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Abstract The term “Bartter's syndrome” comprises a
set of autosomal recessively inherited renal tubular disor-
ders characterized by hypokalemia, metabolic alkalosis,
hyperreninism, and hyperaldosteronism but normal
blood pressure. Additional clinical and biochemical fea-
tures led to a classification into phenotypically different
tubulopathies: Gitelman’s syndrome, hyperprostaglandin
E syndrome (antenatal Bartter's syndrome), and classic
Bartter's syndrome. Gitelman’s syndrome results from
mutations in thesSLC12A3gene encoding the human thi-
azide-sensitive sodium chloride cotransporter, leading to
impaired reabsorption of sodium chloride in the distal
convoluted tubule. Genetic heterogeneity of hyperpros-
taglandin E syndrome has been demonstrated by identifi-
cation of mutations in th&LC12Algene as well as in
the KCNJ1 gene. Mutations ir8LC12Alcoding for the
bumetanide-sensitive sodium potassium 2 chloride co-
transporter (NKCC2) cause defective reabsorption of so-
dium chloride in the thick ascending limb of Henle’s
loop. Mutations inKCNJ1leading to loss of function of
the potassium channel ROMK disrupt potassium recy-
cling back to the tubule lumen and inhibit thereby the
NKCC2 activity. A third gene for hyperprostaglandin E
syndrome has been mapped to the short arm of chromo-
some 1, and it remains to be evaluated whether other
genes are involved in the pathogenesis of this disease.
Classic Bartter's syndrome has been demonstrated to re-
sult from defective chloride transport across the basolat-
eral membrane in the distal nephron due to mutations in
the chloride channel gert@d CNKB This article reviews

the molecular genetic approach that has led to identifica-
tion of genetic defects underlying the different hypokale-
mic tubulopathies.
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those with classic Bartter's syndrome and hyperprostag-
landin E syndrome by permanently decreased serum
, . magnesium levels and characteristic hypocalciuria [2,
The term Bartter's syndrome comprises a spectrumé}ﬁ. Typically the renal concentrating capacity is normal

Introduction

hereditary renal tubular disorders characterized By'gjightly diminished in patients with Gitelman's syn-
chronic hypokalemia and metabolic alkalosis. In 196¢ 2 [13, 14]. Urinary excretion of prostaglandip E

Bartter and colleagues reported on two patients who Qigs peen reported to be within the normal range, and
sented with hypokalemic metabolic alkalosis, hyponatrﬂ; ’

2 h hl ! g | blood d ‘ostaglandin synthetase inhibitors seem to be of limited
mia, hypochiorémia, and norma; DIOOd pressure desplif,ofit in these patients [13, 15]. The clinical course of
of hyperaldosteronism [1]. Histology of the kidneys resiteiman's syndrome is relatively mild, with a disease
vealed hyperplasia of the juxtaglomerular apparatus § i

both patients. In the following years numerous Studlﬁﬁ‘set from childhood to juvenile age or even later. Pa-
' s . o . Suents m mpletel mptomatic, and diagnosis i
described a variety of additional clinical and biochemic ts may be completely asymptomatic, and diagnosis is

. . . o . metimes made when serum electrolytes are measured
anomalies which occur in association with hypokalemig

: . ! oA ; 1, 13]. Clinical findings include occasional episodes of
metabolic alkalosis [2—4]. The variety of additional find; uscle] weakness tetgny carpopedal spasnfs paresthe-
ings led to a classification into at least three phenotyp| ’ ’ '

, . . . a, chronic dermatitis, and short stature [2, 11, 13, 14].
cally different hypokalemic tubulopathies which havgiteiman's syndrome appears to have a benign prognosis
been referred to as different variants of Bartter's sy respect to renal function [13]
drome: (a) Gitelman’'s syndrome, or familial hypokale- '
mia-hypomagnesemia syndrome, (b) hyperprostaglandin
E syndrome (antenatal Bartter's syndrome), and (c) ?;R?perprostaglandin E syndrome

called classic Bartter's syndrome [5-7]. The various hys 1o naia1 Bartter's syndrome
pokalemic tubulopathies have been reported to be far%ﬂ— y )

ial, and the inheritance pattern is most consistent V:gi;/perprostaglandin E syndrome is the most severe form

aﬁtos_olmal rtlaclessive transnpissiqn [8’h9]' Ot? the_gat “the autosomal recessive hypokalemic tubulopathies.
physiological level many alterations have been 1deMfine hravalence of this disease is estimated to be about
fied, but despite extensive investigations the pathogeE%0,000—l:loo,Ooo [9, 16]. Affected individuals exhibit

ig of the V?”mfs dilsorg_erls remf?inegl uncertair;h[S, 1 ipokalemic metabolic alkalosis and hyperrenemic hy-
I V‘i‘gctest?] mo elcu allr lt? ogy Of ?r:e a(;m_ew pa Wsay raldosteronism but normotensive blood pressure, thus
elucidate theé molecuiar basiS of these diseases. e mbling the patients in Bartter’s original report. Char-

genes had been cloned whose products are involved,ifljistic additional features include hypercalciuria and
renal electrolyte homeostasis. Based on preexisting {ilqhenyria [3, 17-19]. Based on the findings of in-
formation from pathophysmloglcal stucj|es these ge ased renal and systemic prostaglandinsghthesis
were thought to be candidates for the different hypokalgyy the effective treatment with cyclo-oxygenase inhibi-
mic tubulopathies. This review describes the moleculatc the term hyperprostaglandin E syndrome was intro-
genetic approach that was successfully used to localigfe to describe this syndrome [7, 18, 20]. The disorder
and identify genes involved in various phenotypes ghicaly manifests itself in utero with marked fetal poly-
Bartter's syndrome. uria, leading to polyhydramnios between the 22th and
30th week of gestation, premature labor, and preterm de-
livery [3, 21]. The neonatal period is characterized by se-
vere renal loss of salt and water [3, 7, 21, 22]. During the
Gitelman’s syndrome first weeks or months of life most infants develop neph-
rocalcinosis [3, 16, 23]. Further clinical features include

In 1966 Gitelman and colleagues reported on three palyuria, polydipsia, and recurrent episodes of fever and
tients with hypokalemic metabolic alkalosis associatedmiting, and patients often fail to thrive [5, 7, 24]. Re-
with hypomagnesemia and impaired renal conservaticently, sensoneurinal deafness has been reported in pa-
of magnesium and potassium [2]. This disorder subsients with hyperprostaglandin E syndrome [9, 25]. Our
qguently designated as Gitelman’s syndrome, or familavn observations indicate that sensoneurinal hearing im-
hypokalemia-hypomagnesemia syndrome, is inheritedpgérment may be as frequent as 10% in patients with this
an autosomal recessive trait, although genetic heterodisorder (Karolyi and Seyberth, unpublished data).
neity with autosomal dominant transmission in a subset
of families has been discussed [8, 11]. The prevalence of
the disease is estimated to be 1:50,000 [12]. Classic Bartter’s syndrome

Gitelman’s syndrome has frequently been referred to
as a variant of Bartter's syndrome since laboratory félamong the hypokalemic tubulopathies classic Bartter’s
tures including hypokalemia, metabolic alkalosis, hypesyndrome is the most heterogeneous and least defined
reninism and hyperaldosteronism are the same as thdiserder. Typically the diagnosis of classic Bartter's syn-
described in Bartter’s original report [11, 13]. Gitelmandrome is considered when criteria for Gitelman’s syn-
syndrome patients, however, can be discriminated fralmome or hyperprostaglandin E syndrome are not ful-

Phenotypic variability of “Bartter's syndrome”
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filled [6, 7]. Some patients exhibit only the core featur C .
of Bartter’s original description, with chronic hypokale(?ﬁuta.t"’"s.In the ,SL012A3 sene
mic alkalosis, hyperrenemic hyperaldosteronism but n§AUSing Gitelman's syndrome
mal blood pressure [1]. Serum magnesium concentra-
tions are normal but may be intermittently slightly difypical features of autosomal recessive Gitelman’'s syn-
minished. Nephrocalcinosis is an uncommon findingrome resemble the state induced by administration of
and investigation of renal concentrating ability shows tiniazide diuretics [38]. In consequence it was hypothe-
gross abnormality [6]. In other patients precise clinicgeized that the defect in Gitelman's syndrome affects a
diagnosis may be difficult because of additional featursisnilar region of the cortical distal tubule as that affected
overlapping the different tubulopathies. by thiazides [38, 39]. From rat kidney and flounder uri-
The clinical course of patients with classic Bartterisary bladder cDNAs encoding an absorptive thiazide-sen-
syndrome is relatively benign with respect to renal elesitive sodium-chloride cotransporter (NCCT) had been
trolyte loss and volume depletion. Patients can be codened [32, 40]. In rats NCCT is expressed in the renal
pletely asymptomatic or present with muscular weakertex, consistent with localization in apical cell mem-
ness, fatigue, or growth retardation [6]. In most cases titanes in the distal convoluted tubule [32]. To test this co-
diagnosis is not made before school age or adolescetramsporter as a candidate for Gitelman’s syndrome the
The prevalence of classic Bartter's syndrome is umiman NCCT cDNA was cloned, and genomic clones
known, and inheritance pattern best fits with autosonwantaining the corresponding gergt C12A3 were iden-
recessive transmission. tified [41, 42]. Fluorescence in situ hybridization and
linkage analysis in reference families (CEPH) with a ge-
netic marker close to teLC12A3gene assigned the hu-
Pathophysiology and candidate genes man locus to chromosome 16q13 [41, 42]. Families af-
fected with Gitelman’s syndrome showed significant link-
Numerous studies have identified a variety of abnormalge with microsatellite markers close to this locus [41].
ties at the pathophysiological level in the different hypbecus homogeneity of Gitelman’s syndrome has been
kalemic tubulopathies, but clearly different pathomechaenfirmed in subsequent linkage studies, and there is no
nisms could not be identified [5, 10]. Several patternsefidence for a further gene locus so far [43—-45].
aberrant renal ion transport have been described whiclThe exon-intron organization of th&l.C12A3gene
suggested a defect of sodium chloride reabsorptionhas been determined and revealed that the human NCCT
either the ascending limb of the loop of Henle [26, 27§, encoded in 26 exons. Sequence analysis predicted a
the proximal [28] or early distal [29] tubule, or the corticabtransporter protein comprising 1,021 amino acids and
collecting duct [30]. Other studies report normal urinagpntaining 12 putative transmembrane domains with
chloride excretion and abnormal renal potassium handliogg intracellular amino- and carboxytermini [41, 42]. A
to be the more prominent feature [10, 17, 23]. Thus infscreening for mutations was performed in affected indi-
mation on the pathophysiology of these disorders swgduals, and various mutations were detected that segre-
gested several genes which had been cloned in humarngated with the disease phenotype, and that were proven
other mammalian species as candidates for molecttabe absent in normal controls [41, 46]. These mutations
studies. These candidate genes included genes codingnfdude base substitutions, altering single amino acids at
sodium, chloride or potassium channels expressed in k&bsidues that are highly conserved among species or af-
ney, as well as members of the electroneutral renal séeitting the exon-intron splice sites. Furthermore, non-
um-(potassium)-chloride cotransporter family [31, 32]. sense mutations introducing a premature stop codon as
The pathogenetic role of prostaglandins in hypokalell as deletions or insertions causing a frameshift were
mic tubulopathies has been much debated [27, 33, 3dgntified [41, 44, 46, 47] (Fig. 1). About 100 different
Excessive renal and systemic synthesis of prostaglanaiimtations have been reported so far which are spread
E, has been well documented in patients with hyperpr@venly throughout th&LC12A3gene. In some kindreds
taglandin E syndrome [4, 20]. Prostaglandins are knoane of the parents of the index case was found to be af-
to inhibit sodium chloride reabsorption in the thick agected with Gitelman’s syndrome, suggesting an autoso-
cending limb and inhibit renal concentrating ability [35nal dominant mode of inheritance [11]. However, mole-
36]. Therefore the candidate genes also included geoelar analysis of one of these families demonstrated the
whose products are involved in prostaglandin metabvespective parent to be compound heterozygous for mu-
lism. Vascular hyporesponsiveness to the pressure actziions in theSLC12A3gene, while the affected children
ty of angiotensin has been described in various patiewere either homozygous or compound heterozygous,
[3, 19]. Therefore the gene encoding the angiotensinhHving inherited one mutation from each parent [44, 46].
type | receptor was screened for mutations in five pBaerefore the inheritance pattern in this family confirms
tients diagnosed as having Bartter's syndrome [37]. antosomal recessive inheritance of the disease.
one of these patients a sequence abnormality was foundhe identification of mutations iBLC12A3has dem-
that predicted a single amino acid substitution in the amstrated the molecular basis of Gitelman’'s syndrome.
giotensin receptor, but the study could not demonstr&meshift mutations and splice-site mutations lead to a
that this sequence variant was disease related [37]. truncated polypeptide, resulting in an altered or absent
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Fig. 1 Protein structure of the thiazide-sensitive sodium chloridset of families with hyperprostaglandin E syndrome, pro-
cotransporter (NCCT or TSC) and location of amino acid subsfiging strong evidence for a defect in tBeC12Algene
%’itreclsef%%tg'ﬁgn?o‘}argﬁ?;‘:‘igﬂh Gitelman's syndrome [41, 44, 48}, 1 ace families [48]. However, linkage analyses also
revealed genetic heterogeneity of this disorder since not
all families showed linkage to this gene locus [53, 54].
protein product. These mutations are predicted to resAiitected individuals were screened for mutations in
in loss of cotransporter function, leading to impaired rthe SLC12Algene. Different mutations were identified
absorption of sodium chloride in the distal convoluteshich segregated with the disease phenotype and were
tubule in patients with Gitelman’s syndrome. The effeat®t observed in unaffected controls (Fig. 2) [48]. The mu-
of single point mutations on protein function remain tations that were detected include point mutations that al-
be investigated in functional tests. ter highly conserved amino acid residues as well as inser-
tions or deletions causing a frameshift [48]. Whether spe-
cific point mutations result in lost or significantly reduced

Mutations in the SLC12A1 gene cotransporter function has not been investigated in func-
causing hyperprostaglandin E syndrome tional studies yet. The frameshift mutations that have
(antenatal Bartter's syndrome) been identified lead to a truncated protein product and

will cause a loss of function of NKCC2.

By analogy to Gitelman’s syndrome, a candidate geneThe results of these molecular studies demonstrate
based approach was used to clone a gene responsibl¢hfidrdefects in th8€LC12Algene coding for the bumeta-
other hypokalemic tubular disorders [48]. The adminiside-sensitive NKCC2 cause hyperprostaglandin E syn-
tration of loop diuretics such as furosemide producdsome. Loss of cotransporter function leads to impaired
electrolyte disturbances similar to those seen in patieptdassium-coupled reabsorption of sodium chloride in
with hyperprostaglandin E syndrome, providing evidentiee thick ascending limb of the loop of Henle. These
of impairment of a specific tubular function at least infandings are consistent with impaired response to the ad-
subset of these patients [49, 50]. From rat, rabbit, améhistration of furosemide, as has been demonstrated in
mouse kidney an absorptive bumetanide- and furopatients affected with this syndrome [55].
mide-sensitive sodium potassium 2 chloride cotransport-
er (NKCC2) had been cloned [32, 51, 52]. NKCC2 is ex
pressed in apical cell membranes in the thick ascend@enetic heterogeneity of hyperprostaglandin
limb of the loop of Henle [51, 52]. To investigate this cd& syndrome revealed by mutations in the KCNJ1 gene
transporter for its potential role in hypokalemic tubulo-
pathies the homologous human ger8. G12A) was Genetic heterogeneity of hyperprostaglandin E syndrome
cloned [48]. (antenatal Bartter’'s syndrome) had been demonstrated by

Characterization of the exon-intron organization of thiekage analyses in affected families, providing evidence
SLC12Algene demonstrated that the human NKCC2fwr a further gene in which defects may cause this disease
encoded by 26 exons and predicts a cotransporter profg8) 54]. Sodium chloride reabsorption in the thick as-
of 1,099 amino acid residues with 12 potential membragending limb via the NKCC2 depends on adequate supply
spanning helices flanked by large cytosolic domains dtluminal potassium. The ATP-regulated inwardly recti-
the amino- and carboxytermini [48]. The genomic loctiging potassium channel ROMK (Kir 1.1) recycles the
of SLC12Alhas been assigned to chromosome 15qX®tassium entering the cells via the NKCC2 back to the
g21 [48]. Significant genetic linkage with microsatellittubule lumen and is therefore essential for the function of
markers from this chromosomal region was shown inthas cotransporter [56]. Therefore the gene encoding this
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Fig. 2 Structural model of the human bumetanide-sensitive sodi- All mutations that have been reported so far are locat-
o e S St by o G4 I €Xon 5 of th&CNJ1gene, therefore alering amino
tients with hyperprostaglandin E syndrome (gntenatal Bartte%%'d residues contained in all predlpted _|sof0|_’r_‘ns of the
syndrome) [48]Circles, mutation:: channel. [53, 54]. One of the mutations identified to be
homozygous in a patient with hyperprostaglandin E syn-
drome causes a substitution of glutamic acid for glycine
potassium channel was a further candidate for hyperpras{osition 167 in the second transmembrane segment
taglandin E syndrome. From rat and human kidnf4]. Prior in situ mutagenesis studies had suggested this
ROMK cDNAs had previously been cloned [57-59]. lamino acid residue to face the channel pore and to be es-
humans the&KCNJ1 gene coding for the ROMK channekential for its geometrical structure [63]. The observed
contains five exons which produce five distinct transcriptsutation implies that it alters the channel pore and elimi-
[58, 59]. These transcripts predict three ROMK proteingtes the channel function [54]. Other mutations intro-
which share a core sequence of 372 amino acids encadlered in rat ROMK cDNA and expressed in COS-7 cells
in exon 5 and vary in length from 372 to 391 amino acidave been demonstrated to abolish or significantly impair
at their NH-termini [58, 59]. The core structure of thelectrophysiological properties of the channel protein
ROMK proteins features two transmembrane spannifegl]. Loss of function of the ROMK channel prevents re-
domains, a pore-forming domain, and intracelluar amineycling of potassium across the apical membrane from
and carboxytermini. In rats ROMK isoforms are differercells back into the tubule lumen. In the thick ascending
tially expressed in the macula densa and in apical mem-
branes from medullary thick ascending limb to cortical
collecting duct [60, 61]. In distal nephron segments
ROMK isoforms have been proposed to participate in po-
tassium secretion [60]. In humans no data exist about dif- D108H
ferential expression of the ROMK isoforms. extracellular
The genomic locus of théCNJ1gene has been local-
ized to human chromosome 11g24-11925 by fluorescence
in situ hybridization [59, 62]. Families with hyperpros-
taglandin E syndrome in which linkage to tBeC12A1
gene had been excluded were typed with microsatellit@traceliular
markers spanning the region containidgNJ1 [54].
Haplotype analysis in these families provided evidence . A195V
. . . . He . Y60X
for a defect in this region in the families studied [54]. W58X" A198T
This was confirmed by identification of mutations in the S200R"
KCNJ1gene which were shown to segregate with the dis- 36ineTs
ease phenotype and were not found in unaffected controls
[53, 54]. The mutations comprise substitutions of single NHo 938del4*
bases that either lead to single amino acid substitutions or V315G
introduce a premature stop codon, and deletions or inser- 1557deld
tions causing a frameshift [53, 54]. The mutations affect _ _ _
amino acid residues of the transmembrane segments g Seleele, e, o, 0, one Possho e
pore-forming dom"?"”v the putative ATP—_b_Indlng doms/iazdin E syndrome (antenatal Bartterl’% syndrome) [gg Spnir, ?
as well as the amino- and carboxytermini of the RO

- | tations taken from [53] in which nomenclature is based on
channel protein (Fig. 3) [53, 54]. ROMK isoform 2

V122E

P110L

COOH
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Table 1 Phenotypes of hypo-

kalemic tubulopathies that have Phenotype Gene Defective Protein
been referred to as variants of —. - -
Bartter’s syndrome and corre- Gitelman's syndrome SLC12A3 Sodium-chloride cotransporter
sponding genes and proteins in (NCCT, TSC)
}'."héCh defects have been identi-jyy e rprostaglandin E-syndrome  SLC12A1 Sodium potassium 2 chloride cotransporter
1e (antenatal Bartter’s syndrome) (NKCC2, BSC)
KCNJ1 Potassium channel (ROMK)
Unidentified Unknown
(gene locus
chromosome 1p)
Unknown Unknown
Classic Bartter’s syndrome CLCNKB Chloride channel (hCIC-Kb)

limb inadequate supply with intraluminal potassium irsionally low serum magnesium levels, and a relatively
hibits the activity of the NKCC2, resulting in defectivenild clinical course may resemble the phenotype of Gi-
potassium-coupled reabsorption of sodium-chloride t@lman’s syndrome. However, on the molecular level
this nephron segment and renal salt wasting. classic Bartter's syndrome has been shown to be geneti-
Initial clinical data suggest that patients with hypecally distinct from Gitelman’s syndrome by linkage ana-
prostaglandin E syndrome and a defect in ROMK haleses in affected families [43]. Mutations in the chloride
milder hypokalemia than patients with a defect ichannel gen€LCNKBhave recently been demonstrated
NKCC2 [53, 64]. This could be explained by assumirig patients with hypokalemic metabolic alkalosis and hy-
that inhibition of potassium secretion in distal nephrgrer- or normocalciuria without nephrocalcinosis [66]; se-
segments via ROMK causes a less severe potassium lasg, magnesium levels were reported to be normal. Un-
or that potassium recycling in the thick ascending limbfigrtunately, this article provided no information on the
partially maintained by other potassium channels [GEntenatal period.
65]. However, not in all patients with hyperprostaglandin The mutations in these patients comprised large dele-
E syndrome have defects in either the NKCC2 or tliens as well as missense and nonsense mutations in
ROMK potassium channel been identified, indicatingLCNKBon chromosome 1p36 [66, 68, 69]. These mu-
that there may exist further mechanisms involved in ttaions are predicted to significantly impair transport of
pathogenesis of this disorder [53, 54, 66]. reabsorbed chloride from epithelial cells across the baso-
lateral membrane via the chloride channel hCIC-Kb in
the distal nephron [31, 70].

A third gene for hyperprostaglandin E syndrome
maps to chromosome 1p

Conclusions
A third gene for hyperprostaglandin E syndrome has re-
cently been mapped to chromosome 1p32.1-p35 by pdgipplication of molecular genetics to inherited hypokal-
tional cloning in a large inbred Bedouin family [67]. Iremic tubulopathies has led within 2 years to the identifi-
this family hyperprostaglandin E syndrome was reportedtion of genetic defects underlying the pathogenesis in
to be associated with sensoneurinal hearing loss [2&fferent forms of Bartter's syndrome (Table 1). Gitel-
The association between the two disorders has been pran’s syndrome results from mutations in $ieC12A3
posed to be due to a pleiotropic effect of a single genajane encoding the human thiazide-sensitive NCCT, lead-
defect or coincidental inheritance of two disease genesngt to impaired reabsorption of sodium chloride in the
this locus [25]. This hypothesis requires further investiistal convoluted renal tubule. Gitelman’s syndrome ap-
gation since no candidate gene in this chromosomal pears to be a genetically homogeneous disease without
gion has been identified so far. Furthermore, future stiidence for an additional gene locus. Hyperprostaglan-
ies must evaluate whether this gene locus accountsdior E syndrome has been confirmed to be genetically a
hyperprostaglandin E syndrome in patients who dreterogeneous disorder arising from mutations either in
thought to have a defect in neither ®eC12A1nor the the SLC12Alor theKCNJlgene. Mutations iisLC12A1
KCNJlgene [53, 54]. coding for the bumetanide-sensitive NKCC2 cause de-
fective potassium-coupled reabsorption of sodium chlo-
ride in the thick ascending limb of Henle’s loop. Loss of
Mutations in the CLCNKB gene causing function mutations in th&CNJ1gene disrupt potassium
classic Bartter's syndrome recycling via the potassium channel ROMK from the

cells back to the tubule lumen and inhibit thereby the
Laboratory features of patients with classic Bartter's syNKCC2 activity. A third gene for hyperprostaglandin E
drome including hypokalemic metabolic alkalosis, occayndrome has been mapped to chromosome 1p, and it re-
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