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Summary

Electroneutral cation—chloride cotransporters are cytoplasmic domains. The molecular identification of these
widely expressed and perform a variety of physiological transporters has had a significant impact on the study of
roles. A novel gene family of five members, encompassing their function, regulation and pathophysiology.
a Na*—ClI~ transporter, two Na*—K*-2CI" transporters and
two K*-CI~ cotransporters, encodes these membrane
proteins; homologous genes have also been identified in a Key words: membrane protein, N&*—2CI™ cotransport, N&CI-
prokaryote and a number of lower eukaryotes. The cotransport, K-CI~ cotransport, cotransport, bumetanide,
cotransporter proteins share a common predicted furosemide, thiazide, kidney, choroid plexus, neuron, Gitelman's
membrane topology, with twelve putative transmembrane syndrome, Bartter's syndrome, macula densa, thick ascending limb
segments flanked by long hydrophilic N- and C-terminal of Henle, distal convoluted tubule.

Introduction

Electroneutral, diuretic-sensitive cotransport of* N&* summarizes the subsequent advances in the molecular
and Cr was first described in Ehrlich cells by Geekal. physiology of the vertebrate cation—chloride transporters.
(1980). The basic characteristics of this transport activity
include a sensitivity to loop diuretics (most frequently _ _ _
bumetanide and furosemide), a stoichiometry of Cloning of the cation—chloride transporters
1Na":1K*:2Cl- and a dependence on the simultaneous The first cation—chloride transporter to be characterized at
presence of all three transported ions. These functional criterfge Mmolecular level was the thiazide-sensitive ™G~
have been extremely useful, facilitating the identification ofotransporter from winter flounder (fITSC) (Games al.
bumetanide-sensitive NaK*—2CI transport in a large 1993). A 3.7kilobase fITSC cDNA was isolated by expression
number of cells and tissues (Kaplanal. 1996). Inwardly ~ cloning in Xenopus laevisocytes, using flounder urinary
directed bumetanide-sensitive N&*-2CI transport is bladder as the source of poly(A)+ RNA. The expression of
activated by cell shrinkage, implicating this transporter iflTSC inXenopus laevisocytes produces a thiazide-sensitive
regulatory volume increase (Hoffmann and Dunham, 1995Na—CI~ transport with identical kinetics to that of the
In contrast, regulatory volume decrease invokes an outwardgndogenous transporter. A cDNA encoding the first
directed Na&-independent K-CI- cotransport activity which bumetanide-sensitive NaK*-2CI™ transporter was also
is weakly inhibited by bumetanide and furosemide (letwfl.  cloned from a fish tissue, in this case shark rectal glana{(Xu
1992; Hoffmann and Dunham, 1995). A third distinctal. 1994). This cDNA, termed NKCC1 N&—K*—ClI-
cation—chloride cotransporter, thiazide-sensitive *MNei~  Cotransporter-1), was obtained by screening a shark cDNA
transport, is abundant in the renal distal convoluted tubullbrary with two monoclonal antibodies specific for the purified
(DCT) (Costanzo, 1985) and the flounder urinary bladdebumetanide-binding protein. Functional expression in HEK-
(Stokes, 1989). The cloning of all three classes o£93 cells revealed the expected characteristics of a
cation—chloride cotransporters has been accomplished ovNia™—K*-2CI transporter, i.e. bumetanide-sensitive uptake of
the last 4 years, resulting in the identification of a new five8%Rb* (a substitute for K) that was dependent on the presence
member gene family (see Tables 1, 2). This reviewof both N& and Ct.
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Table 1.The five vertebrate cation—chloride transporters

Size
Alternative (number of GenBank
Cotransporter nomenclature Species amino acids) Chromosome number
TSC NCC, SLC12A3 Flounder 1023 L11615
Rat 1002 u10097
Human 1021 (splice) 16913 u44128
Mouse 1002 8 U61085
Rabbit 1028 AF028241
BSC1 NKCC2, SLC12A1 Rat 1095 U10096
Rabbit 1099 uo7547
Mouse 1095 2 U94518
770 (splice) U61381
Human 1099 16 uU58130
BSC2 NKCC1, SLC12A2 Shark 1191 U05958
Mouse 1205 18 U13174
Human 1212 5q23.3 U30246
Cow 1201 u70138
KCC1 Human 1085 16g22.1 U55054
Rat 1085 U55815
Rabbit 1085 U55053
Pig 1086 AF028807
KCC2 Rat 1116 U55816

BSC1 and BSC2 encode bumetanide-sensitive-Kia-2Cl cotransporters, TSC encodes a thiazide-sensitive-Gla cotransporter, and
KCC1 and KCC2 encode*kCI~ cotransporters. Molecular size denotes the open-reading frames predicted from cDNA sequences.

The fish cDNA clones were subsequently utilized tomammalian NKCC1/BSC2 cotransporters have been cloned
identify the mammalian homologs of the electroneutrausing similar homology-based approaches (Delgteal.
cation—chloride transporters (Table 1). A fragment of thel994; Paynest al. 1995).
fITSC cDNA was used to ‘fish’ out cDNAs encoding the rat The two K-CI~ cotransporter cDNAs were obtained
thiazide-sensitive  cotransporter (rTSC) and apicathrough the identification of related human ESTs (expressed
bumetanide-sensitive NaK*-2CI transporter (rBSC1) sequence tags) in the GenBank database. Several ESTs in the
from renal cortex and outer medulla, respectively (Gaatba database were found to be moderately homologous to NKCC1,
al. 1994). Mouse BSC1 cDNAs (NKCC2 in the alternativesuggestive of a new branch of the cotransporter family. Using
nomenclature) have also been identified (Moatnal. 1995;  this information, and a combination of library screening and
Igarashiet al. 1995). All the full-length rodent TSC and reverse transcriptase/polymerase chain reaction (RT-PCR),
BSC1 clones direct expression of the appropriate transpokiCC1 cDNAs K*—Cl~ Cotransporter-1) were subsequently
activity in Xenopusoocytes (Gambeet al. 1994). The isolated from rat, human and rabbit (Gillenh al. 1996). A

Table 2.Full-length invertebrate cation—chloride transporters

Size
(number of
Species amino acids) Locus Accession number
Saccharomyces cerevisiae 1120 YB5_yeast (SP) P38329 (SP)
(yeast)
Nicotania tabacum 990 AF021220 (GB) AF021220 (GB)
(tobacco)
Manduca sexta 1060 MSU17344 (GB) U17344 (GB)
(tobacco hornworm) Q25479 (SP)
Caenorhabditis elegans 1003 CEL13A1 (GB) U40798 (GB)
(nematode) 1020 YRD_CAEEL (SP) Q09573 (SP)

952 CELTO04B8 (GB) AF040650 (GB)
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Fig. 1. The electroneutral cation—chloride K*™—CI™ (KCC-2) :
cotransportgr family; a homology tree o_f K*—CI~ (KCC-1) |
representative cotransporters based on amino |
acid sequences. The two main branches of the Caenorhabditis elegans 1
gene family are outlined. The length of the cotransporter :
horizontal lines approximates evolutionary Plant cotransporter |
distance. Generated using the DNAStar |
program (Madison, WI, USA). Y east cotransporter <!

similar protocol resulted in the isolation of another putativeshark BSC2 are clearly phosphorylated, indicating a
K*-CI~ cotransporter, KCC2, from rat brain (Payaekal. cytoplasmic orientation (Lytle and Forbush, 1992; etual.
1996). Heterologous expression of both KCC1 and KCCZ2994). In addition, mutation of the first of two N-glycosylation
fulfills the criteria for a K—CI~ cotransporter (see below). sites in rTSC dramatically reduces glycosylation of the protein,
The percentage homology between the five mammaliaconfirming that the loop between TM-7 and TM-8 is
cotransporters is shown in Fig. 2B. In addition to the multipleextracellular (Poclet al. 1996).
vertebrate cDNAs, putative cation—chloride cotransporter
cDNAs and/or ESTs have been characterized fkéamduca o
sexta Drosophila melanogaster Caenorhabditis elegans Individual cotransporters
yeast and a cyanobacterium (see Table 2 for selected full- BSC1: Na—K*-2ClI” cotransport
length invertebrate homologs). A homology tree (Fig. 1) The renal thick ascending limb of the loop of Henle (TALH)
indicates the phylogenetic relationships between representatiiee the main pharmacological target of the loop diuretics
sequences, both vertebrate and invertebrate. Two ma(bumetanide, ethacrynic acid, furosemide, piretanide and
branches of the gene family can be appreciated, one consistittysemide). These drugs exert their natriuretic effect by
of predominantly renal Nacoupled cotransporters and the inhibition of electroneutral NaK*—2CI~ cotransport in the
other of the R—CI~ cotransporters and homologs from simplerTALH (Greger, 1985). In contrast to secretory epithelia, which
organisms. All the cotransporter proteins share a basigenerally exhibit basolateral bumetanide-sensitive
structural motif, predicted by hydropathy analysis of theilNa*—K*—2CI transport, this transport activity is located on the
amino acid sequence (Fig. 2A). This primary structure predictapical membrane of the TALH facing the tubule lumen (see
12 putative hydrophobic transmembrane (TM) segmentBigs 3, 4). Bumetanide-sensitive N&*—2CI™ cotransport in
flanked by long hydrophilic N- and C-terminal cytoplasmicthe TALH is encoded by BSC1/NKCC2 (hereafter referred to
domains. Homology between family members is strongesis BSC1), whereas bumetanide-sensitive *-&-2CI
within the TM domains, but is also evident in the C-terminalkransport elsewhere is the function of BSC2/NKCC1 (hereafter
domains and in the predicted intracellular loops between TMeferred to as BSC2).
segments. Human-shark BSC2 chimeras have demonstrateBSC1 plays a primary role in transcellular absorption of
that the transport characteristics (affinities forN&, Cl-and  Na'—CI~ by the medullary and cortical TALH, and plays a
bumetanide) are encoded by the central 12 transmembragsecondary role in the paracellular transport of,Neg2* and
domains (Isenring and Forbush, 1997). In thé-tiependent Mg2* by this nephron segment (Greger, 1985; Hebert, 1992)
transporters (TSC, BSC1 and BSC2), there is a largésee below). Salt absorption by the TALH is crucial to
extracellular loop between TM-7 and TM-8, with potential countercurrent multiplication in the renal medulla and the
sites for N-linked glycosylation. An obvious structural excretion of a concentrated urine. The TALH also has a
departure is evident in the KCC1 and KCC2 sequences, whidhnction in renal acid excretion, since httan substitute for
predict a glycosylated extracellular loop between TM-5 and™ in transport by BSC1 (Good, 1994). Ammonium generated
TM-6 (Gillenet al. 1996; Paynet al. 1996). Full confirmation by the renal proximal tubule is thus reabsorbed from the tubule
of the proposed membrane topology has yet to be publishedmen in the TALH and excreted from the renal interstitium
However, both the N-terminal and C-terminal domains oby more distal nephron segments.
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A splicing is still unclear, and there is as yet no direct
) biochemical evidence for phosphorylation of any isoforms of
Outside BSC1.
E—E ﬁiﬁ a!!! In the mouse medullary TALH, vasopressin activates a
switch in the K-dependence of apical NgK*)-2ClF
transport, from a Kindependent N&CI~ transporter to a k
dependent Na-K*—2Cl transporter (Suret al. 1991). This
modulation of apical Na&K*—2CI™ transport is probably of
NH, crucial importance for the physiology of the TALH. Recycling
of K* through the N&K*-2CI transporter and apical *K
channels generates a lumen-positive potential difference,
which drives the absorption of cations through a cation-

Inside

HOOC

selective paracellular pathway. This mechanism is responsible
(NKCC1) Peeg for the reabsorption of divalent cations ¢€and Mg*) by the
A 4 TALH (Greger, 1985; Hebert, 1992). In addition, the
S availability of a paracellular pathway for Ndoubles N&-CI~
; transport by the TALH without an increase in energy
o expenditure (Suret al. 1991). K-independent bumetanide-
/a 62.4% ACENRCl  scnsitive N&A-CI- transport has also been found in rabbit and
- (NKCC2) rat TALH (Alvo et al. 1985; Ludenst al. 1995).
As predicted by its functional role, expression of BSC1 is
Vv o restricted to the kidney, specifically the medullary and cortical

,LQ

35 TALH. Indeed, Tamm—Horsfall glycoprotein (Yat al. 1994)

and BSC1 (lgarastet al. 1996) are the only known TALH-

e specific genes. Both BSC1 transcript (Gangtaal. 1994;
Igarashiet al. 1995; Obermdlleret al. 1996) and protein

176,6% (Kaplan et al. 1996; Ecelbargeret al. 1996) have been

localized to the TALH. Affinity-purified antibodies to a C-

K*—Cl- terminal fusion protein of rBSC1 detect a protein of

(KCC2) approximately 150kDa in rat and mouse kidney (Kapfaal.
1996c; Ecelbargeet al. 1996), the same size as the major renal

Fig. 2. (A) Predicted membrane topology of the *Mdaupled bumetanide-binding prqteln. (H.aase.t al. 1991). .
cation—chloride cotransporters (BSC1/NKCC2, BSC2/NKCC1 andmmunofluorescence studies with this antibody label the apical

TSC/NCC). Analysis of amino acid sequences predicts a total of 1g1embrane of all cells along the entire length of the TALH (Fig.
transmembrane (TM) segments, flanked by large intracellular aminA.C).-
and carboxy-terminal domains; there is a large predicted extracellular The availability of molecular probes for BSC1 and other
loop between TM-7 and TM-8. The KCC sequences predict a larggansport proteins promises to refine significantly our
extracellular loop between TM-5 and TM-6. (B) Diagram showingunderstanding of the TALH phenotype. The low-conductance
the percentage homology between the four human cation—chloridgpical Kt channel of the mammalian TALH is encoded by
transporter proteins and rat KCC2. ROMK (rat outer medulla K channel), the prototypical
inwardly rectifying K" channel (Hoet al. 1993). Double-
immunofluorescence studies with anti-ROMK and anti-BSC1
Regulation of salt transport in the TALH, which is antibodies indicate a distinct heterogeneity of rat TALH, such
endowed with receptors for a large number of hormonegshat not all BSC1-positive TALH cells are positive for the
occurs through a combination of both primary and secondafROMK protein (Xuet al. 1997). Electron microscopy of rat
effects on apical NaK*—2CI transport (Kaplanet al. = TALH has previously identified two subtypes of TALH cells,
1996). A number of hormones activate protein kinase Awith both rough and smooth apical membranes differing in the
(PKA) in this nephron segment, resulting in an increase iabundance of apical microvilli (Allen and Tisher, 1976). In the
salt transport. The primary structure of BSC1 predicthamster TALH, the relative frequency of these two cell types
phosphorylation sites for both PKA and protein kinase Correlates closely with the proportion of cells having a high
(PKC) (Gambeet al. 1994; Igarashet al. 1995). Alternative  and low apical K conductance (Tsuruoks al.1994), and the
splicing of the 3 end of mouse BSC1 also modifies theimportant issue of which morphological subtype of TALH cell
predicted phosphorylation of the transporter protein byexpresses ROMK is under investigation.
truncating the C terminus and substituting a unique C- Alternative splicing of BSC1 may also generate
terminal 55 amino acid segment (Mouet al. 1995). heterogeneity of ion transport in the TALH. Three mutually
However, the functional significance of this alternativeexclusive cassette exons have been described nearehd 5
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Fig. 3. Immunofluorescence of rat kidney, with antibodies to the kidney-specific cotransporters BSC1/NKCC2 and TSC/NCC.
(A) Immunofluorescence (Rhodamine) with the anti-BSC1 antibody (Kagtlah 1996c). Red labelling of the apical membrane of the thick
ascending limb (TAL) is seen. Apical labelling of taller columnar cells at the macula densa (MD) is also apparent. The@geaiaate

the direction of urine flow. (B) Immunofluorescence (Rhodamine) with the anti-TSC antibody (Rlotkid996). Labeling of distal tubule;

arrows indicate the sharp border between the cortical TAL and the distal convoluted tubule (DCT). (C) ImmunofluorescentiargfliAédu
(MTAL) with the BSC1 antibody, clearly showing apical labeling (arrow). (D) Immunofluorescence of the DCT with anti-TSC antibody
showing apical labeling of cells (arrow). (E) Drawing of an idealized nephron, showing the cortical-medullary junctiorin@ree lthe
locations of medullary and cortical TAL (MTAL and CTAL), macula densa (MD) and distal convoluted tubule (DCT).

of rabbit, mouse and human BSC1 (Igaragtil. 1995; Payne acids into the cytoplasm. Expression of the individual cassettes
and Forbush, 1994; Moust al.1997). The cassette exons areis spatially restricted along the TALH, in the inner and outer
predicted to encode 31 amino acids, spanning most of tretripe of outer medulla and in the cortical TALH (Igarashi
second transmembrane domain and extending 10-13 amiab 1995; Payne and Forbush, 1994). The functional
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significance of this alternative splicing is not known. Howeverapposition of renal tubules with their parent glomeruli
given the probable role of the transmembrane segments in ighig. 3A). The macula densa controls two important
binding and transport, it is highly likely that the cassette exonghysiological processes, tubuloglomerular feedback and
affect the relative affinity of apical cation—chloride transporttubular regulation of renin release. An increase in luminal
along the TALH. Na'—ClI~ activity at the macula densa decreases glomerular
BSC1 protein (Kaplanet al. 1996b,c) and transcript filtration by inducing constriction of the afferent renal arteriole;
(Obermdlleret al. 1996) are also detected in the macula densahis tubuloglomerular feedback mechanism is blocked by
a specialized group of tubular cells situated at the point dfiminal furosemide (Ilto and Carretero, 1990). Increases in
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Fig. 4. Localization of BSC2/NKCC1 immunoreactivity in epithelial type has not been published. Induction of BSC2 in culture may
tissues (kidney, salivary gland and choroid plexus). (A) Co-stainingpe involved in the increase in cell volume necessary for cell
of the mouse juxtaglomerular apparatus (kidney) with anti-BSCZjrowth and progression through the cell cycle. In NIH 3T3
antibody (Kaplaret al. 1996) and antie-actin antibody (a marker - cells, for example, Kcontent and cell volume increase after
for vascular cells). Green (FITC staining) indicates cells stainingearym stimulation, and bumetanide has an anti-proliferative
only with anti-actin, red (Rhodamine) indicates cells labeled wit flect (Bussolatiet al. 1996). The influx of N& through
anti-BSC2 alone, and areas of overlap are in yellow. A thin ribbon o

- . . amiloride- and bumetanide-sensitive pathways is also an early
BSC2-positive extraglomerular mesangial (EGM) cells is seen - .
P g gial ( ) vent after serum stimulation of 3T3 cells (Bernenal.

behind the macula densa and thick ascending limb (TAL). Lighfa
staining of the glomerulus (Glom) with anti-BSC2 is also evident1995): . . ) .

(B) A model of the juxtaglomerular apparatus (JGA), showing the A more direct role for cation—chloride transporters in cell
relationships between cell types and transporters. Coloring follow8rowth and signal transduction is suggested by genetic
the same pattern as in A. EGM, extraglomerular mesangial cellgnanipulation of tobacco protoplasts (Harliigal. 1997). One

MD, macula densa; AA, afferent arteriole; EA, efferent arteriole;of several auxin-independence genes isolated by activation T-
JGC, juxtaglomerular cells; TAL, thick ascending limb of Henle. ADNA tagging, axi-4, encodes a plant protein with significant
subset of renin-negative (non-JG) cells in the afferent arteriole algomology to cation—chloride cotransporters. Overexpression
BSC2-positive (Kaplaret al. 199@). (C) A model of the nephron, of fy||-length axi-4 or shark NKCC1 in protoplasts confers
showing the relative positions of the cortical collecting duct (CCD)'auxin-independent cell growth. However, only a portion of the
outer medullary collecting duct (OMCD) and inner medullary axi-4 gene was isolated in the initial T-D,NA tagging, and the

collecting duct (IMCD). (D) Staining of type-A intercalated cells in - . . . . -
rat outer medullary collecting duct (OMCD). The apical membranec'termmal 237 amino acids of the axi-4 protein are sufficient

stains with anti-H-ATPase antibody (red), a gift from Dr Stephen to confer auxm-lndepende.nt growth (Harlmgal.1997). This .
Gluck. The basolateral membrane stains with anti-BSC2 antibod§udgests that the C-terminal domains of the cation—chloride
(green). (E) Staining of mouse inner medullary collecting duciransporters, which share a moderate degree of homology, play
(IMCD) with anti-BSC2 antibody, clearly delineating the basolaterala direct role in cellular growth.
membranes. (F) Immunocytochemistry of rat salivary gland with The expression pattern of BSC2 in the kidney and the
anti-BSC2 antibody, indicating basolateral staining (brown) ofnervous system has been examined in detail (Kaglaal.
epithelial cells. (G) Immunofluorescence of rat choroid plexus; apicaiggfb; Plotkin et al. 1997). These studies utilized a
membranes stain red with anti-BSC2 antibody. polyclonal antibody specific for a C-terminal mBSC2 fusion
protein. This antibody recognizes two proteins of
approximately 145kDa and 155kDa, which are probably
luminal N&—CI" activity at the macula densa also inhibit renindifferentially glycosylated forms of BSC2. Within the brain,
release from juxtaglomerular cells in the afferent arteriole, aBSC2 transcript is most abundant in the choroid plexus,
effect that is blocked by luminal bumetanide and furosemidéllowed by the cerebellum and brain  stem.
(Lorenzet al. 1991). Macula densa cells have been shown tdmmunofluorescence and functional studies localize BSC2 to
possess apical bumetanide-sensitive™-M&-2CI transport  the apical cell membrane of the choroid plexus (Plogkial.
with aKm for CI~ of 32.5 mmol ! (Lapointeet al. 1995). This  1997a) (Fig. 4G). The precise role of BSC2 in the choroid
Km is close to the half-maximal concentration of tubular ClI plexus is unclear. However, a component of cerebrospinal fluid
for inhibition of renin release (Het al. 1995). Indeed, it production is bumetanide-sensitive (Javaheri and Wagner,
appears that the macula densa responds to changes in tubdla93).
ClI= concentration, since variations in tubular *Na BSC2 protein is also detected in some neuronal cell bodies
concentration have no effect on tubuloglomerular feedback @and dendrites in the brain and in dorsal root ganglion sensory

renin secretion (Lorenat al. 1991). neurons in the peripheral nervous system (Platkal. 1997a).
This observation is particularly important, since the magnitude
BSC2: Na—K*-2CI” cotransport of the Cr electrochemical gradient plays an important role in

Bumetanide-sensitive NaK*—2CI" transport is a feature of the response of neurons to stimuli that affectd@hductance
perhaps all cultured mammalian cells. However, recentMisgeldet al.1986; Staleyt al.1996). In neurons with strong
developments suggest that data from tissue-specific cell linésward transport of CJ intracellular Ct concentration is high
cannot be extrapolated to native tissue, since a number of cathd GABAa receptor stimulation, which activates a~Cl
types which express bumetanide-sensitive*l&-2CF  channel, is depolarizing and excitatory. In contrast, in cells
transport in culture do not appear to express BBC2vo  demonstrating outward Cliransport, GABA activation is
(Kaplanet al. 1996; Plotkin et al. 1997a). BSC2 transcript hyperpolarizing and inhibitory. Both inward and outward
and transport activity are not detected in freshly isolatetransport of Ci in neurons are diuretic-sensitive and are
proximal tubule cells, aortic endothelial cells and vasculaprobably encoded by BSC2 and KCC1/KCC2 (see below),
smooth muscle cells, but are induced after more prolonge@spectively. BSC2 in the central nervous system is
culture (Raatet al. 1996). Although low-level expression of developmentally regulated, with high levels of expression at
BSC2 protein is detectable in freshly isolated endothelial cellsirth and during the first few postnatal days, and decreased
(Yerbyet al.1997), evidence fan vivoexpression in this cell levels of expression thereafter (Plotkét al. 1997). This
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correlates very well with the switch of the GABA effect, from transporters are predicted to be substrates for protein kinases,
depolarizing to hyperpolarizing, during the first weeks ofBSC2 is the only member of the family for which there is
postnatal life. published evidence of phosphorylation (>at al. 1994;
Within mouse kidney, heavy expression of BSC2 protein i§animuraet al. 1995; Plotkinet al. 1997a). The activation of
detected at the basolateral membrane of inner medullaBKA in rat parotid gland stimulates phosphorylation of one of
collecting duct cells (IMCD) (Kaplapt al. 199@0) (Fig. 4E). at least three phosphorylation sites in the BSC2 protein,
This result was expected, since therénizvivo evidence for indicating a direct role for protein phosphorylation in the
hormone-sensitive basolateral NK*—2CI transport in  regulation of BSC2 (Tanimurat al. 1995). However, the
rodent IMCD (Rocha and Kudo, 1990). Within the glomerulusmodulation of BSC2 by PKA is evidently very complex,
light staining of mesangial cells is also evident (Fig. 4A).involving alternative splicing, secondary activation of other
Cultured mesangial cells have a well-characterizegrotein kinases and protein—protein interactions. The solitary
Na'—K*-2CI transport system which is activated by factorspredicted PKA site in BSC2 is encoded by a short exon that is
such as angiotensin Il (Homma and Harris, 1991). Unexpectegémoved by alternative splicing in several mouse tissues, such
staining of BSC2 is also found in juxtaglomerular cells in thehat a fraction of BSC2 is not predicted to be a substrate for
afferent arteriole, suggesting a role in the regulation of reniRPKA (Randallet al. 1997). In shark rectal gland, activation of
secretion by these cells (Fig.4A,B). The so-calledPKA results in phosphorylation of BSC2 on a threonine that is
‘extraglomerular’ mesangial cells, located between theot part of a consensus PKA site (Lytle and Forbush, 1992).
glomerulus and the macula densa, are also labeled with BS@his phosphorylation can be blocked by raising internal Cl
antibody (Fig. 4A). The function of BSC2 in the glomerulusconcentration, suggesting that the effect of PKA is mediated
and juxtaglomerular apparatus is unknown. However, they a Ct-sensitive phosphorylation event that does not directly
dominant role of extracellular Clin the function of the involve this kinase (Lytle and Forbush, 1996)- @lay thus
juxtaglomerular apparatus and associated cells is intriguingegulate its own transport by affecting phosphorylation of
(Tsukaharaet al. 1994; Matsunagat al.1994). As in neurons, BSC2, and this phenomenon has also been reported in
BSC2 may modulate the transmembranedtadient, altering mammalian epithelial cells (Ha&s al. 1995). Finally, in the
the response of renal cells to agents that affeat@lductance T84 cell line, BSC2 co-immunoprecipitates with two integral
(Ling et al. 1995). membrane proteins of 130 and 160kDa. Activation of PKA
The distribution of BSC2 in rat kidney has also been studiedncreases the surface expression of these co-precipitated
using the antibody described above (Fig. 4D) and an antibodyroteins, with a lesser effect on the surface expression of BSC2
generated against a C-terminal rat BSC2 peptide (Ghat  (D’Andreaet al. 1996).
1996). These studies replicate the findings in mouse kidney;
however, cells within the rat IMCD are not labeled. In the rat TSC: Na—CI~ cotransport
outer medullary collecting duct, however, the basolateral In the distal convoluted tubule (DCT) of the mammalian
membranes of type A intercalated cells are stained by thddney, the primary apical entry pathway for*Na through
rBSC2 antibody (Ginn®t al. 1996) (Fig. 4D). The type A the thiazide-sensitive NaCl~ cotransporter (Moungt al.
intercalated cell, defined by expression of an apicaAfiPase 1997). The natriuretic effect of the thiazide diuretics
and a basolateral GIHCO3;~ exchanger, functions in acid underlies their therapeutic effect in edema states and
secretion (Brown and Breton, 1996). It has been demonstratégpertension. In addition, luminal thiazide in the DCT has a
that basolateral BSC2 in a mouse IMCD cell line is capable diypocalciuric effect, implicating TSC in the fine-tuning of
transporting NH* (Wall et al. 1995). Therefore, both BSC1 Ca&* excretion (Costanzo, 1985). Although microperfusion
(see above) and BSC2 are part of the pathway for renaentified the DCT as the primary site of action of the
excretion of NH™*. thiazides, newer molecular probes have been invaluable in
Within secretory epithelia, BSC2 protein has been localizedefining the phenotype of cells in this segment of the kidney.
to the basolateral membrane of acinar cells in raA TSC-specific antibody raised against an amino-terminal
submandibular gland (Fig. 4F) (Het al. 1997) and parotid rTSC fusion protein detects the TSC protein at the apical cell
gland (Lytle et al. 1995). Heterogeneous staining of the membrane of the DCT (Fig. 3D). The transition between the
basolateral membrane of intralobular duct cells iINBSC1l-positive cells of the cortical TALH and the TSC-
submandibular gland has also been observece{ldé 1997).  positive DCT is dramatic (Fig. 3B). However, in the rat and
BSC2 is heavily expressed in stomach, and the level dfuman kidney (Plotkiret al. 1996; Obermiilleet al. 1995),
transcript in theNecturus maculosugastric fundus essentially the distal border of the DCT is less distinct, with a mixture
doubles after feeding (Soybett al. 1995). Functional of TSC-negative and TSC-positive cells in the connecting
experiments in this model strongly support a role for BSC2 isegment between the DCT and the cortical collecting duct.
the secretion of stomach acid, probably by providing &onsistent with the role of TSC in €homeostasis, all cells

basolateral entry pathway for QiSoybelet al. 1995). that express this transporter in the DCT and beyond are also
The complex functional regulation of BSC2 has previouslypositive for calbindin D28 (Plotkinet al. 1996), an
been reviewed in detail (Haas, 1994; Kapktnal. 1996; intracellular C&*-binding protein implicated in transcellular

Mount et al. 1997). Although all the cation—chloride C&* transport.
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KCC1 and KCC2: K—CI- cotransport syndrome have a decreased urinary concentrating ability and
Electroneutral cotransport of*KCI™ is detected in a wide polyuria, and generally exhibit increased urinary excretion of
range of cells functioning in regulatory volume decreaseCa* with a normal serum Mg level (Bettinelliet al. 1992).
transepithelial salt transport and the maintenance ofhis constellation of findings is most compatible with a
transmembrane Clgradients. Consistent with this broad primary defect in the TALH. As anticipated, mutations in the
functional distribution, KCC1 transcript is heavily expressechuman BSC1 gene have recently been reported in several
in many tissues, including brain (Gillet al. 1996). Precise kindreds with Bartter's syndrome (Simoet al. 1996).
localization awaits the development of a KCC1-specifiHowever, other families with Bartter's syndrome do not
antibody. In contrast to KCC1, KCC2 expression is restricteéxhibit linkage to BSC1, suggesting genetic heterogeneity.
to the brain, anéh situ hybridization reveals KCC2 transcript Mutations in the human ROMK *Kchannel gene have also
in neurons throughout the central nervous system (Retyelle  been identified in families with Bartter's syndrome (Sinedn
1996). A BLAST search of the EST database with rKCC2 alsal. 1996; International Collaborative Study Group, 1997),
detects a significant number of related ESTs in a cDNA libraryunderscoring the functional coupling between apical K
from human retina (D. B. Mount, unpublished results). channels and apical NeK*—2ClI™ transport in the mammalian
Stable expression of full-length rabbit KCC1 in HEK-293 TALH. More recently, a third gene, CLC-KNB, has been
cells reveals the expected characteristics of &QK  implicated in the genesis of Bartter's syndrome in a third
cotransporter (Lauét al. 1992):86Rb* efflux in these cells is  subset of families with the disease (Sinatral. 1997). CLC-
stimulated by cell swelling to a much greater extent than itKNB is a member of the CLC family of Clchannels and
untransfected cells. Ghependent influx ofSRb* in stable probably encodes a component of the basolateral ClI
transfectants is activated by treatment wWitethylmaleimide  conductance in TALH cells.
(NEM), a reagent that probably exerts its effect by In contrast to Bartter's syndrome, patients with Gitelman’s
modification of sulfhydryl groups on the transporter and/osyndrome do not have a defect in urinary concentrating ability.
associated proteins. This influx is weakly furosemide- andnother major distinguishing feature is the presence of marked
bumetanide-sensitive (Gillegt al. 1996), and kinetic analysis hypomagnesemia and hypocalcuria in Gitelman’'s syndrome
also indicates a low affinity of the transporter for both K (Bettinelli et al. 1992). The primary defect in this syndrome
(Km>25mmol 1) and Ct (Km>50 mmol 1), appears to be in the distal tubule, and the lack of a diuretic
In contrast to KCC1, stable expression of KCC2 in HEK-response to thiazides in some patients pointed to mutations in
293 cells results in a %&CI~ cotransporter which is not TSC. Linkage of the human TSC gene to Gitelman’s syndrome
activated by cell swelling (Payne, 1997). KCC2 also displaybas recently been reported, along with the direct
a much higher affinity for extracellular'{Km=5.2mmol1).  characterization of non-conservative mutations in affected
On the basis of thermodynamic considerations, KCC2 mapatients (Simonet al. 1996; Mastroianni et al. 1996;
function in the buffering of external *Kwithin the central Lemminket al.1996; Takeuchét al. 1996; Pollalet al. 1996).
nervous system, in addition to maintaining the transmembrane The other cation—chloride cotransporter genes are not
CI~ gradient (Payne, 1997). obvious candidates for monogenic disorders, but probably play
*—CI cotransport in red blood cells is stimulated by kinasea role in human disease. For example, excessit«eCK
inhibition and inactivated by phosphatase inhibition (Flatmarcotransport and cellular dehydration may underlie the
et al. 1996; Laufet al. 1992). Genetic evidence has recentlydestruction of red cells in hemolytic anemias, particularly in
implicated the cytoplasmic tyrosine kinases Fgr and Hck in theickle cell anemia (Francet al. 1995). In addition, the
regulation of erythrocyte &-CI~ cotransport (De Franceschi importance of the transmembrane™ @radient in neuronal
et al. 1997). Thus, red cell Kcontent is lower in fg¥-hck’~  excitability implicates BSC2 and the"KCI~ cotransporters in
mice owing to an activation of %&CI~ cotransport. Okadaic seizure disorders (Hochmat al. 1995; Payne, 1997).
acid is capable of inhibiting %-CI~ cotransport in double-
negative red cells, suggesting that the Fgr and Hck tyrosine
kinases negatively regulate a phosphatase, which in turn Conclusions
inhibits KCC1. The cloning of the cation—chloride transporters was a
significant advance and has already begun to clarify a
previously confusing field. It is highly likely that other
Pathophysiology of cation—chloride cotransport members of this rapidly expanding gene family remain to be
Given the physiological importance of both thiazide- andliscovered. Localization studies have been informative, and
bumetanide-sensitive salt transport by the kidney, it is nahe cotransporter antibodies are proving to be valuable
surprising that altered activity of these transporters has begmenotypic and functional markers. The ability to specifically
implicated in human disease. Even before the availability ahhibit individual genes by both germline inactivation and anti-
cDNA clones, the human BSC1 and TSC genes were leadirmgnse technology should help clarify some of the remaining
candidate loci for two forms of inherited metabolic alkalosisphysiological issues, such as the roles of BSC1 and BSC2 in
Bartter's syndrome and Gitelman’s syndrome (Stein, 1985). Itubuloglomerular feedback and tubular regulation of renin
addition to a hypokalemic alkalosis, patients with Bartter'selease. Within cells, the C termini of cation—chloride
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transporters may play a fundamental role in the regulation of (NKCC) of intestinal epithelial cells. Surface expression in
cell growth, independent of the effect of cation—chloride response to cyclic AMRI. biol. Chem271, 28969-28976.
cotransport on intracellular ion concentrations (Harkmgal.  DE FRANCESCHL L., FUMAGALLI, L., QLIVIERI, O., RROCHER R.,
1997). Conversely, the level of intracellular Nand K L.OWELL, C. A. AND BERTON, G..(1997.). Qeficiency of Src family
modulates the activation of apoptosis; the role of the kinases Fgr angl Hck results in activation of erythrocyteG{
cation—chloride transporters in this process is not known ang cotransportJ. clin. Invest99, 220-227.
is an intriguing area for future investigation (Bortretral ELPIRE, E., Ruchman, M. 1., BEER, D. R., HserT, S. C.AND

' GuLLans, S. R. (1994). Molecular cloning and chromosome
_1997_;_ Hl,!gheseF al. 1997). At th_e molecular Ievgl, th_e localization of a putative basolateral N&*—2CI™ cotransporter
identification of ion translocation sites, phosphorylation sites fom mouse inner medullary collecting duct (MIMCD-3) cells.
and transporter-associated proteins is pending. This pjol. Chem269, 25677—25683.
information will help resolve issues such as the differences iBceLearcer C. A., TErRRIS J., FOYER, J. R., NELSEN, S., WADE, J.
ionic affinity between transporters (Payeteal. 1995; Payne, B. aND KNEPPER M. A. (1996). Localization and regulation of the
1997; Isenring and Forbush, 1997) and the inverse effect of rat renal N&-K*-2CI" cotransporter, BSC-Am. J. Physiol271,
kinases, phosphatases and cell volume on the activity of BSC2F619-F628.

and KCC1 (Hoffmann and Dunham, 1995). FLATMAN, P. W., oRAGNA, N. C.AND LAUF, P. K. (1996). Role of
protein kinases in regulating sheep erythrocyte®" cotransport.

Am. J. Physiol271, C255-C263.
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