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Abstract. The application of molecular biology to the
study of electroneutral cation-chloride cotransporters has
been extremely successful, resulting in the identification
of a new gene family of five membrane proteins. The
function, expression, and regulation of these important
proteins can increasingly be described in molecular
terms. In addition, mutations in two renal cation-
chloride transporter genes have been found in patients
with Bartter’s and Gitelman’s syndromes, autosomal re-
cessive disorders of renal salt excretion.

Introduction

Electroneutral transport of sodium and/or potassium with
chloride is a feature of multiple cell types, performing a
variety of physiological roles [31, 36, 45, 50]. Despite
differing in the identity and stoichiometry of the ions
transported, these transporters share two main features: a
dependence on the simultaneous presence of all the
transported ions and differential sensitivity to thiazide or
loop diuretics. Progress in this field has accelerated con-
siderably since the molecular identification of the first
members of the electroneutral cation-chloride cotrans-
porter family, which now contains a total of five struc-
turally homologous proteins (Table). The availability of
specific antibodies and molecular probes has refined the
understanding of these transporters, advances which are
the primary subject of this review.

Cloning and Structure of the
Cation-Chloride Transporters

It is perhaps fitting that the first chloride transporters
were cloned from flounder urinary bladder and shark
rectal gland, tissues which have long served as model
epithelia. The flounder urinary bladder, essentially an
extension of the kidney, absorbs Na-Cl through a K-
independent electroneutral Na-Cl cotransporter which is
sensitive to thiazides and related diuretics. A 3.7 kb
cDNA encoding this cotransporter, denoted flTSC
(flounder thiazide-sensitive cotransporter), was isolated
by Gamba and coworkers by expression cloning inXeno-
pus laevisoocytes [19]. Oocytes injected with flTSC
cRNA express a Cl-dependent uptake of22Na, with iden-
tical kinetics and pharmacology to that of the intact uri-
nary bladder. A cDNA encoding the basolateral bu-
metanide-sensitive cotransporter from the shark rectal
gland (NKCC1, for Na-K-Cl cotransporter) was also
identified by expression cloning, using two monoclonal
antibodies specific for the gland’s 195 kDa bumetanide
binding protein [95]. Heterologous expression of this
cDNA in HEK 293 cells results in bumetanide-sensitive
uptake of86Rb which is dependent on the presence of Na
and Cl.

The cloning of mammalian cation-chloride cotrans-
porters quickly followed. Using a 1.3 kb flTSC probe,
two alternatively spliced cDNAs encoding the rat thia-
zide-sensitive cotransporter rTSC were cloned from rat
renal cortex and expressed inXenopusoocytes [20]. The
same probe was also used to screen libraries from both
rat and mouse outer medulla, identifying 4.6 kb cDNAs
encoding the renal apical bumetanide-sensitive Na-K-
2Cl cotransporter BSC1 (bumetanide-sensitive cotrans-
porter) [20, 63]. Oocytes injected with cRNA fromCorrespondence to:S.C. Hebert
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both the mouse and rat BSC1 clones express bu-
metanide-sensitive, Na- and Cl-dependent uptake of
86Rb. Homologous cDNAs, denoted NKCC2 by For-
bush et al., have been cloned from rabbit [67] and human
kidney [81]. In addition, cDNAs homologous to shark
NKCC1, designated BSC2 in the alternative naming sys-
tem, have been cloned from mouse [15] and human [68].

Several tissues and cells are known to express Na-
independent and Cl-dependent transport of potassium by
a transporter which is weakly sensitive to furosemide and
bumetanide. By virtue of this physiology and pharma-
cology, K-Cl cotransporters were expected to be homolo-
gous to the diuretic-sensitive Na-(K)-Cl cotransporters
[31], and indeed this assumption has turned out to be
correct. Human ESTs (expressed sequence tags) moder-
ately homologous to the known Na-(K)-Cl cotransporters
were identified in the Genbank database and used to
isolate cDNAs encoding the first K-Cl cotransporter,
KCC1 [23]. Functional expression of full length rabbit
KCC1 in HEK 293 cells confirmed that these cDNA
clones encode K-Cl cotransporters (see below). A second
putative K-Cl cotransporter, KCC2, wasidentified in rat
brain by a similar cloning strategy [69].

In addition to the vertebrate clones mentioned
above, more distantly related sequences have been iden-
tified in a moth,C. elegans,yeast, and a cyanobacterium
[23, 45] (Fig. 1). All of the published full length se-
quences predict the same membrane topology, with 12
hydrophobic transmembrane (TM) domains flanked by
cytoplasmic N- and C-terminal domains (Fig. 2). This
membrane topology has yet to be confirmed in detail.

However, the N-terminal domain of shark BSC2 is
clearly phosphorylated [56], indicating an intracellular
disposition, and preliminary evidence suggests that the
C-terminal domain of rat BSC2 is phosphorylated by
PKA [88]. In addition, mutation of the first of two pre-
dicted glycosylation sites in the extracellular loop be-
tween TM 7 and 8 of rat TSC dramatically reduces gly-
cosylation of the protein, indicating an extracellular ori-
entation [73]. Homology between family members is
most marked in the TM domains, but is also evident in
the C-terminal cytoplasmic domain and predicted intra-
cellular loops. A major departure for the KCC proteins
is the transposition of the large glycosylated extracellular
loop to between TM 5 and 6 [Fig. 2]. Experimental evi-
dence for glycosylation has been published for BSC2
[55, 57], TSC [19, 20], and KCC1 [23]. Although con-
firmation of the glycosylation of BSC1 has been difficult
[20, 57], indirect evidence suggests that it is a glycopro-
tein [47].

Individual Cotransporters

BSC1

Function and Intrarenal Distribution

Expression of BSC1 is restricted to the kidney in all
species which have been examined thus far.In situ hy-
bridization detects transcript in the outer medulla and
cortical medullary rays [20, 39, 65], indicating expres-
sion in the thick ascending limb of the loop of Henle

Table 1. The five vertebrate cation chloride transporters

Cotransporter Alternative
nomenclature

Species Size
(amino acids

Chromosome Genbank
number

TSC NCCT, SLC12A3 Flounder 1023 L11615
Rat 1002 U10097
Human 1021 (splice) 16q13 U44128
Mouse 1002 8 U61085

BSC1 NKCC2, SLC12A1 Rat 1095 U10096
Rabbit 1099 U07547
Mouse 1095 2 U20975

770 (splice) U61381
Human 1099 16 U58130

BSC2 NKCC1, SLC12A2 Shark 1191 U05958
Mouse 1205 18 U13174
Human 1212 5q23.3 U30246

KCC1 Human 1085 16q22.1 U55054
Rat 1085 U55815
Rabbit 1085 U55053

KCC2 Rat 1116 U55816

BSC1, BSC2 encode bumetanide-sensitive Na-K-2Cl cotransporters; TSC encodes a thiazide-
sensitive Na-Cl cotransporter; KCC1, KCC2 encode K-Cl cotransporters.
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(TALH). Affinity-purified antibodies to a C-terminal fu-
sion protein of rBSC1 detect a protein of∼150 kDa in rat
kidney [47], the same size as the major renal bumetanide
binding protein [30]. This protein is detected at the api-
cal cell membrane of TALH cells in both the outer me-
dulla and cortex, and immunogold labeling with a sepa-
rate BSC1-specific antibody indicates expression in a
population of subapical vesicles [16]. In addition, BSC1
protein is present at the apical membrane of macula
densa cells in both rat [47] and mouse kidney [46].

In the renal thick ascending limb, apical bu-
metanide-sensitive Na-K-2C1 transport plays a primary
role in transcellular absorption of NaCl and plays an
indirect role in paracellular transport of Na, Ca, Mg and
other cations [28, 34]. Salt absorption by the medullary
TALH is essential for countercurrent multiplication and
the generation of medullary hypertonicity, a major pre-
requisite for excretion of a concentrated urine. BSC1
performs a similar function in the recycling of ammo-
nium, since several studies indicate the NH4 can substi-
tute for K in transport by the apical Na-K-2Cl cotrans-
porter of the TALH [26]. Ammonium generated by the
proximal tubule from glutamine is thus reabsorbed by the
TALH and concentrated in the renal medulla, from
whence it is excreted in the urine.

The demonstration that BSC1 is expressed in the
macula densa [46, 47, 65] is of particular interest, given
the role of the macula densa plaque in both tubuloglo-
merular feedback (TGF) and tubular regulation of renin
release. An increase in luminal NaCl at the macula
densa decreases glomerular filtration via constriction of
the afferent arteriole, a feedback mechanism which is
blocked by luminal furosemide [42]. Increases in lumi-
nal NaCl inhibit renin release from juxtaglomerular cells
in the afferent arteriole, an effect which is blocked by
luminal bumetanide [53] and furosemide [33]. The
macula densa primarily responds to changes in tubular

Cl, since variation in tubular Na alone has no effect on
either TGF or renin secretion [53]. Macula densa cells
have been shown to express apical bumetanide-sensitive
Na-K-2Cl activity with an estimated Km for Cl of 32.5
mM [50], close to the half-maximal concentration of Cl
for modulation of renin release [33]. It is unclear how
the initiating stimuli for TGF and renin release are trans-

Fig. 2. Predicted membrane topology of the cation chloride cotrans-
porters. All of the vertebrate clones predict a total of 12 hydrophobic
membrane-spinning segments, flanked by large intracellular amino-
and carboxy-terminal domains. The Na-(K)-Cl cotransporters (Fig. 2A;
BSC1, BSC2 and TSC) and the K-Cl cotransporters (Fig. 2B; KCC1
and KCC2) differ in the predicted position of the large extracellular
loop.

Fig. 1. The electroneutral cation-chloride
cotransporter family. A homology tree of the
cloned cotransporters based on amino acid
sequences. The length of horizontal lines
corresponds to evolutionary distance. Generated
with the DNAStar program (Madison, WI).
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mitted to the afferent arteriole and juxtaglomerular cells.
However, both processes appear to be modulated by ni-
tric oxide (NO) generated by the neuronal isoform of NO
synthase [5, 43], an enzyme which is heavily expressed
in the macula densa of several species [2].

Regulation of BSC1

The function and expression of BSC1 is likely regulated
at multiple levels. The promoter of the BSC1 gene con-
tains consensus sites for cAMP-response element bind-
ing proteins [40], hinting that cAMP may regulate tran-
scription of BSC1. Alternative splicing of the rabbit,
mouse and human BSC1 genes has been demonstrated,
involving three mutually exclusive cassette exons [A, B,
and F] near the 58 end of the gene [39, 63, 67, 81]. In-
dependent alternative splicing of the 38 end of the mouse
BSC1 transcript has also been described [63], resulting in
a different 38 UTR and truncation of the C-terminal cy-
toplasmic domain (see below). The cassette exons are
predicted to encode 31 amino acids, spanning most of the
second transmembrane domain and extending 10–13
amino acids into the cytoplasm. This cytoplasmic exten-
sion is strongly conserved between the three cassettes.
Expression of the A, B, and F cassettes is spatially re-
stricted along the TALH (in outer stripe, cortex, and
inner stripe, respectively) [39, 67]. This pattern suggests
that alternative splicing of the cassette exons generates
axial heterogeneity in ion transport. However, expression
problems have prevented functional confirmation of this
hypothesis.

Multiple hormones regulate NaCl transport in the
TALH, through a combination of both primary and sec-
ondary effects on apical Na-K-2Cl cotransport (reviewed
in references 28, 34, 45). Vasopressin appears to directly
activate apical Na-K-2Cl cotransport [61], although in-
vestigators have also argued for secondary effects of ba-
solateral Cl channel activation [28]. In the mouse med-
ullary TALH, vasopressin induces a switch in the K-
dependence of the apical Na-K-2Cl transporter, from a
completely K-independent Na-Cl mode to a K-dependent
Na-K-2Cl mode [86]. Recycling of K through the Na-
K-2Cl cotransporter and apical K channels generates a
lumen-positive potential difference, which drives para-
cellular absorption of cations through the cation-
selective paracellular pathway [34]. This arrangement is
largely responsible for the absorption of divalent cations
by the TALH, which reclaims∼20% of filtered Ca and
∼50% of filtered Mg [28]. It is also more efficient than
pure transcellular transport, increasing transepithelial Na
absorption by 50% without an increase in energy expen-
diture [86]. K-independent bumetanide-sensitive Na-Cl
cotransport is not restricted to mouse TALH, having also
been described in both rabbit [1] and rat kidney [54].

All of the BSC1 cDNAs predict consensus phos-

phorylation sites for both PKA and PKC. However, un-
like BSC2 (see below), there is no published evidence that
BSC1 is a phosphoprotein. Alternative splicing of the 38
end of mBSC1 results in a truncated C-terminus, with a
unique 55-amino acid C-terminal sequence which differs
in the inclusion of phosphorylation sites for both PKA
and PKC [63]. Differential inclusion of phosphorylation
sites due to alternative splicing has not been described in
other Na-dependent cotransporters, but is known to occur
in ion channels [89]. It is as yet unclear whether this
shorter mBSC1 isoform encodes the K-independent Na-
Cl cotransporter [86] and/or the∼75 kDa low affinity
bumetanide binding protein of mouse outer medulla [30].

BSC2

Expression and Function of BSC2

Since the initial description of bumetanide-sensitive Na-
K-2Cl cotransport in Ehrlich cells [21], this activity has
been detected in a wide variety of cultured cells [31].
However, the relevance of some of these latter findings
to native tissue has been recently questioned. BSC2
transcript and Na-K-2Cl cotransport are not present in
freshly isolated proximal tubule cells, vascular smooth
muscle cells, and aortic endothelial cells, but are strongly
induced after more prolonged culture [74]. Independent
observations suggest that this induction of BSC2 is in-
volved in the increase in cell volume during cell growth
and progression through the cell cycle, analogous to the
well-known stimulation of Na-K-2Cl cotransport by hy-
pertonic conditions [36]. Thus the K content and cell
volume of NIH 3T3 cells increase in parallel after serum
stimulation, and bumetanide decreases both measured
cell volume and cell number in response to mitogens
[10]. Influx of Na through both amiloride- and bu-
metanide-sensitive pathways is also an early event after
serum stimulation of 3T3 cells, followed by efflux
through Na-K-ATPase [6].

The disparity between cell culture and tissue not-
withstanding, BSC2 is widely expressed [15, 68]. The
precise localization within tissues has been thoroughly
studied in kidney and brain [46, 72]. These studies uti-
lized a BSC2-specific antibody generated against a 74-
amino acid C-terminal fusion protein. This antibody rec-
ognizes two proteins of∼145 kDa and∼155 kDa, pre-
sumably differentially glycosylated forms of BSC2, in
both mouse kidney and rat brain. Within the kidney,
basolateral staining of BSC2 is detected in the terminal
two thirds of the inner medullary collecting duct
(IMCD), as predicted by the functional evidence for ba-
solateral Na-K-2Cl transport in freshly isolated rat pa-
pilla cells [29] and in a mouse IMCD cell line (mIMCD-
3) [15]. BSC2 expression in the IMCD may regulate cell
volume, given the wide fluctuations of extracellular os-
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molality in this nephron segment. It also appears to play
a role in ANP-induced NaCl secretion [78]. In addition,
BSC2 in the IMCD probably provides a basolateral entry
pathway for the NH4 ion, which is transported by the
basolateral Na-K-2Cl cotransporter in the mIMCD-3 cell
line [94]. Thus both BSC1 and BSC2 are implicated in
countercurrent multiplication and excretion of ammo-
nium.

Within the glomerulus BSC2 expression is detected
in mesangial cells [46], which express a Na-K-2Cl co-
transporter activity in culture which is modulated by va-
sopressin, angiotensin II, and ANP [37]. Unexpected
staining of juxtaglomerular smooth muscle cells in the
afferent arteriole is also evident, however no other vas-
cular cells are stained in the kidney. Extraglomerular
cells adjacent to the macula densa, likely extraglomerular
mesangium, are also strongly positive [46]. The function
of BSC2 in these structures is completely unknown.
However, an attractive hypothesis is that BSC2 partici-
pates in propagation of the chloride signal ‘‘sensed’’ in
the macula densa. In this regard, a reduction in extracel-
lular Cl stimulates a rise in intracellular Ca and release of
NO in rat mesangial cells [90].

Within the rat brain BSC2 expression is particularly
prominent in the choroid plexus, where it colocalizes
with Na-K-ATPase at the apical CSF (cerebrospinal
fluid) cell membrane [72]. Apical bumetanide-sensitive
86Rb uptake is also detectable in primary cultures of
choroid plexus. This apical localization agrees with
some but not all models of choroid plexus ion transport
[44]. An in vivo role for Na-K-2Cl cotransport has been
difficult to ascertain, however intracisternal perfusion of
bumetanide appears to inhibit CSF production by as
much as 50% [44].

BSC2 protein is also detected in neuronal cell bod-
ies, and staining is particularly intense within dorsal root
sensory neurons in the peripheral nervous system. Im-
munoreactivity is notably absent in glial cells and brain
capillary endothelial cells, in which Na-K-2Cl cotrans-
port has been well documented in culture. Within neu-
rons BSC2 likely helps generate and maintain the trans-
membrane Cl concentration gradient. Both outward and
inward Cl transport have been implicated in the differ-
ential response of neurons to GABAA receptor activation
and other stimuli [60]. In cells with strong inward trans-
port of Cl (likely through BSC2), intracellular Cl con-
centration is high and GABAA receptor stimulation,
which activates a Cl conductance, is depolarizing and
excitatory. In contrast, in neurons with outward Cl trans-
port (possibly K-Cl cotransport), GABAA activation is
hyperpolarizing and inhibitory. Intracellular chloride ac-
tivity thus plays a central role in neuronal physiology
[84].

With respect to secretory epithelia, BSC2 immuno-
reactivity has been localized to the basolateral membrane

of rat parotid gland. This study used broadly specific
anti-BSC monoclonal antibodies generated against a
large C-terminal fusion protein of human BSC2 [56].
Large amounts of BSC2 transcript have been detected in
stomach [15], prompting an examination of its role in
gastric acid secretion [83]. Expression of BSC2 is par-
ticularly prominent in theNecturusgastric fundus, es-
sentially doubling after feeding. The effects of basolat-
eral bumetanide and ion substitution strongly support a
functional role for BSC2 in the secretion of stomach
acid, likely by providing a basolateral entry pathway for
Cl [83].

Regulation of BSC2

Bumetanide-sensitive Na-K-2Cl cotransport is affected
by a wide variety of hormones, conditions, and second
messengers. This issue has been recently reviewed [31,
45], and emphasis here is on particularly new develop-
ments. Evidence that BSC2 is regulated by phosphory-
lation/dephosphorylation is multiple, and BSC2 has been
shown to be a phosphoprotein in several species and
tissues [56, 72, 88]. The primary structure of human and
mouse BSC2 contains one predicted PKA site and sev-
eral PKC sites. A fraction of mBSC2 transcripts in brain
are missing exon 21, a 48 bp exon which contains the
putative PKA site; no other alternative splicing events
were detected in a comprehensive survey of several tis-
sues by RT-PCR [75]. One-dimensional phosphopeptide
mapping of BSC2 protein from rat parotid indicates at
least three separate phosphorylation sites, with differen-
tial labeling of one phosphopeptide after stimulation with
isoproterenol [88]; the precise residues phosphorylated
by specific kinases have not yet been defined.

The shark BSC2 protein sequence does not contain
any putative PKA sites, yet in response to activation of
PKA this protein is phosphorylated on a threonine which
is not part of a consensus PKA site [56]. However, the
stimulatory effect of PKA is blocked by raising internal
Cl (Cli). This suggests that PKA does not directly phos-
phorylate shark BSC2, but rather activates a Cl-sensitive
phosphorylation event, most likely by activating Cl ex-
trusion through a PKA-sensitive conductive pathway
such as CFTR [58]. Chloride may therefore regulate its
own traffic through secretory epithelia by affecting phos-
phorylation of BSC2. This has been clearly demon-
strated in both shark rectal gland and in dog tracheal
epithelium, since in both systems depletion of Cli in-
duces phosphorylation and activation of BSC2 [32, 58].
The identity of this Cl-sensitive kinase (or phosphatase)
is unknown. Also unclear is the relative contribution of
a proposed intracellular anion-modifier site on BSC2
[62], which could either directly modulate the cotrans-
porter or regulate its accessibility for phosphorylation/
dephosphorylation [58].
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TSC

Expression Pattern and Function

In the mammalian kidney the distal convoluted tubule
(DCT) reabsorbs 5–7% of the filtered sodium chloride
load, almost exclusively through a thiazide-sensitive, K-
independent Na-Cl cotransporter (TSC). In addition to
its natriuretic effect, luminal thiazide in the early DCT is
significantly hypocalciuric [13], suggesting that TSC is
also involved in calcium homeostasis. Indeed, thiazides
are a treatment option in the management of idiopathic
hypercalciuria, a common cause of renal stones [66].
The role of TSC in DCT calcium handling has been
addressed using an immortalized cell line from mouse
DCT, in which apical thiazide increases intracellular cal-
cium (Cai) [22]. The blockade of apical NaCl cotrans-
port by thiazide decreases internal cell Cl, due to con-
tinued efflux of Cl through basolateral Cl channels.
Cells treated with thiazide hyperpolarize toward the K
equilibrium potential; this hyperpolarization increases
Cai, which enters through dihydropyridine-sensitive api-
cal Ca channels. The identity of the relevant basolateral
Cl and apical Ca channels in the DCT is unknown.

Prior to the cloning of TSC it was demonstrated by
in vivo microperfusion studies that the early distal tubule
was the predominant site of thiazide-sensitive sodium
chloride cotransport in rat kidney [13]. However, inter-
species heterogeneity and the lack of distinct boundaries
between the DCT and connecting tubule (CNT) made
precise localization of this transport difficult. TSC-
specific immunofluorescence [71] andin situ hybridiza-
tion [3, 64] have been very useful in this regard. Affin-
ity-purified antibodies to an amino-terminal fusion pro-
tein of rTSC detect three proteins of 135,140 and 155
kDa in rat renal cortex; this heterogeneity may reflect
either differential glycosylation or alternative splicing.
Immunofluorescence detects TSC protein at the apical
cell membrane of the DCT, and confocal and electron
microscopy also demonstrate TSC in subapical vesicles
[71].

The phenotypic transition between cells of the
CTAL (positive for BSC1 and Tamm-Horsfall glycopro-
tein) and the DCT (positive for TSC) is dramatic, occur-
ring at a variable distance after the macula densa [64,
71]. In contrast, in the rat and human kidney the distal
border of the DCT is much less abrupt, such that the
CNT is composed of a mixture of TSC-positive cells,
TSC-negative CNT cells and TSC-negative intercalated
cells [64, 71]. The transition between the DCT and the
CNT is more distinct in the rabbit [3]. Of relevance to
the role of TSC in calcium homeostasis is the presence of
calbindin D28, an intracellular calcium-binding protein
implicated in transcellular calcium transport, in all cells
expressing TSC [71]. In addition, within the late DCT

and early CNT, some cells with apical TSC also express
the basolateral Na/Ca exchanger and Ca-ATPase [64,
71].

Although flounder TSC is expressed in several tis-
sues besides urinary bladder [19], northern blot analysis
suggests that rTSC is kidney-specific [20]. A northern
blot survey of human tissues using a human TSC probe
is suggestive of extra-renal expression of hTSC, with a
very weak 4.5 kb band in poly-(A)+-RNA from small
intestine, placenta, prostate, colon and spleen [11].
However, the molecular identity of this extra-renal tran-
script has not been established, and extra-renal expres-
sion of hTSC has not been confirmed by other investi-
gators [59]. Extra-renal effects of thiazides are well-
documented both physiologically and clinically, but are
not clearly due to inhibition of TSC. For example, the
effect of thiazide on Na-Cl cotransport in some epithelial
tissues is due to inhibition of carbonic anhydrase and the
resultant blockade of parallel apical Na-H and Cl-CO3

exchange [25]. Thiazides are clinically associated with
impaired glucose tolerance, and experimentally hydro-
chlorothiazide reduces insulin release from islet cells
[70]. Preliminary evidence suggests that rat endocrine
pancreas expresses rTSC, suggesting that TSC may play
a direct role in modulating insulin release [7]. However,
other explanations for the effect of thiazides on the pan-
creas are equally plausible [70]. Another well-described
clinical effect of thiazides is an increase in bone den-
sity, and both thiazides and PTH increase Cai in rat
UMR-106 cells, an osteoblast-like cell line which ex-
presses rTSC transcript and protein [4]. The issue ofin
vivo expression of TSC in bone has not yet been ad-
dressed.

Regulation of TSC

Unlike Na-K-2Cl and K-Cl cotransport, there is little
direct information on the regulation of thiazide-sensitive
Na-Cl cotransport. Estrogen has been shown to regulate
thiazide binding sites in rat kidney, such that females
have twice the density of binding sites than males [12].
Estrogen affects renal sodium handling, and ovariecto-
mized female rats have increased sodium excretion when
compared to controls. Treatment with estrogen dramati-
cally increases apical labeling of TSC and the content of
immunoreactive TSC in the DCT of ovariectomized rats
[92]. Whether this is due to a direct transcriptional effect
has not been established. Moreover, the overall ultra-
structure of DCT cells is affected by estrogen, with an
increase in the number of apical microprojections [92].

Alternative splicing of TSC appears to be com-
plex. The two rTSC cDNAs reported initially have iden-
tical open reading frames but different 38 UTRs [20].
At least three other alternatively spliced isoforms of
rTSC exist, differing dramatically in the 38 end of the
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open reading frame [38]. The functional effect of this
alternative splicing is not yet clear.

Rat TSC contains five potential PKC phosphoryla-
tion sites and no consensus PKA sites. However, TSC
has not yet been shown to be a phosphoprotein, and the
effect in the DCT of hormones which activate PKC is not
known. Receptors likely to regulate TSC via PKC in-
clude the extracellular Ca-sensing receptor, the PTH/
PTHrP receptor, and the 5-HT1A receptor, all of which
are expressed in the DCT [76, 77].

In contrast to the paucity of information regarding
the regulation of TSC, several studies have addressed the
modulation of DCT structure and function by changes in
luminal delivery of NaCl [34, 52, 85]. Increases in NaCl
delivery to the DCT, induced by either increased dietary
salt or furosemide treatment, are generally associated
with cell hypertrophy, increased binding of thiazides,
and increases in tubular transport capacity. Treatment of
rats with furosemide also appears to increase the amount
of rTSC transcript in the DCT [64]. Conversely, thiazide
treatment and dietary NaCl restriction are associated
with decreases in DCT transport capacity. Thiazide
treatment of rats causes dose-dependent apoptosis of the
DCT [52]. These morphological changes are accompa-
nied by drastic decreases in the amount of TSC protein
and transcript in the DCT. TSC-positive cells in the
CNT, which likely have additional apical pathways for
sodium entry, are spared the effect of thiazide; this dis-
tinction argues for a direct effect of impaired NaCl entry
in DCT cells rather than a toxic effect of the drug. Re-
modelling of the DCT by hypertrophy or apoptosis may
thus occur in response to changes in luminal NaCl de-
livery [85].

KCC1

Electroneutral cotransport of KCl is detected in a wide
range of cells, functioning in both regulatory volume
decrease [36] and in transepithelial salt transport. Con-
sistent with this broad functional distribution, a 3.8 kb
KCC1 transcript is heavily expressed in multiple tissues,
including brain. A second less abundant transcript of
∼4.4 kb is also detected in a subset of tissues [23]. Once
KCC1-specific antibodies are developed the expression
pattern within tissues can begin to be addressed. Of par-
ticular interest is the role of KCC1 in basolateral [34] and
apical [91] KC1 flux in the kidney.

Stable expression of full length rabbit KCC1 in HEK
293 cells [23] indicates the expected characteristics of a
K-Cl cotransporter [50]. Thus86Rb efflux in these cells
is stimulated by cell swelling, to a much greater extent
than in untransfected cells. Chloride-dependent influx of
86Rb is activated by treatment with NEM, a reagent
which likely exerts its effect by modification of sulfhy-
dryl groups on the cotransporter and/or associated pro-

teins. This influx is inhibited by furosemide and bu-
metanide, with Ki values of 40mM and 59mM, respec-
tively, much higher than the equivalent values for human
BSC2 [23].

The primary structure of all three mammalian KCC1
proteins contain consensus phosphorylation sites for
PKC, suggesting regulation by phosphorylation/
dephosphorylation. Regulation of KCC1 is likely com-
plex, however red cell K-C1 cotransport is known to be
stimulated by kinase inhibition and inactivated by phos-
phatase inhibition [17, 50]. The response of K-Cl trans-
port is thus opposite to that of BSC2, as predicted by
their roles in regulatory volume decrease and increase,
respectively.

KCC2

In contrast to KCC1, KCC2 is expressed only in the
brain, at least by northern blot analysis [69].In situ hy-
bridization reveals expression in neurons throughout the
central nervous system, suggesting a role in the regula-
tion of neuronal Cli (seediscussion of BSC2 function in
the brain). Functional expression of KCC2 has not been
reported, and nothing is known about its regulation.
However, the primary sequence of KCC2 predicts a soli-
tary tyrosine kinase phosphorylation site and several
PKC sites.

Relevance of Cation-Chloride Transporters to
Human Disease

The human BSC1 and TSC genes have been linked to
two hereditary forms of hypokalemic alkalosis, Bartter’s
syndrome and Gitelman’s syndrome, providing a dra-
matic demonstration of their physiological importance.
Patients with classic Bartter’s syndrome have a de-
creased concentrating ability and polyuria. In addition to
hypokalemia and metabolic alkalosis, they frequently ex-
hibit increased urinary excretion of calcium with a nor-
mal serum magnesium level [8]. This constellation of
findings is most compatible with a primary defect in the
TALH, and the concordance between Bartter’s syndrome
and the pathophysiological consequences of loop diuretic
therapy implicated BSC1 as the gene. Homozygous dis-
ease-causing mutations in the human BSC1 gene have
recently been reported in several kindreds with classic
Bartter’s syndrome [81], however the absence of BSC1
mutations in other families suggested genetic heteroge-
neity. The subsequent demonstration of disease-
associated mutations in the human ROMK K channel
gene [41, 82], which encodes a component of the apical
K conductance of the TALH, genetically demonstrates
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the functional coupling between apical K channels and
BSC1.

Gitelman’s syndrome is a more common and benign
cause of hypokalemia than classic Bartter’s syndrome
[24]. A major distinguishing feature of Gitelman’s syn-
drome is the presence of marked hypomagnesemia and
hypocalcuria [8], without impairment in urinary concen-
trating ability. The occurrence of hypocalcuria, along
with the absence of a diuretic response to thiazides,
pointed to a defect in TSC; this has been confirmed by
the direct characterization of nonconservative mutations
in affected patients [80]. Unlike Bartter’s syndrome,
Gitelman’s appears to be genetically homogeneous. An
intriguing observation is the apparently high frequency
of compound heterozygotes, suggesting that mutant
hTSC alleles may be relatively common in the general
population.

Gordon’s syndrome, described as the ‘‘mirror im-
age’’ of Bartter’s syndrome [27], consists of autosomal
dominant hypertension and hyperkalemia, with suppres-
sion of the renin-angiotensin-aldosterone axis and a hy-
perchloremic acidosis. The full phenotype can be re-
versed by aggressive salt restriction [48]. Further char-
acterization has demonstrated hyperabsorption of NaCl,
but not Na accompanied by other anions. This observa-
tion and the beneficial therapeutic effect of thiazides sug-
gested overactivity of TSC [87]. This was a particularly
attractive hypothesis, given the precedence of both inac-
tivating and activating mutations in renal tubular disor-
ders, in the human Ca-sensing receptor [9] and in sub-
units of ENaC, the amiloride-sensitive epithelial Na
channel [51]. However, TSC has been excluded as the
locus for Gordon’s syndrome in several affected families
[79 and M. Pollak,personal communication].

The involvement of TSC, BSC1 and associated pro-
teins in genetic disorders of renal salt handling under-
scores the primacy of the kidney in the regulation of
blood pressure and extracellular volume [51]. Subtle
variation in these genes or in the regulatory mechanisms
governing the cotransporters may underlie ‘‘essential’’
hypertension and/or affect the response to therapy. In
addition, modulation of BSC1 and TSC may contribute
to disorders of calcium homeostasis such as nephrolithia-
sis and osteoporosis. The other cation-chloride trans-
porters are also likely to play a role in human patho-
physiology. For example, excessive K-Cl cotransport
may play a role in the dehydration of young red cells in
sickle cell anemia [18]. Increases in erythrocyte magne-
sium in a transgenic model of sickle cell disease have
been shown to decrease K-Cl cotransport and increase
hemoglobin levels [14]. The contribution of KCC1,
KCC2, and BSC2 to neurological disorders such as epi-
lepsy merits particular investigation [35]. Finally, bu-
metanide-sensitive Na-K-2Cl cotransport mediates the
increase in cell volume induced by HIV infection of

T-cell cell lines, and both furosemide and bumetanide
block HIV production and the cytopathic effects of HIV
in culture [93].

Conclusion

In the four years since the first reported cloning of an
electroneutral cation-chloride transporter progress has
been most gratifying. The recent addition of the K-Cl
cotransporters to the gene family fulfills predictions
which followed the initial cloning efforts [31]. Localiza-
tion studies have been informative, particularly for
BSC2, which was expected to have a broader expression
pattern. The literature regarding bumetanide-sensitive
Na-K-2Cl cotransport in cultured cells will need to be
re-appraised in light of the observation that cell culture
induces BSC2 in cells which do not normally express it
in vivo [46, 72, 74]. Molecular techniques can now be
directed at specific inhibition and germline inactivation
of the cotransporters, resulting in a more precise under-
standing of the individual family members. This ap-
proach will hopefully clarify the relative roles of chloride
channels and cation-chloride cotransporters in the main-
tenance of neuronal transmembrane chloride gradients
[84]. The molecular description of phosphorylation
sites, associated proteins, ion- and drug-binding sites is
hopefully pending. This understanding will ultimately
result in the development of more specific inhibitors of
the individual transporters, agents which are likely to
have broad clinical and experimental utility.
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We are grateful to Eric Delpire for pre-prints and helpful comments.
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