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management during infancy

Abstract: Congenital nephrogenic diabetes insipidus
(NDI) is a rare inherited disorder, mostly caused by
AVPR2 mutations. Less than 10% of cases are due to
mutations in the aquaporin-2 (AQP2) gene. Diagnosis
and management of this condition remain challenging
especially during infancy. Here, we report two unrelated
patients, a 6-month-old Thai boy and a 5-year-old Emi-
rati girl, with a history of failure to thrive, chronic fever,
polydipsia, and polyuria presented in early infancy. The
results of water deprivation test were compatible with a
diagnosis of NDI. The entire coding regions of the AVPR2
and AQP2 gene were amplified by polymerase chain
reaction and sequenced. Patient 1 was homozygous for
a novel missense AQP2 mutation p.G96E, inherited from
both parents. Patient 2 harbored a previously described
homozygous p.T126M mutation in the AQP2 gene. Both
patients were treated with a combination of thiazide
diuretics and amiloride. Patient 1 developed paradoxi-
cal hyponatremia and severe dehydration 2 weeks after
medical treatment began. In conclusion, we report
a novel mutation of the AQP2 gene and highlight an
important role of genetic testing for definite diagnosis.
Vigilant monitoring of the fluid status and electrolytes
after beginning the therapy is mandatory in infants with
NDI.
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Introduction

Nephrogenic diabetes insipidus (NDI) is an inherited or
acquired disorder where renal collecting ducts cannot
concentrate urine in response to arginine vasopres-
sin (AVP). Patients with congenital NDI usually present
within the first year of life with polyuria, polydipsia,
vomiting, anorexia, fever, and failure to thrive (1). Most of
these cases are inherited in an X-linked recessive pattern,
caused by mutations in the arginine vasopressin receptor
2 (AVPR2) gene (1, 2). Less than 10% of cases have auto-
somal recessive mutations in the gene encoded for aqua-
porin 2 (AQP2), which is the AVP-dependent water channel
of the collecting duct (3). A very rare autosomal dominant
form has also been reported (4).

Management of congenital NDI consists of adequate
supply of fluid intake and renal solute reduction by a
low-sodium diet to decrease urine output, combined with
hydrochlorothiazide (HCTZ) and amiloride or renal pros-
taglandin synthetase inhibitors (1). These therapeutic
approaches usually do not reduce urine output entirely
to normal. Thus, increased water intake is generally still
needed, especially in tropical area. The management of
congenital NDI is complex in infants who cannot self-
regulate oral fluid intake. A few previous studies reported
cases with congenital NDI that was complicated by water
intoxication, and severe hyponatremia secondary to
excessive water intake, and the initiation of medical treat-
ment (5-7).

Here, we describe two unrelated Asian patients
with NDI presented in early infancy and identified their
AQP2 mutations, one of which is novel. Interestingly, one
patient developed severe hyponatremia and dehydration
once medical treatment began.
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Case reports

Patient 1

A 6-month-old boy presented with polydipsia, polyuria,
and recurrent fever. He was born at term with a birth
weight of 3100 g. No other family members had DI symp-
toms. His paternal and maternal grandmothers were sib-
lings (Figure 1). His length was 60 cm (third percentile),
weight was 4430 g (third percentile), and head circumfer-
ence was 39 cm (third percentile). Results of other physi-
cal examinations were unremarkable. Initial laboratory
evaluation included serum Na 147 mmol/L, K 4.1 mmol/L,
Ca 10.6 mg/dL, blood urea nitrogen (BUN) 19 mmol/L, and
creatinine (Cr) 0.26 mg/dL. Serum and urine osmolalities
were 306 and 61 mOsm/L, respectively. Urine osmolal-
ity did not increase after administration of subcutane-
ous l-desamino-8-D-arginine vasopressin (dDAVP) at the
end of water deprivation test (Table 1). Twenty-four-hour
urine collection demonstrated normal tubular function.
Ultrasonography (USG) result of the urinary system was
normal. Brain magnetic resonance imaging (MRI) showed
the small size of the pituitary gland and pituitary stalk
accompanied by absent posterior bright spot. His anterior
pituitary hormones were normal. Treatment with a combi-
nation of amiloride 0.2 mg/kg per day and hydrochlorothi-
azide 2 mg/kg per day improved his polyuria from 2.6-3.4
to 0.7-1.0 L/m? per day. Two weeks later at the follow-up
visit, he was clinically dehydrated and weighed 4250 g
(pre-discharge weight 4570 g). Electrolytes showed that
serum Na was 113; K, 6.5; Cl, 80; HCO,, 17 mmol/L; BUN,
45 mmol/L; Cr, 0.23 mg/dL; and Ca, 10.9 mg/dL. Urine
electrolytes revealed Na was 26; K, 21; and CI 24, mmol/L.

Family 1: p.G96E
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Family 2: p.T126M

Figure1 Pedigrees of families 1and 2 with AQP2 mutations. All
affected individuals are in black symbols, and probands are indi-
cated by arrows.
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Table1 Results of water deprivation tests.
Patient 1 Patient 2
Baseline
Serum sodium, mmol/L 147 142
Serum osmolality, mOsm/L 306 289

Urine osmolality, mOsm/L 61 39
After water deprivation

Serum sodium, mmol/L 149 152

Serum osmolality, mOsm/L 313 324

Urine osmolality, mOsm/L 66 61
After dDAVP, 0.025 ug/kg, subcutaneous

Urine osmolality, mOsm/L 61 61

Fluids were withheld after 8 a.m.; body weight, urine output, vital
sign, serum and urine sodium and osmolality were measured
hourly. dDAVP was given when weight fell by 5% or serum osmolal-
ity exceeded 300 mOsm/L.

The medical treatment was then stopped. The patient
received intravenous fluid to correct dehydration and
electrolyte imbalance. A week later, hydrochlorothiazide
was restarted when he developed polyuria and hyperna-
tremia, titrated to 2 mg/kg per day, combined with indo-
methacin 1 mg/kg per day. At the 2 week follow-up visit,
he had no clinical signs of dehydration. His urine output
was 1.6-2.0 L/m? per day, and serum electrolyte and Cr
levels were normal. At his last visit (age 1 year), his weight
and height were still below the third percentile and he
had delayed developmental milestones. He still had mild
polyuria (urine output 2-3 L/m? per day), but normal elec-
trolyte levels and normal hydration status.

Patient 2

A 5-year-old girl presented at 5 months of age with recur-
rent vomiting and failure to thrive. She developed hyper-
natremic dehydration with serum sodium levels up to
162 mmol/L during repeated hospital admissions for
febrileillnesses. She was noted to be irritable and preferred
drinking water rather than milk. She also had a history of
polyuria. At the age of 13 months, she was diagnosed with
diabetes insipidus and was prescribed hydrochlorothi-
azide with no marked effect on her urine output. She is the
middle child of five siblings. Her parents are first-degree
cousins (Figure 1). Her father and two of her paternal
uncles were diagnosed with NDI during childhood. The
father is 42 years old and had a similar history to the index
case as he presented as a child with polyuria and polydip-
sia. Currently, he drinks 7-9 L/day and passes urine exces-
sively. He has never been on any medications for his DI. A
water deprivation test was performed in patient 2 at age
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5 years which revealed elevated plasma osmolality with
persisting inappropriately low urine osmolality (Table
1). Administration of desmopressin showed no increase
in urine osmolality. Her AVP levels were 18.97 pmol/L
(normal range <13 pmol/L) at a serum osmolality of 289
mOsm/L. Her USG of urinary tract showed normal kidneys
and uretero-pelvicalyceal system. A water deprivation test
on her father was also compatible with NDI. The father
was found to have impaired kidney function from a Tc*
MAGS3 kidney scan, and USG showed marked pelvical-
yceal dilatation of the right kidney. The mother denied any
symptoms of DI. Our patient was treated with amiloride
(0.3 mg/kg per day) and hydrochlorothiazide (3 mg/kg
per day) with modest improvement of her symptoms. Her
growth parameters remained normal.

Methods

Polymerase chain reaction and DNA
sequencing

With informed consent, genomic DNA was extracted from peripheral
leukocytes. All coding regions of the AQP2 and AVPR2 genes and the
exon-intron splicing junction boundaries were amplified by polymer-
ase chain reaction, using the primers and conditions as previously
described (8, 9), and sequenced. For a novel missense mutation,
restriction enzyme digestion was used to confirm its presence in the
patient and parents as well as to screen in 100 control chromosomes
from unaffected ethnic-matched individuals, which would detect
< 5% polymorphism with 95% power (10).

Results

Direct sequencing revealed patient 1 was homozygous
for a novel missense AQP2 mutation located in exon 1, a
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guanine-to-adenine substitution at nucleotide position
287 (c.287G>A), resulting in a glycine-to-glutamic acid
substitution at codon 96 (p.G96E) (AQP2 protein refer-
ence sequence NP_000477.1) (Figure 2A). This mutation
has never been previously described and was not detected
in 100 ethnic-matched unaffected control chromosomes
(Figure 3). Restriction enzyme digestion analysis of exon
1 of parental genomic DNA revealed that the parents
were heterozygous carriers of the mutation and clinically
asymptomatic. Patient 2 and her father carried a previ-
ously described homozygous missense AQP2 mutation,
a cytosine-to-thymine substitution at nucleotide position
377 (c.377C>T), resulting in a threonine-to-methionine
replacement at codon 126 (p.T126M) (Figure 2B). The
mother’s DNA was not available.

Discussion

We described two unrelated patients with congenital NDI
and identified one previously described and one novel AQP2
mutations. Patient 1 harbored a novel missense mutation,
p.G96E. This variant has not been reported to be a poly-
morphism in NCBI SNP or Ensembl databases, and it was
not detected in 100 ethnic-matched control chromosomes,
supporting it as a disease-causing mutation. The p.G96E is
located in the third transmembrane domain of AQP2. Muta-
tions in this region leading to protein misfolding, and thus
misrouting of AQP2 transport to the plasma membrane,
have been reported (11, 12). Patient 2 presented with p.T126M
mutation, which was first reported in two siblings from Sri
Lanka. Previous in vitro study showed that the p.T126M
mutant protein was impaired in its transport to the plasma
membrane when expressed in Xenopus oocytes (13).

The MRI study in Patient 1 revealed the small size
of the pituitary gland and stalk accompanied by absent
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Figure 2 Mutation analysis by direct DNA sequencing of the AQP2 gene. (A) Patient 1 carrying a homozygous novel missense p.G96E muta-
tion (c.287G>A). (B) Patient 2 carrying a homozygous p.T126M mutation (c.377C>T). Each mutation is indicated by an arrow.
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Figure 3 Restriction enzyme digestion analysis. Lane 1: 100-bp
marker. Lane 2: Patient 1 (p.G96E). Lane 3: Father (heterozygous
carrier). Lanes 4—6: normal controls. Restriction enzyme analysis
of the polymerase chain reaction products showing the ¢.287G>A
creating an additional cleavage site for the restriction enzyme Bmpl
resulting in 256- and 164-bp products. The wild-type alleles are
digested resulting in 420-bp bands.

posterior bright spot, which could mislead to the diagno-
sis of central DI. This observation has been made previ-
ously and may be explained by depleted vasopressin in
neurosecretory granules in untreated NDI (14, 15). Thus,
an absence of bright spot in DI patients should be care-
fully interpreted and correlated with other clinical and
laboratory findings.

Management of patients with congenital NDI con-
sists of adequate supply of fluid, sodium restriction,
combined with thiazide and/or amiloride diuretics as
the current first-line drug (1). In young children, the
combination of HCTZ and indomethacin has been com-
monly used because these patients often have nausea
from amiloride. Selective inhibitors of cyclooxygenase-2
can be used in patients who cannot tolerate indometha-
cin. Thiazide acts by inhibiting sodium reabsorption in
the distal tubule by blocking the NaCl co-transporter,
leading to hypovolemia resulting in sodium and water
reabsorption in the proximal tubules. HCTZ may also
induce AQP2 up-regulation via an AVP-independent
mechanism (16). Amiloride acts by inhibiting epithelial
sodium channels, resulting in decreased sodium reab-
sorption and hypovolemia. Prostaglandin synthetase
inhibitors cause a reduction in glomerular filtration
rate, leading to increased sodium and water reabsorp-
tion in proximal tubules, and probably act by inhibiting
the retrieval of AQP2 from the apical membrane of the
principal cells (1).

Most missense mutations causing X-linked NDI or
autosomal-recessive NDI typically lead to aberrant folding
of mutant proteins inside the endoplasmic reticulum.
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Thus, the aim of current and future research in novel
therapeutic modalities in congenital NDI is to find phar-
macological chaperones to partially rescue the cell-sur-
face expression and functional activity of some misfolded
mutant proteins (17, 18). Therefore, understanding the
mechanism of specific mutations would be of high thera-
peutic importance in the future.

Both patients were initially treated with HCTZ and
amiloride with modest improvement of their symptoms.
There are few previously reported cases with congeni-
tal NDI that were complicated by water intoxication,
and severe hyponatremia secondary to excessive water
intake, and the initiation of HCTZ (5-7). By contrast,
our Patient 1 developed hyponatremic dehydration after
beginning the medical treatment for 2 weeks. This could
be explained by inadequate water intake and natriure-
sis due to the effects of HCTZ and amiloride. The sup-
portive evidences are that the patient had weight loss,
prerenal azotemia, hypochloremia and relatively high
urine sodium concentration. To our knowledge, this
finding has never been reported. To avoid this problem,
the parents or primary caregivers should be advised to
strictly measure fluid intake/output, weigh the child
daily, observe for signs of dehydration and of drug over-
dose (headache, confusion, nausea), and know when to
have serum Na levels checked.

Our cases highlight the need for meticulous moni-
toring of hydration status, fluid balance, weight, serum,
and urine electrolytes in NDI patients after beginning the
medical treatment. This study also expands the genotypic
spectrum of AQP2 mutations and emphasizes an impor-
tant role of genetic testing for definite diagnosis.
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