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Molecular and cellular defects in nephrogenic diabetes insipidus
Nine V. A. M. Knoers* and Carel H. van Os'

Nephrogeme diabetes insimdus s 4 rare genelic disorder
charactereed by insensitvity of the distal nephron to the
antechuretic effect of arguune vasoprassin, Two different
molacular defocts undearlying this disease have so far been
dantihied. Mutations in the gone encoding the vasopressin
type-2 recoeptor cause the X-chromosomal form of the
drsease, whereas mutabions in the gene ancoding the
vasopreusin-dupendent watar channgl aquaponn-2 are
rosponsble for the autosomal recessive, and (in some
cases) an avtosomal dominant type of the disease,
Funchional analysis of naturally occurnng mutations in the
vasoprousn type-2 recaptor and agquaponn-2 have in-
creased tho nsght nto the structure and funchion of both
protesns and have lod o substantial progress in under-
standing the cellular mechamsms underlying the congen-
trating ababity of the kednpy. Some female carners of a
vasoprossmn typer 3 receptor mutation may show complete
manfestation of nephrogeme dabetes insipdus, probably
as aresult of skewed Xanactivation. The recent findings in
nephrogems daboetos inspidus rosearch have consider-
able impact for dignosis of and genetic counselling for this
thseras,
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Introduction

Nephrogenie diabetes insipidus (NDI) is an inherited
kidney disorder in which the renal concentrating mechan-
ism fails beeause of insensitivity of the collecting tubule to
circulating arginine  vasopressin (AVP), Consequently,
large volumes of hypotonic urine are excreted, which
may lead to severe dehydration, Patients present in cheir
fiese vear of life with aspecific symptoms such as anorexia,
vomuting, fever, groweh retardation and  developmental
delay, Atrer infanthood the clinical picture is dominaced by
the lesy alarming symptoms polyuria and polydipsia.
Menal retardation has long been considered an important
comphicanon of untreated NDI and assumed to be a sequel
of severe brain dehvdration, However, in a recent
psyehological study m 17 padents wich NDI we found
that the prevalence of mental retardation is considerably
lower than iy suggested in the licerature [1] This s
proabably atributable to che carlier recognition and better
treatment of the disorder,

NDI iy gencrdeally heterogencous. In most cases the
disease is cransmiceed as an X-linked recessive trait, but in
some famitlies an autosomal mode ot inheritance has been
found, FFamilies with either form have been reported. In
the past 4 yvears two different gene defects causing the
NI phenotype have been idendified. Funcrional analysis
of these molecular defects has contributed considerably to
1 berer understanding of the cellular mechanisms under-
Iving AVP-induced antidiuresis,

[n this review we briefly discuss the present knowledge of
the AVP-signalling cascade in the renal medulla and give
an updated overview of the molecular causes of NDLL

Pathway of the action of vasopressin in the
renal collecting duct

Normally, AVP is secreted from the neurohypophysis in
response tooan inerease in serum osmolality or to
hypovolaegmia. The hormone binds to vasopressin type-2
(V) receprors ac the onter surface of basolateral memn-
hranes of the principal and inner medullary collecting du et
cells. ‘The human V) receptor ¢DDNA was cloned i 1942
and encodes a 37 L-amino-acid G-protein-coupled recepro.
conttining seven putative transmembrane helices witl,
considerable sequence homology to the vasopressin type-|
and oxytocin receptors [2). V, receptor occupancy results,
vin the intermediacy of a stimulatory G-protein, In
activition  of adenvlate cyclase and an increase In
inccacellular cAMP levels. In tuen, by an unknown
mechanism in which protein kinase A and the cytoskeleton
are invalved, cAMP initates che insertion of intracellular
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vesicles containing water channels into the apieal mem-
brane. This causes a dramatic inerease inowater perme-
ability and allows water to low from the tubular lamen
the hypertonic medullary interstiium. When sumulation
by AVDP is terminated, the water channels are remuoved
from the apical membrane by endoevtosis of the vesicles,
This controlled movement of vesicles between the apeal
membrane and the evtoplasm is known as the ‘membranc
shuttle' mechanism [3]. In 1993 the ¢DINA for an apical
membriane water channel of the e renal collecung duet
was cloned [4]. The gene encodes a 27 1-amino-acnd
protein which belongs  a tumily of membrane mtegral
proteins, now renamed aquaporins, which tuncoon s
selective water transporters  throughour the  plane and
animal kingdoms (for review [5,6,7*°]) The water channel
of the renal collecting ducer, designated  agquaporin-2
(AQP2), is exclusively localized v the apieal membrane
and a subapical compartment of collecting duct cells, and s
upregulated by dehyvdration or AVE [B,9], suggesting that it
s the AVP-regulated water channel, Support for the
membrane shuttle mechanism was provided by mununa.
localization and expression studies i solated collecunyg,
duets [10,11], which showed translocaton o QP from
the subapical vesicles o the apical membrane and
induction of water permeabihey atter wddionon of AVE, In
1994 the human cquivalent of the e AQPD sene wan
cloned independenty by two different groups and
assigned o chromosome 12 [12-14).

X-linked nephrogenic diabetes insipidus

The V), recepror has long been considered a prime
candidate for the defective step in AVE-medied response
in N-linked NDIL The reason tor this beliel was char the
Vo-specific agonist L-desaimino=R-Dairginine  vasapressin
(DDAVDP), which normally elicies vasodilatory, coagulatory
and fibrinolytic responses, does not exert these effevts in
males with X-linked NDI suggesting a general Vs receptor
defect [15] Independent support tor the Vs receptor being,
involved in X-linked NDT was provided by the hnding, thae
a gene conterring Vo-like binding activiey colocalized with

the NDI ocus in the subterminal region of the long arm of

the N chromasome (Xq28) [106]. The role of the Vo receptor
in che pathogenesis of NDID was finally proved by the
demonstration of mutant V, receptor genes in atfecred
individuals {17--19], More chan 60 distinet putative discase-
causing mutations throughout the Vs receprar gene have so
far been reported in families with NDIT [20,21,22¢) fuor
review [23,24]) (g D) The impact of several mutations
on the function of the Vy recepror, especially importan for
the mis-sense mutitions, has been studied in in-vitro
expression systems. A total loss of binding of AV was
observed for the R202C, Y2050 and V2061 mutations in
the chird extracellular domain of the recepror [26,27], the
YIZRS and P2R6OR muttions in the third and sixth
ransmembrane  region, respectively 28], and several
frameshife and non-sense mutations [28,29]. Conversely,

the recepror with the RUAZH munagon, located ar the
junction of the third tansmembrane regon and the secomd
intracellular loop, exlubited a nonual binding acnviey o
AVE hae fatled o saamudate che G, adenviate evelase
system [A0]0 Using an esebacial epitope-taing weehmgue
which favilitates surbace localization ab revepon, sukas
puchi e wl [31*] reported evudenve for o fureher
heteropeneny ol the cellular etfects of NDE mutatuomes,
They demonstrated  thar the reduced Taand-binding
acavity of the REZE and V27Rdel muanons s a0 resudr
of Dlocked tanspore of the reveprue o the vell surhace,
whereas the same functonal defect of the noesense
RiHnsG mutant iy caused b inettevove biosvathess af
aceclentted dewradanion, o both, of the receptor pratein
[31**]. Interesungly, the REPLIAW muioon i the fuse
extravellular oop has been shown ta cause 4 combinaton
af detects: Jowered attingy tor AVE, reduced abiduay 1o
stinalate adenviate ovelase and himdeince of tansport of
the recepror o the cell membrane {301 A reduced hygand
inding capacty has abo been reported for the RIRLC
mutation and the TTHMN mutateay o the third esoas
colludar domam (27,051 A AoV mnvewense mutdauan i
the tiest transimembrane rovon and an uetnime deledon ot
four annne acids e the dard ieswcelolar Toapowere shown
nat (o cause NDT and probably represent e polvimorply
iy (IR Usingy sitedrected motapenesis, Sadesh ee o/
[33] demuonstrated that cortann post-transhational madihics
crons of the Vooreveptorn, naoedy glvoosy ion o aspansine
oo and palmitoslaoon ar ovsremies ML oand 34D are nar
vitieal for iy funcian (351

Autosomal recessive nephrogenic diabetes
Iinsipidus

In approsimgately 109 of faouhios N shows 8 none X
huked pattern of imhentanee, o one panent toon such o
tanly o normal extrarcnal eponse e DIDAVE hay been
abserved DML indoctmg chae the unresponsiveness to AVE
e this patient was restrvted o the huiney, Lankape
hetween the N pene and poly marphue markers from the
Nea®oregion was exchided mothe panent’s Famly, and
sequenting of the Vooreveptor gene Jdid nor weannty a
potentithiy harmbul mutinon, Seguencing of the AQDP.)
gene tn this pattent revealed that he was a4 campound
heterozypote tor two poing mutatons (RIRT0 and S27D
i the AQPD wene (g DL Subsespuently, homozy gaus
mutatons tn the AQP.! pene were found in three
addiuonal pavents with NDI all bore from consanguinous
parents [36) Puncuonal expression studhes revealed that
Nenopus fearcts oewvees injected with mutang AQPLY ¢CRNA
failed to mercase water permeabnhiny, bevanse of anpaired
transport to the plasma membrane and canconntant
degradation of che mutange AQIPY [1.2,36,37°%, 38} Co-
mjecton of mutant and widdaovpe AQPL CRNA resuleed
in the sime water pc:.-rmc;lht]i{}' ds e on of mld»«ty;w
CRNA only, a finding i accond with the autosomal
mhentnce of ND i the four fanuhes studied, Two
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Mode! of the vasopmssin Ve receptor and location of the various mutations identified in X-linked nephrogenic diabetes insipidus. The predicted
coman steucture with seven transmeambrana gpannmg ragrons, lour extracollular domains and four intracellular domains was taken from [25]. Solid
symbols, non-aonss mutations, sold symbols with mutated amino acids in italics, mis-sense mulations; bars, framashift mutations; open squares, in-

frami cdelatinnyg *Delaton af valing at 278 or 279,
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Fanhes waith aurosonuad dopunant mnsmission of NI
were reeently reported  [3Y] i which patients were
hetorozypois for o mutton i the AQDP2 gene, The
wentihed mutations are located in the carboxyl-terminal
repinn of AQPL a4 region constdered o be important for
tarpening of proteins, Although the tuncronal conse-
guences of these mutiuons have not yet been examined,
s bikely dhat they have o dominant negative cffect,
mtertering with the rransport or functioning, or both, of the
wild-tvpe AQP2, Pattents with an AQP2 detect cannot be
Jdistinguished, on the hasis of chnical sympromatology,
rom patients with a V), recepror defect, Prompred by the
positive extrarenal reaction o DDAVE in che tust patient
with an AQP2 detecr, van Licburg o2 af. [40] tested

fibrinolytic responses in three further patients with distinet
AQP2 muacions. Based on the presence of normal
reactions in all of the patients tested, they concluded thac
a DDAVP test allows these patients to be distinguished
from those with a V, receptor detect.

AQDP2 is detectable in the urine of normal individuals and,
after creatment with DDAV, in che unne of patients with
central diabetes insipidus but not in that of patients with
NDI [41¢]. [Towever, the significance of measuring urinary
AQP2 for diagnostic purposes is not clear, especially
hecause it cannot discriminate between X-linked and

non-N-linked NI [42].
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Vasopressin insensitivity in females sdmunistravon 3L Inosnely, e theee of dhe tour

famthies asvmptomaae teimale tanuly members caroed the
sine Voooreceptor mutation Js the mamtestne temales
The most hkely explanation tor the esstence of ditferent
phenotypes i cdrrers of @ Ve foveptar yene mutation,
varving from oo sympoaans o complete mandestanan of
the disease, s oskewed N-nactivgnion, which resule
predominant expressten ol the mutane Vo recepior dllele,
The discrepaney between the renal and exerarenal
responses o DDAVE 0 one of the alwve patenes may
widheate ditferences i the Xanaernivaton pateeen i desanee

Several families have been reported in which females show
chntcal teatures of NI resembling the phenotype in
males (for review [22°). After che discovery af AQP2 pene
muranons s 4 cause for autosonl recessive NDL and 1o
some cases for autosomal dommant NDI, i seemed chae a
satistying explanaton tor the complete manifestagon of
the disease i some temales had been tound. However,
four families were recently deseribed in which sympeo.
nutic females do not have an AQP2 defect bur are
heterozygous for a mutaton in the Vo recepror [22°443),

s . - C e | .. ; L LINSLIC,

he muximal urine osmolality atter DDAVE sumolaton in Hane

these  females did nor execeed 200 mosmolikg and an

absence of extrarenal responses was found in two of the  Conclusion

four women affected [22°] One temale patient showed
5000 merease in coagulaton factar VI afwer DDAVE

The two penes msvnlved i NDI envede proteins that
restde at both ends of the cellular AVE waenatiing caseade.



We e vonvineed that funcaonal analdvsis of natorally
vectrnng amd tareeted mutatons i chese penes will
continue o be ob mdispensable value in determining rhe
elinonship beoween the saucture and fuoncton of both the

Vorecopror and che AQPD wacer channel, "Uhe discovery of

ditterent penene causes of NDT has important implications
o renete counsciling, espeendly e those families in
whivh onhy one patient o @ sale sitbship s attecred. In
those cases a DDAVE test with measurement of coagula-
trone and bbanolvie patameters will help o diseriminace
between N-hnked and non-Ne-lnked NDI oar least in
mades. In femuales with o complete manifesation of N1
thiy test ondy adicares Xe-hoked inhenanee when there is
dncal absenve of excrarenal responses,
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