
&p.1:Abstract Nephrogenic diabetes insipidus (NDI) is char-
acterized by resistance of the kidney to the action of ar-
ginine-vasopressin (AVP); it may be due to genetic or ac-
quired causes. Recent advances in molecular genetics
have allowed the identification of the genes involved in
congenital NDI. While inactivating mutations of the va-
sopressin V2 receptor are responsible for X-linked NDI,

autosomal recessive NDI is caused by inactivating muta-
tions of the vasopressin-regulated water channel aqua-
porin-2 (AQP-2). About 70 different mutations of the V2
receptor have been reported, most of them missense mu-
tations. The functionally characterized mutants show a
loss of function due to defects in their synthesis, process-
ing, intracellular transport, AVP binding, or interaction
with the G protein/adenylyl cyclase system. Thirteen dif-
ferent mutations of the AQP-2 gene have been reported.
Functional studies of three AQP-2 mutations reveal im-
paired cellular routing as the main defect. The great
number of different mutations with various functional
defects hinders the development of a specific therapy.
Gene therapy may, however, eventually become applica-
ble to the congenital forms of NDI. At present all gene-
therapeutic approaches lack safety and efficiency, which
is of particular relevance in a disease that is treatable by
an adequate water intake. The progress with regard to the
molecular basis of antidiuresis contributes to the under-
standing of acquired forms of NDI on a molecular level.
Recent data show that lithium dramatically reduces the
expression of AQP-2. Likewise, hypokalemia reduces the
expression of this water channel. The exact mechanisms
leading to this reduced expression of AQP-2 remain to
be determined.
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Introduction

Water homeostasis in humans is regulated through the
action of the neurohypophyseal hormone arginine-vaso-
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pressin (AVP), a cyclic nonapeptide, which is synthe-
sized in the vasopressinergic neurons of the supraoptic
and paraventricular nuclei as a precursor consisting of a
cysteine-rich carrier protein (neurophysin), AVP, and a
C-terminal glycoprotein of unknown function [1]. Fol-
lowing cleavage of the signal peptide the precursor is
packed into vesicles containing the processing enzymes
necessary for proteolytic release of the biologically ac-
tive peptide. During axonal transport to the neurohypo-
physis AVP is released from the precursor by proteolysis.
In response to stimuli such as an increase in plasma os-
molarity (by ≥2%) or volume depletion (by ≥10%) AVP
is secreted into the blood. In the kidney it activates the
vasopressin V2 receptors expressed in renal collecting
ducts. The stimulation of V2 receptors, which couple to
adenylyl cyclase via the G protein Gs, leads to the inser-
tion of vasopressin-sensitive water channels [aquaporin-
2 (AQP-2)] into the luminal membrane, thereby increas-
ing water permeability.

Diabetes insipidus includes those disorders involving
both polyuria, i.e., the production of large amounts of
hypotonic urine (>30 ml/kg of body weight in 24 h, <300
mosmol/kg) and polydipsia. In general three different
forms are differentiated: (a) low or absent plasma levels
of AVP due to impaired secretion of AVP from the neu-
rohypophysis (central diabetes insipidus), (b) increased
turnover of AVP by the placental vasopressinase (gestat-
ional diabetes insipidus), and (c) resistance of the kidney
towards the action of AVP (nephrogenic diabetes insip-
idus, NDI). The following causes of NDI have been
identified:

– Metabolic disorder
Potassium depletion
Hypercalcemia

– Chronic renal disease
Tubulointerstitial renal disease
Polycystic and medullary disease

– Anatomical disorder
Postobstructive diuresis

– Systemic disease
Sickle cell anemia
Amyloidosis
Sarcoidosis

– Side effect of drugs (frequently observed)
Lithium
Demeclocycline

– Side effect of drugs (rarely observed)
Amphotericin B
Aminoglycoside
Methoxyflurane

– Congenital
Inactivating mutations of the vasopressin V2 receptor

gene
Inactivating mutations of the aquaporin-2 gene

Advances in molecular genetics have led to the identifi-
cation of the genes involved in congenital diabetes insip-
idus and contributed to the understanding of vasopressin
synthesis, processing, and its antidiuretic action. The
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present contribution describes the molecular mechanisms
of the antidiuretic action of vasopressin and discusses the
various causes of NDI.

Renal physiology of vasopressin action

The antidiuretic action of AVP is mediated via the vaso-
pressin V2 receptor, a member of the large family of G
protein-coupled receptors [2]. Immunolocalization in the
rat kidney reveals almost exclusive expression in princi-
pal cells of the epithelial layer of the renal collecting
duct. Expression is low in cortical and strong in inner
medullary collecting ducts. Immunostaining is found
mainly at the basolateral surface of principal cells, but to
a minor degree also at the apical surface. The physiologi-
cal significance of these apically localized receptors is
not well understood [3].

Stimulation of the V2 receptor leads to the activation
of adenylyl cyclase via the G protein Gs (Fig. 1). In-
crease in cAMP and activation of cAMP-dependent pro-
tein kinase (PKA) is followed by fusion of submembra-
nously located vesicles, carrying AQP-2, with the lumi-
nal membrane (“shuttle hypothesis”) [4, 5]. AQP-2 con-
taining vesicles can also be found deeper within the cell,
hence the existence of a rapidly releasable and a reserve
pool is likely. The insertion of AQP-2 into the apical
membrane is a rapid process and occurs in cortical col-
lecting ducts less than 1 min after AVP treatment [6].
The presence of AQP-2 in the apical membrane causes a
marked increase in water permeability, thereby providing
the molecular basis for the movement of free water from
the collecting duct into the principal cell. Water move-
ment across the basolateral membrane is facilitated by
the constitutively expressed AQP-3 [7] and AQP-4 [8]

Fig. 1 Schematic presentation of a principal cell. For explanation,
see text. Catalytic (C) and regulatory (R) subunits of the PKA are
shown&/fig.c:
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(not shown). The molecular basis for the translocation
process of the AQP-2 containing vesicles remains elu-
sive, but it is thought to be analogous with neuronal exo-
cytosis [9]. This is supported by the identification in the
vesicles of various proteins known to be involved in reg-
ulated exocytosis, for example, rab 3a and synaptobrevin
II (VAMP2) or synaptobrevin II-like protein [10–12].

In contrast to neuronal exocytosis, which is triggered
by Ca2+, cAMP and PKA appear to be crucial for the
translocation process [13, 14]. However, the target pro-
teins of PKA have not been identified. The presence of a
consensus site for PKA in the intracellularly located C-
terminus of the AQP-2 has led to speculation that AQP-
2 is regulated directly through phosphorylation by PKA.
Expression of AQP-2 in Xenopus laevisoocytes leads to
a strong increase in basal water permeability, suggesting
a constitutive expression of water conducting AQP-2 at
the cell surface in this system [15, 16]. Addition of for-
skolin or injection of cAMP leads to a further small in-
crease in water permeability, indicating a modulation of
the water conduction by PKA. This modulating effect of
PKA is absent from AQP-2 mutants with amino acid ex-
changes in the PKA consensus site [17]. Experiments
using vesicles derived from collecting ducts of rat kid-
ney, however, have shown that the phosphorylation of
AQP-2 by PKA does not alter its function [18]. The
conflicting results concerning the influence of PKA on
AQP-2 function may be due to the different systems
used. Further investigations are needed to explain these
contradictory data.

Congenital NDI

Congenital NDI is a rare disease with an estimated prev-
alence of 1 per 250,000 males and a calculated carrier
frequency of 7.4×10–6 [19]. Two forms, differing in their
mode of inheritance, are well described. In most cases
(about 90%) an X-linked trait is found; a minority of pa-
tients (about 10%) show an autosomal recessive inherit-
ance. The existence of an autosomal dominant form of
the disease is supported by the report of a Japanese NDI
family with three instances of male-to-male transmission
and by other recent evidence [20, 21].

X-linked NDI

Shortly after localization of the gene causing X-linked
NDI to Xq28 [22] and molecular cloning of the vaso-
pressin V2 receptor gene (Table 1) [2, 23, 24] the identi-
fication of a frameshift mutation in the V2 receptor
(∆G804, [25]) gave final proof that V2 receptor muta-
tions are responsible for X-linked NDI. More than 70
different mutations have since been identified (for re-
view see [26, 27]); the great majority are missense and
nonsense mutations. Furthermore, 18 frameshift muta-
tions due to nucleotide deletions or insertions (up to
35 bp) and four large deletions have been reported. The
mutations are scattered throughout the coding region,
without strong evidence for a hypermutable region
(Fig. 2). Clusters of missense mutations, however, are
found in the transmembrane regions (especially in trans-
membrane domains II and VI) and at the junctions of
the transmembrane domains and the extra- or intracellu-
lar loops.

Missense mutations (Table 2) causing the exchange of
a single amino acid reveal sites critical for receptor func-
tion. Many of the amino acids exchanged involve those
identical among the human and rat vasopressin receptor

Type Size (kb) Gene Chromosome Ref.

Number and size Number and size Number Region
(bp) of exons (bp) of introns

V2R ~2.1 3 (98, 840, 664) 2 (361, 106) X Xq28 22
AQP-2 ~5.3 4 (454, 165, 81, 761) 3 (~2900, 250, 700) 12 12q13 59

&/tbl.b:

Table 1 Structure and chromo-
somal localization of the vaso-
pressin V2 receptor (V2R) and
the aquaporin-2 (AQP-2) genes&/tbl.c:&tbl.b:

Fig. 2 Distribution of NDI causing mutations within the vasopres-
sin V2 receptor coding region. Shown are all reported mutations
with the exception of four large deletions. Missense and nonsense
mutations, insertions, and deletions of up to 35 bp are depicted at
separate levels with different symbols. Since no intron mutation
has been reported, only the positions of the introns within the V2
receptor gene are indicated (large arrows). Gray boxes, hypotheti-
cal transmembrane regions (TM) &/fig.c:
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subtypes (V1a, V1b, V2; Fig. 3) [2, 24, 46–50]. These
amino acids may have a crucial role in ligand binding
and/or G protein interaction, whereas other residues
highly conserved among G protein-coupled receptors
(GPCR) may be required for proper folding (e.g., the two
cysteine residues in the first and second extracellular

loop, which are assumed to form a disulfide bond) or
may comprise motifs decisive for G protein coupling
(E/D-R-Y/H motif at the junction of the third transmem-
brane domain and the second intracellular loop).

For three mutations which involve amino acids con-
served among the vasopressin receptor family reduced or

Fig. 3 Model of the human va-
sopressin V2 receptor. The one-
letter code for amino acids is
used. Those common to human
and rat vasopressin receptor
subtypes (V1a, V1b, V2) are cir-
cled. Potential glycosylation
site (at asparagine 22), disul-
fide bond (between cysteines
112 and 192), and palmitoylat-
ion sites (at cysteines 341 and
342) are depicted&/fig.c:

Nucleotide Amino acid Location in Major defect Reference
change replacement V2 receptor

T202C L44Pa TM I Defective processing 28, 29
C201T L44Fa TM I Defective binding 29, 30
T229G L53R TM I n.d. 31
T256C L62Pa TM I n.d. 30
255del9 ∆62–64 TM I/IL I n.d. 32
A310G H80Ra IL I n.d. 33
T319C L83Pa TM II n.d. 31
G324A D85Na,b TM II n.d. 30
G333A V88Ma TM II n.d. 30, 32
C355T P95La TM II n.d. 31
C387T R106C EL I n.d. 32
T405C C112Ra,b EL I n.d. 32
C408T R113Wa EL I/TM III About 20-fold increase in KD 30, 31, 34–36
C448T S126Fa TM III n.d. 32
A454C Y128Sa TM III Defective binding 37–39
G481A R137Ha,b TM III/IL II Defective coupling 35, 40
G499C R143Pa IL II Defective transport 41
G562C W164Sa,b TM IV Defective processing 32
C571T S167Lb TM IV Defective processing 29–32
T570A S167Tb TM IV Defective processing 28, 29
C612T R181C TM IV/ELII About 26-fold increase in KD 37, 38
G624T G185C EL II n.d. 42
C675T R202C EL II Defective transport 31, 32, 42 
C682A T204N EL II n.d. 30
A685G Y205Ca EL II About 10-fold increase in KD 31, 42, 43
T688A V206D EL II/TM V n.d. 30
T901C V277Aa TM VI n.d. 44
del906-908 ∆V278/V279 TM VI Defective transport 39, 41
A910G Y280Ca TM VI n.d. 44
G924C A285Pa TM VI n.d. 32
C928G P286Ra,b TM VI Defective binding 37, 38
C928T P286La,b TM VI n.d. 39
T946C L292P TM VI n.d. 44
C1036A P322Ha,b TM VII n.d. 45
C1035T P322Sa,b TM VII n.d. 45
T1038A W323Ra TM VII n.d. 31

Table 2 X-linked NDI causing
mutations leading to single
amino acid exchanges or in
framedeletions. Shown are the
nucleotide(s) and the amino ac-
id(s) replaced or deleted, the
location of the exchange within
the V2 receptor protein, and the
functional defect, if deter-
mined. (TM Transmembrane
domain, IL intracellular loop,
EL extracellular loop)&/tbl.c:&tbl.b:

a Amino acids common to hu-
man and rat vasopressin recep-
tors (V1a, V1b, V2).
b Residues highly conserved
among G protein-coupled re-
ceptors.&/tbl.b:



abolished binding of AVP was demonstrated (R113W,
Y128S, Y205C). While the Y128S mutant completely
lacks binding ability [37] the Y205C mutant displays a
roughly 10-fold decrease in ligand affinity [43]. Al-
though not reported, a more complex functional defect of
the Y205C mutant is likely, since a 10-fold decrease in
receptor affinity for AVP may may not be sufficient to
cause overt NDI. In addition, symptoms should be ame-
liorated by the administration of the selective V2 receptor
agonist desmopressin, generally used to establish the di-
agnosis of NDI. Several functional defects have been
found in the R113W mutant [34], namely a decrease in
ligand affinity (about 20-fold), a reduced ability to stim-
ulate the G protein Gs (about 3-fold) and lowered expres-
sion at the cell surface (about 10-fold).

Defective processing and retention within the endo-
plasmic reticulum (ER) are found in some V2 receptor
mutants. These mutations involve amino acids highly
conserved among GPCRs (S167T, S167L, W164S). The
mutant with the in frame deletion ∆V278/279 and the
R143P mutant also lack surface expression; however,
these mutants show processing similar to that of the
wild-type receptor [41]. Thus they appear to be retained
within the Golgi or a post-Golgi compartment. For the
R137H mutant, in which the arginine of the E/D-R-Y/H
motif is replaced by histidine (within close proximity of
R143), a lowered expression at the cell surface (about
10-fold) was also found [40]. This raises the question of
whether this region of the second intracellular loop har-
bors structural information for correct intracellular trans-
port. The structural importance of this amino acid for G
protein-coupling and/or activation, however, is without
doubt. This mutant does not have the ability to stimulate
the Gs/adenylyl cyclase system. Similar data have been
obtained for corresponding mutants of the β2-adrenergic
receptor [51] and of rhodopsin [52].

The strongest impact on receptor folding may arise
from the substitution or the introduction of a proline or a
charged amino acid within a transmembrane domain. It
has been shown for rhodopsin, an ancient member of the
GPCR family, that the introduction or replacement of a
proline or a charged residue causes its accumulation with-
in the ER [53]. For the M3 muscarinic receptor replace-
ment of three of the four highly conserved proline resi-
dues by alanine causes a 35- to 100-fold reduced expres-
sion [54]. For the V2 receptor six mutations have been
identified in which a proline residue is either replaced or
introduced, giving rise to a defective receptor (see Ta-
ble 2). In agreement with this hypothesis, the L44P mu-
tant appears to be retained within a pre-Golgi compart-
ment as it lacks complex glycosylation. In contrast, the
L44F mutant is correctly processed and most likely ex-
pressed at the cell surface but is defective in AVP binding
(leucine 44 is a conserved amino acid within the vaso-
pressin receptor family, but not among GPCRs) [29]. Sur-
prisingly, the P286R mutant, in which a highly conserved
proline is replaced by a charged residue has been found to
be defective in binding but is expressed at the cell surface
similarly to the wild-type receptor [37].

Site-directedmutagenesis of the palmitoylation sites
in the C-terminus of the V2 receptor (Fig. 3) revealed
that palmitoylation is important for proper trafficking
and/or internalization, without influencing ligand affinity
and G protein interaction [55]. Whether impairment of
receptor palmitoylation (e.g., S-nitrosylation by NO; for
review see [56]) may be causally involved in the imbal-
ance of vasopressin-controlled water homeostasis awaits
further investigation.

It is thought that most if not all mutations leading to
premature termination of translation due to a frameshift
or the introduction of a stop codon interefere with cell
surface expression. For the glucagon receptor it has been
demonstrated that only the receptor with seven trans-
membrane domains is detectable at the cell surface; trun-
cated receptors having only one, three, or five trans-
membrane domains are retained intracellularly [57]. The
same appears to be true for the V2 receptor. The 804insG
mutation is predictive for a protein with an altered amino
acid sequence starting at residue 247 and a premature
stop at residue 258, both within the third intracellular
loop. Despite sufficient RNA levels no protein is detect-
ed [41]. Even a relatively minor truncation of the vaso-
pressin receptor within the intracellular C-terminus
(R337X) has been shown to be associated with NDI [30,
32, 44]. Intact COS cells expressing this mutant do not
bind AVP, most likely due to intracellular retention of the
truncated receptor (Oksche and Rosenthal, unpublished
results).

Defects in protein folding, processing, intracellular
transport, and surface expression have also been de-
scribed for mutations in other GPCRs [53, 57], but the
mechanisms responsible for intracellular retention at dif-
ferent levels (e.g., ER, Golgi) are not understood. Ex-
pression of a truncated V2 receptor consisting only of the
N-terminus and the first transmembrane domain reveals
that this truncated receptor contains the necessary struc-
tural information for both correct insertion into the mem-
brane of the ER and for complex glycosylation [58]. Fur-
ther studies with naturally occurring and in vitro mutants
may help to elucidate the steps from receptor synthesis
to cell surface expression.

Autosomal-recessive NDI

Molecular cloning of the rat cDNA coding for AQP-2, the
exclusive detection of AQP-2 transcripts in the kidney
(more pronounced in the medulla than in the cortex), and
the immunolocalization of AQP-2 at the apical membrane
and in vesicles of principal cells provide strong evidence
that AQP-2 is the ultimate effector protein in the signaling
cascade initiated by vasopressin [15]. Subsequently the
human cDNA [59] and the human gene [16, 60] coding
for AQP-2 have been cloned (see Table 1). The identifica-
tion of inactivating mutations of AQP-2 in a patient with
NDI confirms that AQP-2 is the vasopressin-regulated wa-
ter channel [15]. Meanwhile 13 different mutations caus-
ing NDI have been reported; 11 are missense mutations

330



331

[16, 21, 61, 62, 63, 64], seven of which are located within
either the first intracellular or the third extracellular loop
(Fig. 4). This is of particular interest as both loops carry
the highly conserved NPA motif, which is present in all
water-channel proteins (bacteria, plant, vertebrate). It is
speculated that the two NPA motifs fold to form the water
pore, and that the mutations interfere with this process
[65]. Expression of the mutant AQP-2 proteins, G64R,
N68S, T126M, A147T, R187C, and S216P, in X. laevis
oocytes reveals that the mutations affect mainly cellular
routing, the AQP-2 being retained within the ER in each
case [66]. It has been therefore suggested that NDI in
these patients results from an impaired or abolished sur-
face expression. Disturbed routing to the plasma mem-
brane is of particular interest in the case of the mutant
AQP-2 proteins, T126M and A147T. Both mutant proteins
retain the ability to function as water channels – although
to a lesser degree than the wild-type [63].

The process of AQP-2 translocation into the apical
membrane of principal cells can be monitored by analyz-
ing urine samples. In normal individuals there is measur-
able urinary excretion of AQP-2, which increases upon
thirsting and AVP administration. In patients with con-
genital NDI, AQP-2 is reduced or not detectable in the
urine, even under these testing conditions. Kanno et al.
[67] found no AQP-2 excretion in patients with X-linked
NDI. Deen and coworkers [68], however, found low lev-
els of AQP-2 excretion in a patient with X-linked NDI,
whereas in patients with autosomal recessive NDI AQP-
2 was not detected. The lack of urinary AQP-2 excretion
in the latter group may be due to complete absence of the
mutant protein in the apical membrane of principal cells
(intracellular retention), whereas in X-linked NDI low
levels of AQP-2 may still be present in the apical mem-
brane at resting cAMP levels.

Clinical findings in congenital NDI

The renal concentration defect is present shortly after
birth. Thus infants with congenital NDI, irrespective of
the underlying molecular defect (V2 receptor, AQP-2) are
threatened by recurrent periods of hypernatremia and de-
hydration. Recurrent fever and vomiting (due to hyperna-
tremia) are the key symptoms. If the diagnosis is made
early, and water is administered adequately, sequelae
such as growth and mental retardation are avoided. A re-
cent study of cognitive function in 17 NDI patients re-
vealed a somewhat lower prevalence of mental retarda-
tion than former studies [69]. It is likely that improved
diagnosis and managment of the disease in recent de-
cades is responsible for this difference. In adult patients
polyuria and polydipsia are the key symptoms. In severe
cases polyuria may exceed 20 l a day. Sequelae of severe
polyuria are hydronephrosis and hydrostatic nephropathy
with renal insufficiency.

The onset and intensity of the renal concentration de-
fect appear to be similar in patients with either X-linked
or autosomal recessive NDI. Thus an interruption of the
signal cascade at the receptor or the effector level has
identical consequences.

Female carriers of X-linked NDI do not normally
present with symptoms. In a few cases, however, symp-
toms have been observed [70–72]. This may be ex-
plained by an inactivation of the X chromosome carrying
the wild-type V2 receptor. In addition, symptoms may be
unmasked during pregnancy in female carriers of X-
linked NDI (Rosenthal and Oksche, unpublished). Con-
genital NDI is not associated with a polyhydramnion,
in contrast to other congenital polyuric states such as
hyperprostaglandin E syndrome [73].

Fig. 4 Model of the human
AQP-2. The one-letter code for
amino acids is used. Potential
glycosylation (at asparagine
123) and phosphorylation sites
for PKC (Pc) and PKA (Pa) are
indicated; boxes, the highly
conserved NPA motifs of the
first intracellular and the third
extracellular loops; circles, mu-
tations. The amino acid ex-
changes are indicated. In case
of the only reported frameshift
mutation the nucleotide
deletion is shown&/fig.c:



cessation of therapy the concentrating ability recovered
only slowly. Irreversible lithium-induced polyuria has
also been reported [87], which may be explained by tu-
bular atrophy and focal interstitial sclerosis found in pa-
tients undergoing long-term lithium therapy [88]. Obvi-
ously, lithium has cytopathic effects when accumulated
within epithelial cells of the collecting duct. Interesting-
ly, the morphological changes are more pronounced
when lithium is adminstered twice or three times daily
rather than in a single dose schedule [89].

Lithium enters the renal tubular cells through amilo-
ride-sensitive sodium channels. Its mechanisms of action
within the cell are not clear. It may modulate the func-
tion of pertussis toxin sensitive G proteins and thereby
lower the levels of cAMP [90].

Lithium treatment of rats over 25 days nearly abolish-
es the expression of AQP-2 [91]. Although experimental
evidence has not been presented, it is likely that lithium
affects the expression of AQP-2 at the transcriptional
level. Among other regulatory elements found in the 5′
noncoding region of the AQP-2 gene there is a cAMP re-
sponsive element 314 bp upstream of the start codon
[60]. Thus a lowered intracellular cAMP level may con-
tribute to a decrease in the transcriptional rate and give
rise to the polyuria observed during short-term lithium
therapy.

Similarly to lithium, hypokalemia causes a decrease
in the concentrating ability of the kidney, possibly at the
level of the Gs/adenylyl cyclase system. While inner
medullary tubules from hypokalemic rats show a normal
intracellular cAMP formation in response to direct stim-
ulation by NaF, they exhibit impaired cAMP levels upon
AVP treatment [92]. The polyuria in patients with hypo-
kalemia, however, is less severe and is reversed soon af-
ter normalization of plasma potassium levels. Similar to
the data obtained with lithium, expression of AQP-2 has
been shown to be lowered in hypokalemic rats [93]. As
AQP-2 expression is not affected by the loop diuretic fu-
rosemide, which ablates medullary hypertonicity, an ef-
fect of interstitial osmolarity on AQP-2 expression can
be excluded [93].

Demeclocycline is known to induce polyuria and is
therefore used for the treatment of the syndrome of inap-
propriate secretion of vasopressin. Its mechanism of ac-
tion is poorly understood. In cortical slices of rat cere-
bellum the chelating ability of tetracyclines for divalent
cations (in particular in the case of demeclocyline) ap-
pears to be responsible for their interference with the ad-
enylyl cyclase system [94]. Whether this is true for the
kidney remains to be shown.

A reduction in the urinary concentration ability is an
early manifestation of chronic renal failure. Several fac-
tors affect the concentration ability of the nephron. Al-
terations in the medullary architecture due to interstitial
fibrosis and the increased load of solutes per nephron
impairing the generation of medullary hypertonicity are
involved. In addition, a decrease in the V2 receptor tran-
scripts has been demonstrated in the uremic rat, which
may result from either a decreased transcription rate or a
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Although X-linked and autosomal recessive NDI can-
not be differentiated by their clinical symptoms, there
are variations in laboratory findings. The intravenous in-
fusion of desmopressin (0.3µg/kg of body weight) nor-
mally causes vasodilation leading to facial flush, a slight
decrease in the mean arterial pressure (hemodynamic re-
sponse) and increase in factor VIII, von Willebrand fac-
tor, and tissue plasminogen activator in the blood (coagu-
lation response) [74]. Hemodynamic and coagulation re-
sponses are not observed in patients with NDI due to a
mutation in the V2 receptor gene [74] but are retained in
those with a mutation in the AQP-2 gene [70–72, 75].
The molecular basis for the hemodynamic and coagula-
tion response are not understood. Stimulation of isolated
or cultured endothelial cells (the assumed source of the
released proteins) with desmopressin does not cause the
release of factor VIII, von Willebrand factor, or tissue
plasminogen activator [76, 77]. V2 receptors of the kid-
ney are probably not involved, as patients with chronic
renal failure [78] still show coagulation response. How-
ever, there is evidence that the coagulation response is
due to stimulation of monocytes that induce secretion by
endothelial cells [79, 80].

The vasodilatory response in some blood vessels upon
desmopressin treatment is thought to be involved in the
release of nitric oxide from the vascular endothelium
[81–83]. Evidence for extrarenal expression of V2 recep-
tors was first provided by reverse transcription polymer-
ase chain reaction (RT-PCR) and in situ hybridization
analysis of rat brain, where V2R transcripts have been
found in the epithelial and endothelial cells of the chor-
iod plexus, the granular layer of the cerebellum, and the
hippocampus. In the latter location expression is detected
only in fetal rats and is lost within 2 weeks after birth
[84]. In adult human lung V2 receptor-mRNA has been
identified by RT-PCR and northern blot analysis [84]. In
contrast, in fetal lung tissue only very low levels of V2
receptor-mRNA expression are found. In addition, V2
receptor-mRNA expression has also been demonstrated
by RT-PCR analysis of adult rat lung. It is speculated
that vasopressin regulates fluid balance in the lung via
the V2R, as reported for fetal sheep, goats, and guinea
pigs [85]. However, no data have yet been published so
far on the identification of V2 receptor-mRNA in the sys-
temic vascular system, which might explain the above
coagulation response.

Acquired NDI

Most cases of acquired NDI are due to metabolic disor-
ders (hypokalemia, hypercalcemia), drugs (e.g., lithium,
demeclocycline), chronic renal disease or postobstructive
diuresis. Lithium is of particular interest as it is a widely
used for drug therapy of bipolar psychosis. Analysis of
several studies comprising more than 1000 patients on
chronic lithium therapy has revealed a defective concen-
trating ability (54%) and polyuria (19%), whereas the
glomerular filtration rate is well preserved [86]; after



decreased RNA stability [95]. Thus a decrease in the re-
ceptor number may contribute to the concentration defect
in chronic renal failure with hyposthenuria. It is likely
that the resulting lack of AVP-induced cAMP production
also impairs the expression of AQP-2 (see above), which
may explain the lack of hydrosmotic responsiveness of
isolated collecting ducts from uremic rabbits to stimula-
tion by Br-cAMP [96].

Therapy

The key management measure for congenital NDI con-
sists of a water intake adjusted to the increased urinary
output. Additional pharmacological therapy involves the
use of thiazides, amiloride, and cyclo-oxygenase inhibi-
tors.

The mechanisms of thiazide diuretics in reducing uri-
nary output in NDI are not completely understood, but
there is general agreement that volume contraction and
loss of salt are a major factor in reducing the glomerular
filtration rate and consequently urinary output. Combina-
tion of a thiazide with amiloride may be more effective
than thiazide alone [97].

Prostaglandin (PG) E2 blunts the antidiuretic action of
vasopressin probably by suppressing basal and AVP-
stimulated cAMP formation in the renal collecting duct
[98]. It also inhibits solute resorption from the thick as-
cending limb of Henle and increases medullary blood
flow [99, 100]; these factors contribute to a decrease in
papillary osmolarity. As renal synthesis of PGE2 itself
can be stimulated by vasopressin via V1 receptors [101],
AVP may enhance polyuria in patients with X-linked
NDI. Elevated levels of PGE2 in congenital NDI have
been reported [102, 103]. Indomethacin inhibits the pro-
duction of PGE2 and consequently reduces polyuria in
congenital NDI as well as in drug-induced polyuria with
elevated levels of PGE2 [104]. It is the drug of choice for
the treatment of patients with a hyperprostaglandinemia
E syndrome (see above). In congenital NDI a combined
therapy of amiloride and thiazides may be advantageous
over a combination of indomethacin and thiazides, as the
former has less potential adverse drug effects. PGE2 in-
hibitors, in particular indomethacin, often cause head-
aches and dizziness, or increase the risk of gastrointesti-
nal erosions or ulcers. In addition, indomethacin substan-
tially reduces the glomerular filtration rate in the first
year of life, thereby increasing the risk of nephropathy.

In acquired forms of NDI the restoration of metabolic
homeostasis (normocalcemia, normokalemia) or the
withdrawal of the NDI-inducing drug is usually suffi-
cient. Thiazide diuretics should be used with care in lith-
ium-induced NDI as they reduce lithium excretion and
thus predispose for lithium toxicity. During lithium ther-
apy amiloride is the drug of choice as it inhibits the ac-
cumulation of lithium within the principal cell [105].
Whether amiloride is also able to prevent histological
changes of the renal parenchyma caused by long-term
lithium therapy remains to be shown.

Future aspects

The majority of NDI-causing V2 receptor mutations
which have been functionally characterized result in pro-
cessing or transport defective proteins which do not
reach the cell surface. Intracellular retention is also like-
ly for the truncation mutants. Lack of surface expression,
irrespective of the fact that the mutant receptor may re-
tain residual function (binding of AVP, stimulation of the
Gs/adenylyl system), explains why even high doses of
the synthetic selective V2 receptor agonist desmopressin
fail to restore the concentration ability of the kidney.
Strategies to overcome the intracellular retention may be
considered useful only in the case of mutants with resid-
ual function. To date only a few mutants with a transport
defect but with measurable functional activity (R113 W,
R143P) have been investigated. The mechanisms under-
lying the transport defects in such mutants are not
known, but they are likely to be various (e.g., retention in
ER, Golgi). For example, retention within the ER is like-
ly in the mutants L44P, W164S, S167L, and S167T as
they are not glycosylated. Other mutants such as R143P
and ∆V278/279 are probably retained in or after the Gol-
gi, as glycosylation similar to that of the wild-type pro-
tein is found.

Examination of kidney samples of two patients with
congenital NDI reveal normal renal histology with the
exception of proximal tubular atrophy, which may be
secondary due to the dilatation of the urinary collecting
system [106, 107]. However, as the genes of the patients
coding for the V2 receptor or the AQP-2 were not
analyzed, it cannot be excluded that the intracellular re-
tention of mutant V2 receptors or AQP-2 proteins cause
epithelial degeneration. This was shown to be the case
for rhodopsin mutations causing autosomal dominant re-
tinitis: mutant receptors are retained in the ER, accumu-
late, and eventually lead to retinal degradation [53, 108].
The histological changes in the retina are correlated with
the extent of accumulation of the mutant protein [108].

The diversity of mutations and the different molecular
phenotypes in X-linked NDI make strategies for the res-
cue of intracellularly retained mutant proteins difficult.
In cystic fibrosis about 60% of the European patients
share the ∆F508 mutant of the cystic fibrosis transmem-
brane conductance regulator, which is retained within the
ER [109]. Thus it may be worthwhile searching for an
approach to rescue this mutant, which has been shown to
possess functional activity. Recent data show that the
mutant is polyubiquinated and is degraded via the pro-
teasome pathway. A mere inhibition of the degradative
process, however, does not enable the mutant protein to
exit from the ER [110].

For the V2 receptor the possibility of a functional res-
cue of mutants with premature stops has been investigat-
ed, based on the assumption that proteins consist of indi-
vidual folding domains which can be separately ex-
pressed and complemented to yield a functional protein.
Successful complementation has been demonstrated for
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the adrenergic receptor [111], for rhodopsin [112], and
for the muscarinic M3 receptor [113]; complementation
of a truncated receptor with the missing domain(s) could
also produce a functional receptor. As many V2 receptor
truncations occur within the third intracellular loop (see
Fig. 2), only the peptide comprising the C-terminal se-
quence from transmembrane domain VI onwards must
be expressed. In COS cells an approach to complement
such truncated V2 receptors has yielded receptors with
the ability to stimulate adenylyl cyclase [114]. However,
the absolute number of receptors expressed at the cell
surface is low. Whether this approach will be applicable
in patients with NDI is not clear.

The discovery of the genetic defects causing congeni-
tal NDI allows the easy identification of carriers in fami-
lies with a history of the disease and the firm diagnosis
of suspected patients immediately after birth. Thus the
individual risk can be determined early and adequate
measures can be taken. Despite the recent progress in
the elucidation of the molecular basis of the disease,
therapy of congenital NDI remains symptomatic. Gene
therapy might be considered for treatment; however,
many questions must be resolved beforehand in view of
the fact that NDI can be treated adequately by a suffi-
cient water administration.

&p.2:Acknowledgements This review includes the work of our col-
leagues D.G. Bichet, J. Dickson, P. Kronich, U. Liebenhoff, K.
Maric, A. Möller, H. Müller, C. Rutz, K. Schülein, and R. Schü-
lein. Own work reported herein was supported by the Deutsche
Forschungsgemeinschaft (SFB 249) and Thyssen Foundation.

References

1. Schmale H, Bahnsen U, Richter D (1993) Structure and ex-
pression of the vasopressin precursor gene in central diabetes
insipidus. Ann New York Acad Sci 689:74–82

2. Birnbaumer M, Seibold A, Gilbert S, Ishido M, Barberis B,
Antaramian A, Brabet P, Rosenthal W (1992) Molecular clon-
ing of the receptor for human antidiuretic hormone. Nature
357:333–335

3. Nonoguchi H, Owada A, Kobayashi N, Takayama M, Terada
Y, Koike J, Ujie K, Marumo F, Sakai T, Tomita K (1995) Im-
munohistochemical localization of V2 vasopressin receptor
along the nephron and functional role of luminal V2 receptor
in terminal inner medullary collecting ducts. J Clin Invest
96:1768–1778

4. Wade JB, Stetson DL, Lewis SA (1981) ADH action: evidence
for a membrane shuttle hypothesis. Ann NY Acad Sci 372:
106–117

5. Nielsen S, DiGiovanni SR, Christensen EI, Knepper MA, Har-
ris HW (1993) Cellular and subcellular immunolocalization of
vasopressin-regulated water channel in rat kidney. Proc Natl
Acad Sci USA 90:11663–11667

6. Kuwahara M, and Verkman AS (1988) Direct fluorescence
meassurement of diffusional water permeability in the vaso-
pressin sensitive kidney collecting tubule. Biophys J
54:587–593

7. Ecelbarger C, Terris J, Frindt G, Echevarria M, Marples D, Niel-
sen S, Knepper MA (1995) Aquaporin-3 water channel localiza-
tion and regulation in rat kidney. Am J Physiol 38:F663–672

8. Terris J, Ecelbarger CA, Marples D, Knepper MA, Nielsen S
(1995) Distribution of aquaporin-4 water channel expression
within rat kidney. Am J Physiol 269:F775–785

9. Hays RM, Franki N, Simon H, Gao Y (1994) Antidiuretic hor-
mone and exocytosis: lessons from neurosecretion. Am J
Physiol 267:C1507–C1524

10. Liebenhoff U, Rosenthal W (1995) Identification of Rab3-,
Rab5a- and synaptobrevin-like proteins in a preparation of rat
kidney vesicles containing the vasopressin-regulated water
channel. FEBS Lett 365:209–213

11. Nielsen S, Marples D, Birn H, Mihtashami M, Dalby NO,
Trimble W, Knepper M (1995) Expression of VAMP2-like
protein in kidney collecting duct intracellular vesicles: colo-
calization with aquaporin-2 water channels. J Clin Invest 96:
1834–1844

12. Jo I, Harris HW, Amedt-Raduege AM, Majweski RR, Ham-
mond TG (1995) Rat kidney papilla contains abundant syn-
aptobrevin protein that participates in the fusion of antidiuretic
hormone-regulated water channel-containing endosomes in
vitro. Proc Natl Acad Sci USA 92:1876–1880

13. Snyder HM, Noland TD, Breyer MD (1992) cAMP-dependent
protein kinase mediates hydrosmotic effect of vasopressin in
collecting ducts. Am J Physiol 263:C147-C153

14. Star RA, Nonoguchi H, Balaban R, Knepper MA (1988) Cal-
cium and adenosine monophosphate as second messengers for
vasopressin in the rat inner medullary collecting duct. J Clin
Invest 81:1879–1888

15. Fushimi K, Uchida S, Hara Y, Hirata Y, Marumo F, Sasaki S
(1993) Cloning and expression of apical membrane water
channel of rat kidney collecting tubule. Nature 361:549–552

16. Deen PMT, Verdijk MAJ, Knoers NVAM, Wieringa B, Monn-
ens LAH, van Os CH, van Oost BA (1994) Requirement of hu-
man renal water channel aquaporin-2 for vasopressin-depen-
dent concentration of urine. Science 264:92–95

17. Kuwahara M, Fushimi K, Terada Y, Bai L, Marumo F, Sasaki
S (1995) cAMP-dependent phosphorylation stimulates water
permeability of aquaporin-collecting duct water channel pro-
tein expressed in Xenopusoocytes. J Biol Chem 270:10384–
10387

18. Lande MB, Jo I, Zeidel ML, Somers M, Harris HW (1996)
Phosphorylation of aquaporin-2 does not alter the membrane
water permeability of rat papillary water channel-containing
vesicles. J Biol Chem 271:5552–5557

19. Bichet DG, Hendy GN, Lonergan M, Arthus MF, Ligier S, Pa-
usova Z, Kluge R, Zingg H, Saenger P, Oppenheimer E, Hi-
rsch DJ, Gilgenkranzt S, Salles JP, Oberle I, Mandel JL, Gre-
gory MC, Fujiwara M, Morgan K, Scriver CR (1992) X-linked
nephrogenic diabetes insipidus: from the ship Hopewell to
RFLP studies. Am J Hum Genet 51:1089–1102

20. Ohzeki T, Igarashi T, Okamoto A (1984) Familial cases of
congenital nephrogenic diabetes insipidus type II: remarkable
increment of urinary adenosine 3′,5′-monophosphate in re-
sponse to antidiuretic hormone. J Pediatr 104:593–595

21. Bichet DG, Arthus MF, Lonergan M, Balfe W, Skorecki K, Ni-
vet H, Robertson G, Oksche A, Rosenthal W, Fujiwara M,
Morgan K, Sasaki S (1995) Autosominal dominant and auto-
somal recessive nephrogenic diabetes insipidus: novel muta-
tions in the AQP-2 gene. J Am Soc Nephrol 6:717

22. Knoers NVAM, van der Heyden H, van der Oost BA, Monnens
L, Willems J, Ropers, HH (1988) Nephrogenic diabetes insip-
idus: close linkage with markers from the distal long arm of
the human X chromosome. Hum Genet 30:31–38

23. Seibold A, Brabet P, Rosenthal W, Birnbaumer M (1992)
Structure and chromosomal localization of the human antidi-
uretic hormone receptor gene. Am J Hum Genet 51:1078–1083

24. Lolait SJ, O’Carroll AM, McBride OW, Konig M, Morel A,
Brownstein MJ (1992) Cloning and characterization of a vaso-
pressin V2 receptor and possible link to nephrogenic diabetes
insipidus. Nature 357:336–339

25. Rosenthal W, Seibold A, Antaramian A, Lonergan M, Arthus
MF, Hendy G, Birnbaumer M, Bichet DG (1992) Molecular
identification of the gene responsible for congenital nephro-
genic diabetes insipidus. Nature 359:233–235

26. Fujiwara TM, Morgan K, Bichet DG (1995) Molecular biolo-
gy of diabetes insipidus. Annu Rev Med 46:331–343



335

27. Rosenthal W, Oksche A, Bichet DG (1997) Two genes – one
disease: the molecular basis of congenital nephrogenic diabe-
tes insipidus. Adv Mol Cell Endocrinol (submitted)

28. Oksche A, Dickson J, Schülein R, Seyberth HW, Müller M,
Rascher W, Birnbaumer M, Rosenthal W (1994) Two novel
mutations in the vasopressin V2 receptor gene in patients with
congenital nephrogenic diabetes insipidus. Biochem Biophys
Res Comm 205:552–557

29. Oksche A, Schülein R, Rutz C, Liebenhoff U, Dickson J,
Müller H, Birnbaumer M, Rosenthal W (1996) Vasopressin V2
receptor mutants causing X-linked nephrogenic diabetes insip-
idus: analysis of expression, processing and function. Mol
Pharmacol 50:820–828

30. Knoers NVAM, van den Ouweland AMW, Verdijk M, Monn-
ens LAH, van Oost BA (1994) Inheritance of mutations in the
V2 receptor gene in thirteen families with nephrogenic diabe-
tes insipidus. Kidney Int 46:170–176

31. Wildin RS, Antush MJ, Bennett RL, Schoof JM, Scott CR
(1994) Heterogeneous AVPR2 gene mutations in congenital
nephrogenic diabetes insipidus. Am J Hum Genet 55:266–
277

32. Bichet DG, Birnbaumer M, Lonergan M, Arthus MF, Rosen-
thal W, Goodyer P, Nivet H, Benoit S, Giampietro P, Simonetti
S, Fish A, Whitley CB, Jaeger P, Gertner J, New M, DiBona
FJ, Kaplan BS, Robertson GL, Hendy GN, Fujiwara TM, Mor-
gan K (1994) Nature and recurrence of AVPR2 mutations in
X-linked nephrogenic diabetes insipidus. Am J Hum Genetics
55:278–286

33. Yusua H, Ito M, Oiso Y, Kurokawa M, Watanabe T, Oda Y, Is-
hizuka T, Tani N, Ito S, Shibata A, Saito H (1994) Novel mu-
tations in the V2 vasopressin receptor gene in two pedigrees
with congenital nephrogenic diabetes insipidus. J Clin Endo-
crinol Metabol 79:361–365

34. Birnbaumer M, Gilbert S, Rosenthal W (1994) An extracellu-
lar congenital nephrogenic diabetes insipidus mutation of the
vasopressin receptor reduces cell surface expression, affinity
for ligand, and coupling to the Gs/adenylyl cyclase system.
Mol Endocrinol 8:886–894

35. Bichet DG, Arthus MF, Lonergan M, Hendy GN, Paradis AJ,
Fujiwara TM, Morgan K, Gregory MC, Rosenthal W, Didwana
A, Antariam A, Birnbaumer M (1993) X-linked nephrogenic
diabetes insipidus mutations in North America and the Hope-
well hypothesis. J Clin Invest 92:1262–1268

36. Holtzman EJ, Harris HWH, Kolakowski LF, Guay-Woodford
LM, Botelho B, Ausiello DA (1993) A molecular defect in the
vasopressin V2 receptor gene causing nephrogenic diabetes in-
sipidus. N Engl J Med 328:1534–1537

37. Pan Y, Wilson P, Gitschier J (1994) The effect of eight V2 va-
sopressin receptor mutations on stimulation of adenylyl cy-
clase and binding to vasopressin. J Biol Chem 269:31933–
31937

38. Pan Y, Metzenberg A, Das S, Jing B, Gitschier J (1992) Muta-
tions in the V2 vasopressin receptor gene are associated with
X-linked nephrogenic diabetes insipidus. Nat Genet 2:103–
106

39. Faa V, Venturo ML, Loche S, Bozzola M, Podda R, Cao A,
Rosatelli MC (1994) Mutations in the vasopressin V2 receptor
gene in three families of Italian descent with nephrogenic dia-
betes insipidus. Hum Mol Genet 9:1685–1686

40. Rosenthal W, Antaramian A, Gilbert S, Birnbaumer M (1993)
Nephrogenic diabetes insipidus: a V2 receptor unable to stim-
ulate adenylyl cyclase. J Biol Chem 268:13030–13033

41. Tsukaguchi H, Matsubara H, Taketani S, Mori Y, Seido T, Ina-
da M (1995) Binding-, intracellular transport-, and biosynthe-
sis-defective mutants of the vasopressin type 2 receptor in pa-
tients with X-linked nephrogenic diabetes insipidus. J Clin In-
vest 96:2043–2050

42. van den Ouweland AMW, Dreesen JCFM, Verdijk MAJ,
Knoers NVAM, Monnens LAH, Rocchi M, van Oost BA
(1992) Mutations in the vasopressin type 2 receptor gene
(AVPR2) associated with nephrogenic diabetes insipidus. Na-
ture Genet 2:99–102

43. Yokoyama K, Yamaguchi A, Izumi M, Itoh T, Ando A Imai E,
Kamada T, Ueda N (1996) A low affinity vasopressin V2 re-
ceptor gene in a kindred with X-linked nephrogenic diabetes
insipidus. J Am Soc Nephrol 410–414

44. Wenkert D, Merendino JJ Jr, Shenker A, Thambi N, Robert-
son GL, Moses AM, Spiegel AM (1994) Novel mutations
in the V2 vasopressin V2 receptor gene of patients with X-
linked nephrogenic diabetes insipidus. Hum Mol Gen 3:1429–
1430

45. Tajima T, Nakae J, Takekoshi Y, Takahashi Y, Yuri K, Nagash-
ima T, Fujieda K (1996) Three novel AVPR2 mutations in
three Japanese families with X-linked nephrogenic diabetes in-
sipidus. Pediatr Res 39:522–526

46. Thibonnier M, Auzan C, Madhun Z, Wilkins P, Berti-Mattera
L, Clauser E (1994) Molecular cloning, sequencing, and func-
tional expression of a cDNA encoding the human V1a vaso-
pressin receptor. J Biol Chem 269:3304–3310

47. Morel A, O’Carroll AM, Brownstein MJ, Lolait SJ (1992)
Molecular cloning and expression of a rat V1a arginine vaso-
pressin receptor. Nature 356:523–526

48. Sugimoto T, Saito M, Mochizuki S, Watanabe Y, Hashimoto S,
Kawashima H (1994) Molecular cloning and functional ex-
pression of a cDNA encoding the human V1b vasopressin re-
ceptor. J Biol Chem 269:27088–27092

49. Lolait SJ, O’Carroll AM, Mahan LC, Felder CC, Button DC,
Young III WS, Mezey E, Brownstein MJ (1995) Extrapituitary
expression of the rat V1b vasopressin receptor gene. Proc Natl
Acad Sci USA 92:6783–6787

50. Saito M, Sugimoto T, Tahara A, Kawashima H (1995) Mole-
cular cloning and characterization of the rat V1b vasopressin
receptor: evidence for its expression in extra pituitary tissues.
Biochem Biophys Res Comm 212:751–757

51. Fraser CM, Chung FZ, Wang CD, Venter JC (1988) Site-di-
rected mutagenesis of human β-adrenergic receptors: substitu-
tion of aspartic acid-130 by asparagine produces a receptor
with high-affinity binding that is uncoupled from adenylyl cy-
clase. Proc Natl Acad Sci USA 85:5478–5482

52. Franke RR, Sakmar TP, Graham RM, Khorana HG (1992)
Structure and function in rhodopsin. Studies of the interaction
between rhodopsin cytoplasmic domain and transducin. J Biol
Chem 267:14767–14774

53. Sung CH, Davenport CM, Nathans J (1993) Rhodopsin muta-
tions responsible for autosomal dominant retinitis pigmentosa.
J Biol Chem 268:26645–26649

54. Wess J, Nanavati S, Vogel Z, Maggio R (1993) Functional role
of proline and tryptophan residues highly conserved among G
protein-coupled receptors studied by mutational analysis of the
m3 muscarinic receptor. EMBO J 12:331–338

55. Schülein R, Liebenhoff U, Müller H, Birnbaumer M, Rosen-
thal W (1996) Properties of the human arginine vasopressin
V2 receptor after site-directed mutagenesis of its putative
palmitoylation site. Biochem J 313:611–616

56. Brüne B, Dimmeler S, Vedia LM, Lapetina EG (1993) Nitric
oxide: a signal for ADP-ribosylation of proteins. Life Science
54:61–70

57. Unson CG, Cypess AM, Kim HN, Goldsmith PK, Carruthers
CJL, Merrifield RB, Sakmar TP (1995) Characterization of de-
letion and truncation mutants of the rat glucagon receptor. J
Biol Chem 46:27720–27727

58. Schülein R, Rutz C, Rosenthal W (1996) Membrane targeting
and determination of transmembrane topology of the human
vasopressin V2 receptor. J Biol Chem 271:28844–28852

59. Sasaki S, Fushimi K, Saito H, Saito F, Uchida S, Ishibashi K,
Kuwahara M, Ikeuchi T, Inui K, Nakajima K, Watanabe TX,
Marumo F (1994) Cloning, characterization, and chromosomal
mapping of human aquaporin of collecting duct. J Clin Invest
93:1250–1256

60. Uchida S, Sasaki S, Fushimi K, Marumo F (1994) Isolation of
the human aquaporin-CD gene. J Biol Chem 269:23451–
23455

61. van Lieburg AF, Verdijk MAJ, Knoers NVAM, van Essen AJ,
Proesmans W, Mallmann R, Monnens LAH, van Oost BA,



van Os CH, Deen PMT (1994) Patients with autosomal neph-
rogenic diabetes insipidus homozygous for mutations in the
aquaporin 2 water-channel gene. Am J Hum Genet 55:648–
652

62. Oksche A, Möller A, Dickson J, Rosendahl W, Rascher W,
Rosenthal W (1996) Two novel mutations in the aquaporin-2
and the vasopressin V2 receptor genes in patients with con-
genital nephrogenic diabetes insipidus. Human Genet 98:587–
589

63. Mulders SM, Knoers NVAM, van Lieburg AF, Monnens LAH,
Leumann E, Wuhl E, Schober E, Rjiss JPL, van Os CH, Deen
PMT (1997) New mutations in the AQP2 gene in nephrogenic
diabetes insipidus resulting in functional but misrouted water
channels. J Am Soc Nephrol 8:242–248

64. Hochberg Z, van Lieburg A, Even L, Brenner B, Lanir N, van
Oost BA, Knoers NVAM (1997) Autosomal recessive nephro-
genic diabetes insipidus caused by an aquaporin 2 mutation. J
Clin Endocrinol Metabol 82:686–689

65. Jung JS, Preston GM, Smith BL, Guggino WB, Agre P (1994)
Molecular structure of the water channel through aquaporin
CHIP. The hourglass model. J Biol Chem 269:14648–14654

66. Deen PMT, Croes H, van Aubel RAMH, Ginsel LA, van Os
CH (1995) Water channels encoded by mutant aquaporin-2
genes in nephrogenic diabetes insipidus are impaired in their
cellular routing. J Clin Invest 95:2291–2296

67. Kanno K, Sasaki S, Hirata Y, Ishikawa SE, Fushimi K, Nak-
anishi S, Bichet DG, Marumo F (1995) Urinary excretion of
aquaporin-2 in patients with diabetes insipidus. N Engl J Med
332:1540–1576

68. Deen PMT, van Aubel RAMH, van Lieburg AF, van Os CH
(1996) Urinary content of aquaporin 1 and 2 in nephrogenic
diabetes insipidus. J Am Soc Nephrol 7:836–841

69. Hoeckstra JA, van Lieburg AF, Monnens LAH, Hulstijn-Dirk-
maat, Knoers NVAM (1996) Cognitive and psychological
functioning of patients with congenital nephrogenic diabetes
insipidus. Am J Med Gen 61:81–88

70. van Lieburg AF, Verdijk MAJ, Schoute F, Ligtenberg MJL,
van Oost BA, Waldhauser F, Dobner M, Monnens LAH,
Knoers NVAM (1995) Clinical phenotype of nephrogenic dia-
betes insipidus in females heterozygous for a vasopressin type
2 receptor mutation. Hum Genet 96:70–78

71. Moses AM, Sangani G, Miller JL (1995) Proposed cause of
marked vasopressin resistance in a female with an X-linked re-
cessive V2 receptor abnormality. J Clin Endocrinol Metabol
80:1184–1186

72. Ergezinger K, Oksche A, Möller A, Schwab KO, Rosenthal W
(1996) Variable phenotypes in females with X-linked nephro-
genic diabetes insipidus. Hormon Res 46 [Suppl]2:112

73. Seyberth HW, Rascher W, Schweer H, Kühl PG, Mehls O,
Schärer K (1985) Congenital hypokalemia with hypercalcuria
in preterm infants: a hyperprostaglandinuric tubular syndrome
different from Bartter syndrome. J Pediatr 107:694–701

74. Bichet DG, Razi M, Longergan M, Arthus MF, Vassiliki P, Ko-
rtas C, Barjon JN (1988) Hemodynamic and coagulation re-
sponses to 1-desamino-[8-D-arginine] vasopressin in patients
with congenital nephrogenic diabetes insipidus. N Engl J Med
318:881–887

75. Knoers NVAM, Monnens LAH (1991) A variant of nephro-
genic diabetes insipidus: V2 receptor abnormality restricted to
the kidney. Eur J Pediatr 150:370–373

76. Booth F, Allington MJ, Cederhom-Williams SA (1987) An in
vitro model for the study of acute release of von Willebrand
factor from human endothelial cells. Br J Haematol 67:71–78

77. Barnhart MI, Chen S, Lusher JM (1983) DDAVP: does the
drug have a direct effect on the vessel wall? Thromb Res
31:239–253

78. Manucci PM, Aberg M, Nilsson IM and Robertson B (1975)
Mechanism of plasminogen activator and factor VIII increase
after vasoactive drugs. Br J Haematol 30:81–93

79. Breit SN and Green I (1988) Modulation of endothelial cell
synthesis of von Willebrand factor by mononuclear cell prod-
ucts. Haemostasis 18:137–145

336

80. Hashemi S, Tackaberry ES, Palmer DS, Rock G and Ganz PR
(1990) DDAVP-induced release of von Willebrand factor
from endothelial cells in vitro: the effect of plasma and blood
cells. Biochim et Biophys Acta 102:63–70

81. Liard JF (1994) L-NAME antagonizes vasopressin V2-in-
duced vasodilatation in dogs. Am J Physiol 266:H99–H106

82. Aki Y, Tamaki T, Kiyomoto H, He H Yoshida H Iwao H, Abe
Y (1994) Nitric oxide may participate in V2 vasopressin-re-
ceptor-mediated renal vasodilatation. J Cardiovas Pharmacol
23:331–336

83. Tamaki T, Kiyomoto K, He H, Tomohiro A, Nishiyama A,
Aki Y, Kimura S, Abe Y (1996) Vasodilatation induced by
vasopressin V2 receptor stimulation in afferent arterioles.
Kidney Int 49:722–729

84. Kato Y, Igarashi N, Hirasawa A, Tsujimoto G, Kobayashi M
(1995) Distribution and developmental changes in vasopres-
sin V2 receptor mRNA in rat brain. Differentiation 59:163–
169

85. Fay MJ, Du J, Yu X, North WG (1996) Evidence for expres-
sion of vasopressin V2 receptor mRNA in human lung. Pep-
tides 17:477–481

86. Boton R, Gaviria M, Batlle DC (1987) Prevalence, pathogen-
esis and treatment of renal dysfunction associated with
chronic lithium therapy. Am J Kidney Dis 10:329–345

87. Ramsey TA, Cox M (1982) Lithium and the kidney: a review.
Am J Psychiatr 139:443–449

88. Bendz H (1983) Kidney function in lithium-treated patients.
A literature survey. Acta Psychiatr Scand 68:303–324

89. Hetmar O, Brun C, Clemmensen L, Ladefoged J, Larsen S,
Rafaelsen OJ (1987) Lithium: long-term effects on the kid-
ney: structural changes. J Psychiatr Res 21:279–288

90. Yamaki M, Kusano E, Tetsuka T, Takeda S, Homma S, Mu-
rayama N, Asano Y (1991) Cellular mechanism of lithium-
induced nephrogenic diabetes insipidus in rats. Am J Physiol
261:F505–511

91. Marples D, Christensen S, Christensen EI, Ottosen PD, Niel-
sen S (1995) Lithium-induced downregulation of aquaporin-2
water channel expression in rat kidney medulla. J Clin Invest
95:1838–1845

92. Kim JK, Summer SN, Berl T (1983) The cyclic AMP system
in the inner medullary collecting duct of the potassium-de-
pleted rat. Kidney Int 26:384–391

93. Marples D, Frokiaer J, Dorup J, Knepper MA, Nielsen S
(1996) Hypokalemia-induced downregulation of aquaporin-2
water channel expression in rat kidney medulla and cortex. J
Clin Invest 97:1960–1968

94. Mork A and Geisler A (1995) A comparative study on the ef-
fects of tetracyclins and lithium on the cyclic AMP second
messenger system in rat brain. Prog Neuro Psycho Biol
Psych 19:157–169

95. Teitelbaum I and McGuinness S (1995) Vasopressin resis-
tance in chronic renal failure. J Clin Invest 96:378–385

96. Fine LG, Schlondorff D, Trizna W, Gilbert RM and Bricker
NS (1978) Functional profile of the isolated uremic nephron.
Impaired water permeability and adenylate cyclase respon-
siveness of the cortical collecting tubule to vasopressin. J
Clin Invest 61:1519–1527

97. Alon U, Chan JC (1985) Hydrochlorothiazide-amiloride in
the treatment of congenital diabetes insipidus. Am J Nephrol
5:9–13

98. Torikai S, Kurokawa K (1983) Effect of PGE2 on vasopres-
sin-dependent cell cAMP in isolated single nephron seg-
ments. Am J Physiol 245:F58–66

99. Higashihara E, Stokes JB, Kokko JP, Campbell WB, DuBose
TD Jr (1979) Cortical and papillary micropuncture examina-
tion of chloride transport in segments of the rat kidney during
inhibition of prostaglandin production. Possible role for pro-
staglandins in the chloruresis of acute volume expansion. J
Clin Invest 64:1277–1287

100. Stokes JB (1981) Integrated actions of renal medullary pro-
staglandins in the control of water excretion. Am J Physiol
240:F471–480



108. Colley NJ, Cassill JA, Baker EK, Zuker CS (1995) Defective
intracellular transport is the molecular basis of rhodopsin-de-
pendent dominant retinal degeneration. Proc Natl Acad Sci
USA 92:3070–3074

109. Pasyk EA and Foskett JK (1995) Mutant (∆F508) cystic fi-
brosis transmembrane conductance regulator Cl– channel is
functional when retained in endoplasmic reticulum of mam-
malian cells. J Biol Chem 270:12347–12350

110. Ward CL, Omura S, Kopito R (1995) Degradation of CFTR
by the ubiquitin-proteasome pathway. Cell 83:121–127

111. Kobilka BK, Kobilka TS, Daniel K, Regan JW, Caron MG,
Lefkowitz RJ (1988) Chimeric α2-, β2-adrenergic receptors:
delineation of domains involved in effector coupling and li-
gand binding specificity. Science 240:1310–1316

112. Ridge KD, Lee SSJ, Yao LL (1995) In vivo assembly of rho-
dopsin from expressed polypeptide fragments. Proc Natl
Acad Sci USA 92:3204–3208

113. Maggio R, Vogel Z, Wess J (1993) Reconstitution of func-
tional muscarinic receptors by coexpression of amino and
carboxyl terminal receptor fragments. FEBS Lett 319:195–
200

114. Schöneberg T, Yun J, Wenkert D, Wess J (1996) Functional
rescue of mutant V2 vasopressin receptors causing nephro-
genic diabetes insipidus by a co-expressed receptor polypep-
tide. EMBO J 15:1283–1291

337

101. Wuthrich RP, Vallotton MB (1986) Prostaglandin E2 and cy-
clic AMP response to vasopressin in renal medullary tubular
cells. Am J Physiol 251:F499–505

102. Usberti M, Dechaux M, Guillot M, Seligman R, Parlovitch H,
Lorait C, Sachs C, Broyer M (1980) Renal prostaglandin E2
in nephrogenic diabetes insipidus: effect of inhibition of
prostaglandin synthesis by indomethacin. J Pediatr 97:476–
478

103. Blachar Y, Zadik Z, Shemesh M, Kaplan BS, Levin S (1980)
The effect of inhibition of prostaglandin synthesis on free
water and osmolar clearances in patients with hereditary
nephrogenic diabetes insipidus. Int J Pediatr Nephrol 1:48–52

104. Höhler T, Teuber G, Wanitschke R, Meyer zum Büschenfelde
KH (1994) Indomethacin treatment in amphotericin B in-
duced nephrogenic diabetes insipidus. Clin Invest 72:769–
771

105. Kosten TR, Forrest JN (1986) Treatment of severe lithium-in-
duced polyuria with amiloride. Am J Psychiatr 143:1563–1568

106. Hironka K, Makino H, Ogura T, Ota Z (1995) Renal histolo-
gy in a patient with nephrogenic diabetes insipidus. Nephron
71:224–226

107. Ishii H, Mizuno K, Niimura S, Haga H, Takahashi M, Wata-
nabe Y, Tanaka K, Ogata M, Tanaka N, Fukuchi S (1993)
Congenital nephrogenic diabetes insipidus in adult. Intern
Med 32:133–138


