT1 and DCT2 (534)). TRPM®6 disruption is
embryonic lethal in mice, but mice heterozygous for the channel are viable and display
hypomagnesemia. Mg?* supplementation does not prevent either embryonic lethality or
hypomagnesemia in these mice (563), indicating the crucial role of TRPMG6 in regulating
Mg?2* homeostasis. Patch-clamp analysis showed that TRPMS is permeable to both Mg2*
and Ca?*, but permeability to Ca2* is substantially lower (534).

TRPMG6 contains six putative TM domains with a pore region between the fifth and sixth
segments, and large intracellular amino and carboxyl termini. TRPM®6 displays strong
outward rectification and is tightly regulated by intracellular magnesium. TRPM6 may form
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a functional homotetrameric channel or a heteroteramer with TRPM7, but this remains to be
clarified. TRPMB6 exhibits a conductance two-fold greater than that of TRPM7 and the
TRPMG6/7 heterotetramer (283). TRPMG6 has an approximately five-fold higher affinity for
magnesium than for calcium, while other calcium permeable channels display a much lower
affinities for Mg2* than for Ca2*. One striking feature of TRPM6, and TRPM7, is the
presence at the C-terminus of the a-kinase domain; these two channels are unique in
possessing intrinsic kinase activity. The a-kinase domain has been proposed to act as an
intracellular Mg2*-sensor, and is thus likely to be involved in regulation of channel activity
(206).

The pathway followed by Mg?* following entry through TRPMS is unknown. In contrast to
Ca?* (see section 111.d.), there is little difference between the intra- and extracellular
concentrations of Mg2*, which are both in the submillimolar range, so a specific Mg?*-
binding protein for the shuttling of Mg?™* to the basolateral membrane may not be required.
The lack of an Mg2* gradient does not preclude a role for regulation of TRPMS6 activity by
Mg?*, since increasing intracellular Mg?* has been shown to inhibit channel activity (534).
While there are many intracellular proteins that bind Mg2* in all tissues, parvalbumin and
calbindin D28K are relatively highly expressed along the DCT (32). However, these proteins
also bind Ca?*, and no protein that specifically binds Mg?* has been identified. Since
parvalbumin is highly expressed along DCT1 (where TRPM6 expression is highest), but
relatively weakly expressed along the DCT2 and CNT, it may fulfill the role of the Mg2*
shuttle. However, parvalbumin knockout mice do not display any defect in Mg2*
homeostasis (26). Regarding Mg2* extrusion at the basolateral membrane, while there is
some evidence of the existence of a Na*/Mg2* exchanger in epithelial cells and in rat kidney
(442, 498), its identity Is unknown. Similarly, there is evidence for the existence of a Mg?*
pump, similar to PMCALb (441). A recent association study found that variants in the
PMCA1 gene are associated with serum Mg2* concentrations (337). One previous study
reported that the phosphatase activity of PMCAL is dependent on magnesium ions (323),
suggesting it might fulfill the role of a basolateral Mg2* pump.

3. Regulation of magnesium transport

a. General: Since the transcellular pathway machinery is largely unknown, little is known
about its regulation. Some information has been gleaned regarding regulation of TRPM6
activity and includes (i) regulation of TRPMG6 expression, (ii) regulation of TRPM6 plasma
membrane abundance and (iii) alteration of TRPM6 open probability (P,).

b. Regulation of TRPM 6 expression: In contrast to TRPV5 (see section 111.d.iii.),
expression of TRPM6 does not appear to be regulated by PTH or 1,25(0OH),D3 in mice
(160). However, several factors stimulating its expression have been identified.

i. Dietary Mg?*: Dietary Mg2* increased expression of renal TRPM6 both at the mRNA and
protein level, without effects on TRPM7 expression (160). The increased TRPM6 expression
was still restricted to the apical membrane of the DCT. Supplementation of MgZ* had no
significant effects on TRPM6 mRNA or protein expression.
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ii. Hormonal and growth factor regulation: 1a. (OH)ase knockout mice, which lack
1,25(0OH),D3, displayed no differences in renal TRPMG6 expression compared with wild-type
mice, and 1,25(0OH),D3 supplementation did not induce any effects in these mice (160). The
same observation was made in rats that had undergone parathyroidectomy, or
parathyroidectomy with PTH replacement. Ovariectomy of rats reduced renal TRPM6
expression, an effect reversed by estrogen replacement (160). None of these manipulations
affected TRPM7 expression levels. The effects of testosterone on TRPM®6 expression have
not been determined.

Hyperaldosteronism can lead to hypomagnesemia and decreased intracellular Mg2* (5, 420),
and the associated urinary Mg2* wasting is ameliorated by the mineralocorticoid receptor
blockers spironolactone and eplerenone, and by Mg2* supplementation (170, 389, 558).
Chronic aldosterone administration in mice had no effect on renal TRPM6 mRNA levels, but
significantly reduced TRPM7 mRNA and protein expression (463). Mg2* supplementation
increased expression of both TRPM6 and TRPM7 mRNA in aldosterone-infused mice. A
subsequent study revealed that while aldosterone did not affect TRPM6 mRNA expression,
it had a clear effect on TRPM6 membrane expression that was dependent on Mg?2* status
(see below).

In addition to direct effects on TRPM®6 activity (see below), EGF has been reported to
stimulate its expression in cultured cells through both ERK- and PI3-kinase-dependent
pathway (212-214). The effects mediated through the PI3-kinase pathway appear to be an
effect on TRPM6 mRNA stability rather than an effect on gene transcription (214). /n vivo,
rats treated with EGF for 28 days, displayed reduced fractional excretion of Mg?*,
accompanied by increased renal expression of TRPMG6, but no change in TRPM7 expression
(272). 1t is unclear, however, if the chronic of EGF on TRPM6 expression is secondary to
other changes along the distal nephron.

iii. Acid-base status: Systemic acidosis is associated with renal Mg2* wasting (36, 279,
316), and acute metabolic acidosis produced by infusion of NH4Cl or HCI stimulates Mg2+
excretion (316). Chronic acidosis also leads to urinary magnesium wasting which, as with
acute acidosis, may be partially corrected by the administration of bicarbonate (447). In
contrast, acute and chronic metabolic alkalosis reduces urinary Mg2* excretion (357, 562).
Studies in mice have shown that changes in Mg2* excretion induced by manipulation of
acid-base status are associated with changes in renal TRPM6 expression levels (358).
Consistent with the observed effects on urinary Mg2* excretion, TRPM6 mRNA and protein
expression levels were significantly reduced by NH4ClI loading (which increased Mg2*
excretion), whereas NaHCOj3 treatment (which decreased Mg2* excretion) increased
TRPM6 expression. These correlative findings do not confirm that the changes in TRPM®6
expression are the primary cause of altered urinary Mg2* excretion, but micropuncture
studies in dogs showed that Mg?* uptake along the distal nephron varied with acid-base
status (447, 562). Consistent with these data, in isolated mouse DCT cells, increasing
extracellular pH increased Mg2* uptake, and low pH had the opposite effect (93).

iv. Pharmacological regulation: In humans, usage of thiazide diuretics, which block NCC,
or immunosuppressants such as the calcineurin inhibitors cyclosporin A and tacrolimus
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(FK506) leads to hypomagnesemia (186), so may act through regulation of TRPM®.
Administration of thiazide diuretics to mice increases urinary Mg2* excretion, an effect
accompanied by a reduction in TRPMG6 expression (359). NCC knockout mice also display
hypomagnesemia (440), but it is possible that this is related to the significant atrophy of the
DCT1 observed in these animals causing an indirect reduction in TRPM6 expression. A
similar effect on DCT1 structure has been observed following chronic thiazide treatment
(300, 356), but DCT atrophy was not observed in the study that showed reduced renal
TRPMS6 expression (359). In fact, NCC expression levels were /ncreasedfollowing thiazide
administration in this study. Therefore, the effect of thiazides to reduce TRPM6 may be
specific, rather than secondary to DCT remodeling. Similarly, chronic treatment of rats with
tacrolimus or cyclosporine A have the same effects on urinary Mg?* excretion and TRPM6
expression (272, 355).

c. Regulation of TRPM 6 activity: Microperfusion and experiments in cultured DCT cells
showed that both PTH and 1,25(0OH),Dj5 stimulate Mg2* reabsorption (178, 393). However,
as described above these effects are not mediated through expression of TRPM6, and the
pathways involved remain unknown. Several other mediators of TRPM6 activity, some of
which indirectly affect its activity through their effects on voltage, have been described, and
will now be outlined.

i. Role of the a-kinase domain: The a-kinase domain of TRPM6 plays a critical role in
modulating channel activity, and its activity results in autophosporylation of the channel at
several sites (83). Incubation of the C-terminus of TRPM6 with ATP led to a noticeable shift
in electrophoretic mobility on SDS-PAGE gels. Pre-incubation of this fragment with ATP
increased its subsequent kinase activity, indicating that TRPMS is activated by
autophosphorylation (83). In HEK293 cells, a role for the a-kinase domain in channel
activation is illustrated following its deletion, which significantly reduces, but does not
abolish TRPMBG activity (497). However, activity of the a-kinase domain is not necessary for
channel activation since kinase-dead (K1804R) and autophosphorylation-deficient (T1851A)
TRPM6 mutants have similar activity to wild type channels (497). Thus the presence, but not
the activity of the a-kinase domain is required for TRPM6 activity. ATP binding to a
conserved ATP-binding pocket in the a-kinase domain also inhibits channel activity. Upon
deletion of the a-kinase domain, the inhibitory effect of ATP is lost (497). Structural and
mutation analysis of TRPMBG6 identified a conserved G XG(A)XXG loop involved in
transferring the signal generated by ATP binding to the rest of TRPM6. Mutations of this
loop result in reduced mobility of this loop rather than diminished ATP binding.

Yeast two-hybrid screening identified the receptor of activated protein kinase 1(RACK1) as
interacting with TRPM®6, and immunofluorescence studies confirmed the two proteins co-
localize along the DCT in rat (58). Overexpression of RACK1 in HEK293 cells inhibited
TRPMS6 activity, while knockdown of RACK1 using siRNA stimulated activity (58).
Intracellular Mg2* levels have also been shown to inhibit TRPM6 activity (534), and
RACK1 knockdown reduced Mg2*-dependent channel inhibition (58). Inhibition of TRPM6
by RACK1 required kinase activity of the a-kinase domain since the kinase-dead K1804R
TRPM6 mutant was not inhibited by RACK1, despite still being able to interact with it.
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Further mutagenesis studies revealed that autophosphorylation at T1851 is required for the
inhibitory effect of RACK1. The effect of RACK1 on TRPM®6 does not involve regulation of
channel membrane expression, but is mediated through protein kinase C.

ii. Epidermal Growth Factor: Groenestege and colleagues identified a mutation in the gene
encoding pro-EGF as causing isolated recessive renal hypomagnesemia (IRH), a disorder
characterized by low serum Mg?* levels and mental retardation (179). The mutation resulted
in the substitution of a highly conserved proline 1070 within the cytoplasmic tail with
leucine (EGF P1070L). Patch-clamping studies showed that EGF stimulates TRPM6 activity
(179). Analysis of the signaling pathways involved downstream of EGFR using specific
inhibitors revealed that both Src-Family Kinases and MAPK are involved in mediating the
effects of EGF, and that the downstream mediators of Src activation is likely to be PI3-
kinase (496). Expression of a dominant-negative mutant of the PI3-kinase effector Rac1,
which plays a role in cytoskeletal remodeling and membrane trafficking, led to inhibition of
TRMP6 whereas a constitutively-active Racl mutant activated it (496). EGF was shown to
promote insertion of TRPM6 into the plasma membrane from an intracellular pool, through
a Racl-dependent process. The IRH-causing disease mutation leads to incorrect processing
of pro-EGF, reducing secretion and activation of basolateral EGF receptors, thus preventing
EGF-mediated stimulation of apical TRPM6 (179).

iii. Na*-K*-ATPase y-subunit: Isolated Dominant Hypomagnesemia (IDH) presents with
hypocalciuria in addition to renal Mg?* wasting, and is caused by mutations in the £XYD2
gene (331). This gene encodes the y-subunit of the Na*-K*-ATPase, which alters the affinity
of the pump for Na* and K™, thereby modulating its activity (15, 25). The mutation results in
a FXYD2 protein with glycine 41 replaced by arginine (FXYD2-G41R) which is unable to
interact with the Na*-K*-ATPase (54). Since wild type FXYD2 and FXYD2-G41R
oligmerize, regulation of the Na*-K*-ATPase may be abrogated by mislocalization of the
regulatory FXYD2 subunit (54). This would explain the dominant nature of IDH. While the
connection between dysregulation of the Na*-K*-ATPase and Mg2* transport has not been
determined, reduced Na*-K*-ATPase activity may lead to depolarization of the apical
membrane, leading to lower Mg2* reabsorption.

The transcription factor HNF1B has been reported to stimulate transcription of the FXYD2
gene, whose promoter contains several HNF1-binding sites (4). Two studies have identified
an association of hypomagnesemia with mutations in the HNVF1B gene. In the first,
mutations in ANF1B have been linked with maturity-onset diabetes of the young, and
around half of the patients with these mutations also present with hypomagnesemia (4).
Consistent with a possible defect in FYXD2 function, these patients also present with
hypocalciuria. A second study also identified association of HNF1B mutations with
hypomagnesemia (188), providing further evidence that reduced FXYD2 expression/
function reduced renal Mg2* reabsorption.

iv. Shaker-related voltage-gated K+ channel (Kv1.1): Mutation of the KCNAZ gene, which
encodes the voltage-gated K* channel KV1.1, causes an autosomal dominant form of
hypomagnesemia characterized by muscular defects including tetany and weakness,
cerebellar atrophy and hypomagnesemia (164). Kv1.1 is coexpressed with TRPM®6 along the
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DCT. The wild type channel hyperpolarizes cells (164), whereas the disease-causing N255D
mutation renders the channel nonfunctional as a result of loss of normal voltage dependence
and channel gating, rather than an effect on channel membrane localization (515).
Depolarization of the cell in the absence of functional Kv1.1 is the likely cause of reduced
Mg?2* transport in this disease.

v. Kir4.1: Patients with the tubulopathy EAST/SeSAME (see section 1V.b.) also present with
hypomagnesemia. As discussed above (section I11.c.iii), disruption of the KCNJ10gene
(which encodes Kir4.1) may result in reduced recycling of K* across the basolateral
membrane of DCT cells, reducing membrane potential, and hence impairing activity of the
Na*-K*-ATPase. As with mutations in FXYD2 and Kv1.1, the subsequent depolarization of
the cell would thus lead to reduced transport of Mg2* across apical TRPMS.

vi. Oxidative stress: Along the nephron, the DCT is the most metabolically active segment,
as reflected by the large number of mitochondria present in DCT cells (231). Several studies
have implicated TRPM channels in ischemia (328, 402). Reduced TRPM7 channel
expression ameliorated neuronal cell death after global ischemia (481), and the role of
TRPM2 in responses to oxidative stress is well-established (144, 352). Accumulating
evidence suggests that reactive oxygen species are not only harmful side products of cellular
metabolism but also central players in cell signaling and regulation (20, 115, 494). A
possible role for oxidative stress in regulating TRPM6 was uncovered by the identification
of methionine sulfoxide reductase B1 (MsrB1) as a binding partner for the TRPM6 a.-kinase
domain (57). Hydrogen peroxide was shown to inhibit TRPM6 activity without altering
plasma membrane expression, and this inhibition was prevented by overexpression of
MsrB1. Mutagenesis studies of exposed methionine residues in the a-kinase domain
revealed that methionine 1755 displays hydrogen peroxide sensitivity, and MsrB1 may
reduce oxidation of this residue (57). The high metabolic activity of DCT cells due to their
high abundance of mitochondria results in a high intracellular level of hydrogen peroxide.
Thus, MsrB1 acts to maintain TRPM®6 activity in this inhibitory environment.

vii. Estrogen: In addition to effects on TRPM6 gene transcription (see above), estrogen has
been reported to exert an acute effect on TRPM6 channel activity. Immunoprecipitation
studies using HEK293 cells identified the repressor of estrogen receptor activity (REA) as an
TRPMBG6 binding partner, and co-expression was TRPM6 was demonstrated in DCT /n vivo
(59). Co-expression of REA with TRPMBG led to inhibition of TRPM®6 activity, and this
inhibition required a.-kinase domain activity, since the kinase-dead mutant K1804R was not
inhibited by REA. Treatment with 17p-estradiol reduced the interaction between REA and
TRPMS6, and stimulated TRPM® activity (59). Together, these data show that estrogen has
both acute effects on TRPMBG6 activity and a chronic effect on channel expression.

viii. Extracellular cations: The luminal concentration of free Mg2* along the DCT is in the
range of 0.2-0.7 mM (1). To preferentially conduct Mg2* in the presence of CaZ*, which is
present at a concentration of ~1mM, TRPM6 displays a higher affinity for Mg2* than for
Ca?* (534). In the absence of divalent cations, TRPM6 becomes highly permeable to Na™,
and the effects of altering extracellular Mg2* and Ca2* on TRPM6 Na*-permeability were
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determined in HEK293 cells. Inward Na* currents were blocked in a voltage-dependent
manner by low micromolar concentrations of both Mg?* and Ca%*, with Mg2* blocking at
lower concentrations than Ca2* (534). These data suggest that these cations inhibit Na*
permeability by binding to a site in the channel pore, with MgZ* displaying higher affinity.
Precisely how this inhibitory effect relates to Mg2*-dependent currents, rather than Na*
currents, is unclear.

Studies in CHOKT1 cells have revealed that lowering extracellular pH stimulates TRPM6
activity (282). Similar effects were seen in TRPM7, and the residues responsible for
conferring pH sensitivity in both channels were identified by mutagenesis studies. In
TRPMS, residues glutamates 1024 and 1029 are the key residues for determining Ca2*/Mg?*
permeability and pH sensitivity. The TRPM6 mutant E1029Q mutant displayed increased
activity in response to lowering pH, but to a smaller degree than wild-type TRPM6. In
contrast, lowering pH actually blocked activity of the E1024Q TRPM6 mutant.

iX. Aldosterone: Although aldosterone does not appear to affect TRPMG6 gene transcription
(463), studies in mice selectively bred for either low (MgL) or high intracellular Mg2*
(MgH) levels suggest it does regulate TRPM®6 activity through an effect on membrane
protein abundance (588). MgL mice display decreased Mg2* reabsorption, increased urinary
Mg?2* loss and consequent hypomagnesemia. In MgL mice, the ratio of membrane:cytosloic
TRPMS6 protein is reduced compared with MgH mice. Aldosterone induced a significant
increase in TRPM6 activity in MgH mice and increased urinary Mg2* excretion, but
decreased TRPMS activity in MgL mice (588). Mg?* supplementation increased TRPM6
membrane:cytosol expression without a significant effect on TRPM7 in aldosterone-infused
MgL mice when compared to vehicle-treated MgL mice. It should be noted that the authors
of this studies concluded that there was a discrepancy between these data and the lack of
aldosterone effects on TRPM6 mRNA they reported previously (463). However, in the
present studies total only the membrane:cytolosolic ratio of TRPM6 expression was
determined, and not total TRPM6 expression. With regards to pathophysiology, dietary
Mg?2* supplementation of MgL mice attenuated aldosterone-induced blood pressure
increase, renal fibrosis and oxidative stress, processes associated with increased TRPM6
activity. Thus, low Mg?* states seem to amplify the deleterious effects of aldosterone, which
itself promotes Mg2* excretion, possibly through inhibition of renal TRPM6 activity,
suggesting a feed-forward system that can be interrupted by Mg?* supplementation (588).

VI. Genetic Diseases

Many genetic diseases have informed our knowledge of DCT physiology. While much of the
information derived from these disease processes, we will briefly review important genetic
diseases of the DCT. These disease states are summarized in Table 2.

A. Gitelman syndrome

Shortly after the initial cloning of NCC, it was recognized that a subtype of Bartter
syndrome of normotensive hypokalemic alkalosis mimics many of the effects of thiazide
diuretic treatment. This subtype has come to be known as Gitelman syndrome, and includes
hypomagnesemia and hypocalciuria. It is now recognized as an autosomal recessive disease,
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with the vast majority of cases resulting from mutations in the gene encoding NCC,
SLC12a3 (248, 457). Gitelman syndrome is the most common of the hypokalemic
tubulopathies, with an estimated gene frequency of approximately 1% (disease 1:10,000)
(444). Soon thereafter, it was shown that many Gitelman causing mutations generate
proteins that are misfolded and degraded, presumably by endoplasmic reticulum associated
degradation (ERAD) (99, 259, 353, 421, 584).

While most of the clinical features of Gitelman syndrome are easily explained by the disease
mechanisms involved, two have been more confusing. First, the hypocalciuria is likely to be
the result of both proximal and distal effects, as discussed above; hypocalciuria from
thiazide diuretics is commonly employed therapeutically to prevent the recurrence of kidney
stones. In contrast, the profound and often unrelenting hypomagnesemia of Gitelman
syndrome is not similar to common side effects of thiazide treatment. Although thiazides can
predispose to magnesium-wasting, this is almost always mild (119). The most likely reason
for the profound magnesium wasting in Gitelman syndrome is that disruption of NCC leads
to the developmental loss of nearly all DCT1 cells (300, 303); this leads to loss of most
TRPMS6 and the resulting magnesium wasting (360). Although intensive thiazide treatment
of rats with thiazides generates many of the same structural effects, this does not appear to
occur when humans take this drug in typical therapeutic doses (124).

B. SeSAME/East syndrome

The autosomal recessive EAST Syndrome (37) (independently described as SeSSAME
syndrome (436)), is characterized by a combination of symptoms including epilepsy, ataxia,
sensorineural deafness and a salt-wasting renal tubulopathy; mental retardation is observed
in some patients (37, 436). Genetic analysis of patients with EAST/SeSAME syndrome
identified inactivating mutations in KCN.J10as the underlying cause of the disease. To date,
eight different mutations in KCNJ10 causing the syndrome have been described (37, 397,
422, 436, 488). The renal salt-wasting observed in EAST/SeSAME syndrome is very similar
to Gitelman Syndrome (discussed above), and similar morphological changes in the DCT
are also observed i.e. atrophy of the DCT (397).

The role of KCNJ10 (and 15) in transepithelial NaCl transport is just now being examined.
Extrusion of K* through KCNJ10/15 channels may provide a mechanism to keep basolateral
K* concentrations in a range compatible with continued operation of the Na*-K*-ATPase
pump. Secondly, KCNJ10 activity hyperpolarizes the basolateral membrane (594),
generating the electrochemical gradient to favoring Na*/Ca?* exchange and favoring CI~ exit
(through CLCKB).

C. Familial Hyperkalemic Hypertension/Gordon Syndrome/pseudohypaldosteronism type 2

FHHTt is a disease of hyperkalemia and hypertension originally identified by Paver and (381).
Most cases appear to be inherited in an autosomal dominant manner, but a few follow a
recessive mode of inheritance (46). The disease is often deemed to be a mirror image of
Gitelman syndrome. Hyperkalemia is the cardinal feature, present in nearly all affected
individuals, and occurring at a young age. Hypertension is common, but typically develops
more gradually; recent genetic studies suggest that the severity of both the hypertension and

Compr Physiol. Author manuscript; available in PMC 2018 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCormick and Ellison Page 58

the hyperkalemia depends upon the mutated gene. Many individuals have mild
hyperchloremic acidosis, and some have hypercalciuria (2, 322).

As discussed above, mutations in WNK1 and WNK4 were the first mutations shown to
cause the disease; these mutations appear to have effects on several transport proteins along
several nephron segments, but an important one is to stimulate NCC along the distal tubule
(379). More recently, mutations in two additional genes were shown to cause the disease (46,
305). These genes, cullin 3 and KLHL3, are members of a cullin ring ligase pathway that
participates in targeting proteins for destruction by tagging them with the protein ubiquitin.
Some KLHL3 mutations cause recessive disease. The interested reader is referred to other
reviews for additional details about this interesting syndrome pseudohypoaldosteronism (67,
148, 325, 379).

D. Hereditary hypomagnesemia

Magnesium wasting and resulting hypomagnesemia are important components of several
genetic diseases. Some of these affect primarily segments of the nephron other than the
DCT, but others have helped identify the essential role of the DCT in systemic magnesium
balance. Gitelman syndrome, which is characterized by magnesium wasting and
hypomagnesemia has been discussed above, as has the similar renal phenotype of EAST/
SeSAME syndrome. Here, we will describe briefly a number of other magnesium wasting
syndromes associated with dysfunction is the DCT. Walder et al. (540) described kindreds
suffering from hypomagnesemia and secondary hypocalcemia (HSH; OMIM 602014). The
phenotype consisted of neurological symptoms such as tetany, muscle spasms, and seizures,
and the patients display low plasma Mg?* levels caused by defective intestinal and renal
absorption of Mg2*. The low plasma Ca2* levels are secondary, likely due to parathyroid
failure caused by hypomagnesemia. The disease was subsequently shown to result from
mutations in TRPM6 (432, 539), which plays a central role in reabsorbing Mg2*, as
discussed above.

As discussed briefly below, antagonists of epidermal growth factor (EGF), used commonly
for their antineoplastic properties, were observed to cause hypomagnesemia commonly,
when used therapeutically. This suggested an interaction between EGF receptors and renal
magnesium balance. Geven et al. (156) first described autosomal recessive isolated renal
hypomagnesemia (HOMG4; OMIM 611718), with effects including seizures and mild
mental retardation. The disease is now known to be caused by mutations in EGF (179). In rat
kidney, pro-EGF was shown to localize primarily in DCT. Although the specific role of EGF
in mediating the disease is still not clear, it appears to play an important role in trafficking
TRPMS6 to the luminal membrane. This trafficking effect is disrupted in the patients with the
disease.

Mutations in Kv1.1 were shown to cause autosomal-dominant hypomagnesemia (164). The
patients presented in infancy with recurrent muscle cramps, tetany, tremor, muscle
weakness, cerebellar atrophy, and myokymia. Although Kv1.1 is expressed together with
TRPMS6 along the luminal membrane of the DCT and expression studies showed that the
mutation resulted in a non-functional channel, the exact mechanism involved in the TRPM6
dysfunction remains somewhat unclear (121).
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Another identified gene proposed to have a role in Mg2* homeostasis is FXYD2, which
encodes the y-subunit of the basolateral Na*-K*-ATPase. This gene is mutated in patients
with autosomal-dominant renal hypomagnesemia associated with hypocalciuria. The
hypomagnesemia in these patients can be very low resulting in convulsions. The FXYD2
gene encodes two splice variants. Splice variant gb localizes to the basolateral membrane of
the DCT and the connecting tubule region (16). The exact molecular mechanism by which y
regulates Mg2* handling in the DCT remains to be determined.

VII. Drugs and the DCT

A. Uses of DCT diuretics

The thiazide and thiazide-like diuretics act predominantly along the DCT to inhibit NaCl
cotransport. These drugs have many uses, but most commonly are employed to treat
essential hypertension. They have in use continuously for more than 60 years, and yet still
are viewed as one of the most essential components of antihypertensive drug treatment
(220). The drugs are also used commonly to reduce the likelihood of recurrence for
nephrolithiasis. The interested reader is referred elsewhere for a discussion of the uses and
side effects of these drugs (123, 373).

B. Cisplatin and carboplatin

The platins are used to treat a variety of malignancies. One of their predominant side effects,
however, is a salt wasting syndrome that resembles Gitelman syndrome (34, 204, 260, 319,
378). Recently, it was shown that cisplatin treatment of animals leads to salt and magnesium
wasting, with hypomagnesemia. This effect was associated with decreases in both TRPM6
and NCC (506). This suggests that the platins cause an acquired form of Gitelman syndrome
by damaging DCT specifically (120).

C. Amphotericin

The antifungal amphotericin has also long been known to cause a salt wasting syndrome, as
well as acute kidney injury (23, 182, 187). This syndrome can include both hypokalemia and
hypomagnesemia, making it resemble Gitelman syndrome and suggesting a central
pathological effect along the DCT.

D. Calcineurin inhibitors

Calcineurin inhibitors (CNIs) are immunosuppressive drugs that are used frequently to
prevent rejection of transplantated organs and treat immune diseases. Their use, however, is
often complicated by hypertension and renal tubular dysfunction, which can lead to
hyperkalemia, hypercalciuria, and acidosis (191, 315). In mice, the CNI tracrolimus caused
hypertension by increasing the abundance of phosphorylated NCC (199). It also activated
WNK3, WNK4, and SPAK. As the ability of tacrolimus to cause hypertension and K*
retention was absent from mice lacking NCC, it was suggested that NCC plays a central and
non-redundant role in this process. Mice overexpressing NCC exhibited an increased
hypertensive response to tacrolimus. These observations were extended to patients treated
with tacrolimus, who exhibited a more robust response to the bendroflumethiazide than did
controls, and renal NCC abundance was greater. Together the results indicate that CNI-
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induced hypertension is mediated by NCC activation. They suggest that thiazides,
inexpensive and well-tolerated agents, may be especially effective drugs to prevent
complications of CNI treatment.

Calcineurin inhibitors also cause magnesium wasting. In mice, the CNI cyclosporine was
found to reduce the abundance of TRPM®6, EGF, and NCC (272). They suggested that the
effect on TRPM6 was the likely cause of magnesium wasting in patients treated with this
drug.

E. EGF antagonists

Cetuximab, a monoclonal EGFR antagonist, commonly causes hypomagnesemia, which
may be severe. This prompted the Food and Drug Administration to issue a warning
concerning the relationship between severe hypomagnesaemia and cetuximab treatment. The
serum Mg?2* concentration decreases during cetuximab treatment in most patients (491). In
total, 54 % of the treated patients developed hypomagnesaemia, and in 6%, it was severe.
Clinically significant hypocalcaemia was rare and not progressive upon treatment. Careful
monitoring of serum Mg?2" levels is, therefore, essential during treatment.

V. Adaptation of the DCT

The nephron comprises various segments arranged in sequence. This means that when
transport by one segment is modified, other segments can be affected secondarily. When
NaCl reabsorption along the TAL is inhibited by loop diuretics, the NaCl concentration in
fluid that enters the distal tubule is greatly increased. In one study, the Na* concentration in
fluid entering the distal tubule of rats rose from 42 to 140 mM during acute loop diuretic
infusion (203). The increased luminal NaCl concentration drives increased Na* absorption
along the distal tubule (from 148 to 361 pmol/min) (203) because NaCl transport by the
distal tubule is load dependent (as discussed above). This increase insolute reabsorption by
segments that lie distal to the site of diuretic action is the first form of diuretic adaptation
and limits the intrinsic potency of the diuretic drug. The net effect of acute diuretic
administration on urinary Na* and CI~ excretion, therefore, reflects the sum of effects in the
diuretic-sensitive segment (inhibition of NaCl reabsorption) and in diuretic-insensitive
segments (secondary stimulation of NaCl reabsorption). As the acute effect of a diuretic
declines, a period of NaCl retention usually commences. This phenomenon is often termed
postdiuretic NaCl retention. One mechanism by which diuretic drugs may increase the
tendency for NaCl retention directly, without changes in extracellular fluid volume, involves
diuretic-induced activation of ion transporters within the diuretic-sensitive nephron segment.
Within 60 min of thiazide administration, the number of [3H]metolazone binding sites
increases substantially (75). An increase in the number of activated ion transporters at the
apical membrane would be expected to increase the transport capacity so that when diuretic
concentrations decline, increased Na* and CI~ transport would result. Another mechanism
by which diuretic drugs may enhance the tendency to NaCl retention directly involves
stimulation of transport pathways in nephron segments that lie distal to the target of diuretic
action (segments that are insensitive to the diuretic drug). For example, the number of
thiazide-sensitive Na-CI™* transporters in the kidney (and presumably in the DCT) increases
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within 60 minutes after a loop diuretic has been administered (75). Because thiazide-
sensitive transporters are expressed only by nephron segments that do not express loop
diuretic- sensitive pathways, the increased number of thiazide- sensitive NCC is believed to
result from increases in salt and water delivery to DCT cells.

When delivery to the DCT is increased chronically, DCT cells undergo both hypertrophy and
hyperplasia. Infusion of furosemide into rats continuously for 7 days nearly doubled the
percentage of the renal cortex occupied by DCT cells (127, 227, 228, 230, 234). Chronic
loop diuretic administration increases the Na*-K+-ATPase activity in the distal convoluted
and CCT (429, 538). In one study, chronic furosemide treatment also increased expression of
MRNA encoding the thiazide-sensitive NCC, as detected by in situ hybridization (366). In
another study, however, mMRNA expression of the thiazide-sensitive NCC as well as the
ouabain-sensitive Na*-K*-ATPase was not affected by chronic furosemide infusion, when
detected by Northern analysis merino (336). Distal tubule cells that express high levels of
transport proteins and are hypertrophic have a higher Na* and CI~ transport capacity than
normal tubules; compared with tubules from normal animals, tubules of animals treated
chronically with loop diuretics can absorb Na* and CI~ up to three times more rapidly than
control animals (127). It has also been observed that chronic treatment of rats with loop
diuretics also results in significant hyperplasia of cells along the distal nephron (299).

The diuretic-induced signals that initiate changes in distal nephron structure and function are
poorly understood. Several factors, acting in concert, may contribute, including diuretic-
induced increases in Na* and CI~ delivery to distal segments, effects of ECF volume
depletion on systemic hormone secretion and renal nerve activity, and local effects on
autocrine and paracrine secretion. Increased production of angiotensin Il or increased
secretion of aldosterone resulting from increases in renin activity may contribute to
hypertrophy and hyperplasia. Angiotensin Il is a potent mitogen and stimulates NCC
activity, as discussed above (423, 426). Aldosterone also promotes growth of responsive
tissues under some circumstances kaissling (235); when salt delivery to the collecting duct is
increased in the presence of high levels of circulating aldosterone, principal cell hypertrophy
develops; when salt delivery is high in the absence of aldosterone secretion, hypertrophy is
absent. This indicates that aldosterone plays a permissive role in the development of cellular
hypertrophy in this aldosterone- responsive renal epithelium. Although recent experiments
suggest that aldosterone does affect ion transport by cells of the DCT, and aldosterone
almost certainly contributes to adaptations along the CCT, hypertrophy of DCT cells has
been shown to occur during chronic loop diuretic infusion even when changes in circulating
mineralocorticoid, glucocorticoid, and vasopressin levels are prevented (234, 469).

One possibility is that cellular ion concentrations regulate epithelial cell growth directly
(470). Increases in Na* uptake across the apical plasma membrane precede cell growth in
the TAL during treatment with antidiuretic hormone (44), in principal cells of the CCT
during treatment with mineralocorticoid hormones (227, 386), and in the DCT during
treatment with loop diuretics (127, 234). Although the cause of the increased Na* uptake
varies, changes in the intracellular Na* concentration appear to precede growth in each
example beck (24). If increased Na* entry causes cell growth, then one would expect that
blockade of apical Na* entry would lead to atrophy of epithelial cells, a prediction supported
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by the effects of thiazide treatment of rats to reduce Na*-K*-ATPase and Na* transport
capacity of DCT segments (153, 346). Treatment with thiazide diuretics also causes apotosis
and atrophy of DCT1 segments, consistent with an important role for Na* entry in regulating
DCT cells (300). Regardless of the proximate stimulus for DCT cell growth, DCT cells
express insulin-like growth factor 1 IGF-1 and insulin-like receptor binding protein
(IGFBP-1), both of which increase during chronic treatment of rats with loop diuretics
(249). Although experimental data concerning structural and functional responses of the
distal nephron to chronic treatment with diuretic drugs come predominantly from studies
employing experimental animals, Loon et al. (304) reported that chronic treatment with loop
diuretics in humans enhanced the thiazide-sensitive component of salt transport. The
extracellular fluid volume-independent component of NaCl retention that occurs after loop
diuretic administration (8) may also reflect changes in distal nephron structure and function.
Hypertrophy of the DCT also occurs when NacCl transport is stimulated directly, in the
absence of substantial increases in NaCl delivery. Mice in which activation of NCC has been
induced by transgenic or knockin expression of mutant WNK4 exhibit signs of NCC
overactivity, but also show hypertrophy of DCT cells (265).

Another indication that solute transport is essential for DCT structure and function is the
effect of NCC deletion or deficiency. NCC knockout mice exhibit atrophy and
underdevelopment of the DCT1 segment (303); the same appearance of atrophic DCT cells
was observed in a patient with EAST syndrome, in which DCT function is reduced (37).
Similar findings have been reported in mice in which SPAK is disrupted, a situation in which
NCC activity is strikingly reduced (177, 326). Together, these data suggest that DCT cells
require NaCl throughput to maintain their structure and function, and the induction of such
transport is also essential for the development of the DCTL.

Conclusion

The DCT is a relatively short nephron segment that serves several essential and non
redundant functions. It transports Na* and CI~ in an electroneurtral manner. This is
important during states of ECF volume depletion. Yet NaCl transport along this segment also
plays a key role in adjusting the Na* delivery to K* secretory segments downstream. In this
way, the DCT contributes importantly to K* homeostasis. This role is reflected in the human
diseases that result from DCT dysfunction in which abnormal K* homeostasis is often a key
manifestation. These include diseases of increased NCC activity, primarily FHHt, and
diseases of NCC hypofunction, including Gitelman and EAST syndrome. The DCT also
plays a crucial and non redundant role in reabsorbing magnesium, with DCT dysfunction
also manifesting at disordered magnesium homeostasis. The DCT?2 is a transitional segment,
sharing properties of both the DCT1 and the CNT. This segment plays a crucial role in
calcium transport; it also includes both electrogenic and electroneurtral Na* transport
pathways, enabling it to mediate either Na*/K* exchange or NaCl cotransport, depending on
physiological need. This segment is regulated by a number of hormones, many of which
appear to act via WNK kinases and SPAK/OSR1. Mutations of these signaling molecules
also leads to dysfunction of the DCT and to human disease.
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9 Panel A: Structure of mammalian nephron: organization of nephron including distal tubule.
%' Two types of nephrons are shown. A superficial nephron, at /eft, contains proximal and
- distal tubules that ascend to kidney surface and possess short loops of Henle. Loops and
collecting ducts of superficial nephrons are located within medullary rays (MR). In
superficial nephrons, distal tubule comprises distal convoluted tubule (DCT, shown in
white), a short connecting tubule (CNT, shown as hatched), and a portion of collecting duct
epithelium (shown in white) that begins proximal to junction to form collecting duct. A
> juxtamedullary nephron (such as that shown at righf) has long loops of Henle that descend
% into renal medulla. Distal tubules comprise only a DCT and CNT segment. In
=} juxtamedullary nephrons, CNT join to form branched arcades that ascend through cortical
= labyrinth (CL) before emptying into collecting duct (CCT). [Modified from Kriz and
% Kaissling (230)]. Panel B: Models of DCT and CNT cells. Note the extensive basolateral
§ amplification and multiple mitochondria of DCT cells.
-
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Figure 2.
Left: Transepithelial voltage (VT, in mV) along rat distal tubule. Data obtained during /n

vivo micropuncture are indicated by solid symbols and plotted as a percentage of total distal
tubule length [x(564); A(313); \(22) 7(183); E(89)]. Data obtained by microperfusing
cortical collecting ducts /n vitro are presented as open or gray symbols within 2 ovals. Data
collected without mineralocorticoid hormone treatment are shown in the grey oval [-MA; ¥
(431); 1(399); 6(431)]. Data collected in presence of mineralocorticoid hormone treatment
are shown in the hatched oval [+MA; l, (498); @, (399)]. Location of DCT, CNT; and CCT
is inferred from percentage length along distal tubule (104). Right: transepithelial resistance
(RT) along rat renal distal tubule. Data obtained during /n vivo micropuncture are indicated
by solid symbols (references as in fop panel). Data obtained by microperfusion /n vitro are
indicated by open symbols (references as in top panel).
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Figure 3.
lon transport pathways in the DCT1 and DCT2. Panel A: Each channel or transporter is

shown schematically and is numbered, according to the scheme in Table 1. The estimated
solute fluxes (in pmol-min~t.-mm™1) through each pathway are adapted from Weinstein
(554). In the present scheme, however, ENaC (9) and ROMK (10) are restricted to the
DCT2, and the luminal KCI cotransport has been omitted. Additionally, Weinstein models
OH" traversing CI~ channels. Big potassium (BK) channels are also likely to be present in
this segment, but are not shown. The solute concentrations, pH, and membrane voltage of
modeled DCT cells are shown in the box. Concentrations are in mmol/L. Net solute fluxes
are not given for the DCT2, as this segment has not been modeled, but are likely to be lower,
at baseline. Panel B: Schematic of predominant transported ions, cell types (intercalated
cells are indicated by gray circles), and predominant transport proteins. Asterisk indicates
that, although ROMK has been detected in the DCT1 by immunohistochemical techniques,
it has not been detected in apical patches along this segment.
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Figure 4.

Regulation of sodium and chloride transport along The DCT. Panel A: Major factors known
to regulate NCC along the DCT are shown. Note that regulation of ENaC and ROMK is
omitted, as it is similar to regulation along the CNT and CD, Various peptide (Angll, insulin,
and AVP) and steroid (aldosterone and estrogen) hormones, as well as norepinephrine (NE),
stimulate NaCl transport primarily by enhancing NCC activity, although effects on other
transporters are also likely. NCC is stimulated by low paracellular [K*], perhaps directly via
Kir4.1/5.1 channels, but also perhaps by stimulating cell chloride depletion via KCC4.
Transporters are identified by numbers shown in Table 1. Panel B: highly simplified scheme
of NCC regulation by WNK kinases (WNK4 is shown]. NCC is activated, via
phosphorylation (red arrow), by SPAK, at conserved sites as shown. The specific SPAK
phosphorylation sites are given according to rodent residue number. Other sites are also
shown, which may be phosphorylated by other kinases. Two N-linked glycosylation sites are
shown. SPAK In turn is activated by WNKSs. Both WNK1 and WNK4 can activate SPAK.
Sites of protein-protein interaction are shown by black lines. The conserved C terminus
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(CCT) of SPAK binds to an RFXT motif on NCC, shown as a vertical grey bar. In WNK4,
there are autoinhibitory (Al) and coiled coil (CC) domains. Panel C: shows a highly
simplified diagram of NCC activation by various stimuli, acting via a WNK and SPAK or
OSRL1. Note that MO25 can facilitate the action of SPAK on NCC. NCC is
dephosphorylated by PP1 and PP4. After synthesis, NCC can be degraded by endoplasmic
reticulum mediated decay (ERAD). Panel D: simplified scheme of current views of NCC
regulation by WNKs and KLHL3 and cullin 3. As noted, WNKSs interact to exert complex
stimulatory and inhibitory effects. As KS-WNKZ1 lacks kinase activity, it appears to be
predominantly an inhibitory WNK. WNK4, which is a less potent kinase at baseline, can
bind to, and inhibit, WNKZ. In the presence of angiotensin Il, however, WNK4 becomes
more active, stimulating SPAK directly. WNK4, and likely WNKZ1, are targeted for
degradation by KLHL3 and cullin 3, as discussed in the text. Much of this scheme remains
speculative and incomplete. Note that WNK kinases also have effects on NCC, ROMK, and
ENaC that appear related to degradative activity (as shown in Panel C). These are omitted
here for clarity.
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Figure5.
Calcium and magnesium reabsorptive pathways in the DCT1 and DCT2 (and connecting

tubule). The majority of magnesium traverses the DCT1, as shown, whereas the majority of
calcium traverses pathways in the DCT2/CNT. Each channel or transporter is numbered
according to the scheme in Table 1. The solute fluxes of calcium are adapted from Bonny
and Edwards (40), as are the intracellular concentrations of calcium and Calbindin D28K
(CaBP). Note that the presence of this buffer keeps intracellular calcium very low, permitting
appropriate signal transduction, despite ongoing transepithelial flux. The intracellular
magnesium concentration is from Glaudemans (162), and is much higher. For this reason,
intracellular buffering does not appear necessary. Additional details are given in the text.
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Transporters and channels in the DCT

Table 1

Number | Protein Gene Cytogenetic location
1 Na*-K*-ATPase | ATPIAZ 1g23.2
2 NCC SLCI12A3 16q13
3 Kird.1/Kir5.1 KCNJI0/KCNJ16 17924.3/1923.2
4 CLCNKB CLCNKB 1p36.13
5 KCC4 SLCI12A7 5p15.33
6 NHE2 SLCIA2 2g12.1
7 AE2 SLC4A2 7936.1
8 NHE1 SLCI9A1 1p36.11
9 ENaC SCNN1A/SCNN1B/SCNNIG | 12p13.31/16p12.2/16p12.2
10 ROMKI/Kirl.1 KCNJ1 11924.3
11 TRPM6 TRPM6 9921.13
12 Kv1.1 KCNA1 12p13.32
13 ECaC/TRPV5 TRPV5 7934
14 PMCA1D * ATP2B1 12021.33
15 NCX1 NCX1 2p22.1

The numbers in the left column correspond to numbers identifying transporters and channels in Figures 3 and 5.

*
indicates that there are reports of PMCA4b in kidney as well. The exact isoform of the basolateral NCX is not fully established.
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