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Abstract. Thiazides have been used in patients with nephro-
genic diabetes insipidus (NDI) to decrease urine volume, but
the mechanism by which it produces the paradoxic antidiuretic
effect remains unclear. Previous studies have reported that
downregulation of aquaporin-2 (AQP2) is important for the
development of lithium-induced (Li-induced) polyuria and that
hydrochlorothiazide (HCTZ) increases renal papillary osmola-
lity and Na™ concentration in Brattleboro rats. For elucidating
the molecular basis of the antidiuretic action of HCTZ in
diabetes insipidus, whether administration of HCTZ may affect
the expression of AQP2 and major renal Na™ transporters in
Li-induced NDI rats was investigated, using semiquantitative
immunoblotting and immunohistochemistry. After feeding
male Sprague-Dawley rats Li chloride—containing rat diet for 4
wk, HCTZ or vehicle was infused subcutaneously via osmotic
minipump. Urine output was significantly decreased by HCTZ

treatment, whereas it was not changed in vehicle-treated rats.
Urine osmolality was also higher in HCTZ-treated rats than in
vehicle-treated rats. Semiquantitative immunoblotting using
whole-kidney homogenates revealed that HCTZ treatment
caused a significant partial recovery in AQP2 abundance from
Li-induced downregulation. AQP2 immunohistochemistry
showed compatible findings with the immunoblot results in
both cortex and medulla. The abundances of thiazide-sensitive
NaCl co-transporter and a-epithelial sodium channel were
increased by HCTZ treatment. Notably, HCTZ treatment in-
duced a shift in molecular weight of y-epithelial sodium chan-
nel from 85 to 70 kD, consistent with previously demonstrated
aldosterone stimulation. The upregulation of AQP2 and distal
renal Na* transporters in response to HCTZ treatment may
account for the antidiuretic action of HCTZ in NDI.

In nephrogenic diabetes insipidus (NDI), the kidney is unable
to concentrate urine despite normal or elevated concentrations
of the antidiuretic hormone arginine vasopressin. The acquired
form of NDI is much more common than the congenital form,
which has mutations either in the vasopressin V, receptor gene
or in the aquaporin-2 (AQP2) gene (1). Lithium (Li) treatment
(2), hypokalemia (3), and ureteral obstruction (4) are three
common causes of acquired NDI, and all have been associated
with downregulation of AQP2 (2—4).
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One of the recommended regimens for the treatment of NDI
is low-sodium diet coupled with thiazides, although amiloride
is preferably used to mitigate Li-induced polyuria in humans
because of its blunting the inhibitory effect of Li on water
transport in the collecting duct (5). Thiazide diuretics paradox-
ically decrease urine volume and increase urine osmolality
presumably by producing a mild sodium depletion (6). The
widely accepted hypothesis suggests that thiazide-induced so-
dium depletion causes a reduction in distal delivery associated
with enhanced fractional water reabsorption in the collecting
duct (6,7). However, the mechanism by which thiazide diuret-
ics produce their paradoxic antidiuretic effect in patients or
animals with diabetes insipidus is poorly understood. Inhibi-
tion of NaCl reabsorption in the distal convoluted tubule alone
does not account for the antidiuretic effect of the thiazide
diuretics (6).

According to studies by Walter et al. (8) and Shirley et al.
(9) on Brattleboro rats, the antidiuretic effect of hydrochlo-
rothiazide (HCTZ) is secondary not only to the extracellular
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volume contraction but also to redistribution of body sodium
and increase in papillary osmolality. In addition, the possibility
that thiazide diuretics can directly affect water permeability in
the collecting duct epithelium was suggested (10), and a recent
in vitro microperfusion study reported that HCTZ enhanced
water absorption in inner medullary collecting duct from nor-
mal rats and from Brattleboro rats (11).

These previous notions led us to hypothesize that to produce
the antidiuretic effect in diabetes insipidus, HCTZ may directly
or indirectly act in the distal nephron segments and collecting
duct to affect expression of water channels and sodium trans-
porters. To test this hypothesis, we used semiquantitative im-
munoblotting and immunohistochemistry to investigate the
effects of HCTZ on the expression of AQP2, Na/H exchanger
type 3 (NHE3), bumetanide-sensitive Na-K-2Cl co-transporter
type 2 (NKCC2), thiazide-sensitive NaCl co-transporter
(NCC), and epithelial sodium channel (ENaC) in Li-induced
NDI rat kidneys.

Materials and Methods
Animals and Experimental Protocols

Specific pathogen-free male Sprague-Dawley rats (SLC Inc., Shi-
zuoka, Japan) that weighed 180 to 220 g were used to produce
Li-induced NDI animals and to treat with HCTZ. Initially, the rats
were randomly allocated to normal controls (n = 4) and Li-induced
NDI rats (n = 7). For Li administration, Li chloride was added to the
rat diet to give a concentration of 40 mmol Li/kg dry food as described
previously (2,12). Normal controls were given the same amount of
food without Li, and all rats were allowed free access to water. After
3 wk of Li administration, NDI induction was confirmed by measure-
ments of urine output and urine osmolality.

Then, after an additional week of Li administration to ensure the
induction of NDI, Li-induced NDI rats were randomly divided into
vehicle-treated rats (n = 4) and HCTZ-treated rats (n = 3). For
chronic HCTZ treatment for 7 d, osmotic minipumps (model 2ML1;
Alzet, Palo Alto, CA) were implanted subcutaneously to deliver 3.75
mg/d HCTZ (YuHan Corp., Seoul, Korea) as described previously
(13). HCTZ was dissolved in a 1.7% ethanolamine solution, and the
minipumps that contained vehicle (ethanolamine) alone were im-
planted in vehicle-treated rats. Li-containing food was offered con-
tinuously to both groups throughout the study period. Considering the
role of sodium depletion in the antidiuretic effect of thiazides in NDI
(14,15), no salt was added to the drinking fluid. Serum samples were
collected at the time each rat was killed for determination of the serum
Li concentration by a colorimetric method (VITROS 250 Chemistry
System; Shanghai Golden-Grand Medical Instruments Co., Ltd.,
Shanghai, China) (16).

Semiquantitative Immunoblotting

After the whole-animal experiments, the rats were killed by decap-
itation, and kidneys were rapidly removed and placed in chilled
isolation solution that contained 250 mM sucrose, 10 mM triethanol-
amine (Sigma, St. Louis, MO), 1 ug/ml leupeptin (Sigma), and 0.1
mg/ml PMSF (Sigma) titrated to pH 7.6. Next, the whole kidneys
were homogenized in 10 ml of ice-cold isolation solution at 15,000
rpm with three strokes for 15 s using a tissue homogenizer (PowerGun
125; Fisher Scientific, Pittsburgh, PA). After homogenization, total
protein concentration was measured using the bicinchoninic acid
protein assay reagent kit (Sigma) and adjusted to 2 ug/ul with
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isolation solution. The samples were then stabilized by adding 1 vol
of 5X Laemmli sample buffer per 4 vol of sample and heating to 60°C
for 15 min.

Initially, “loading gels” were done on each sample set to allow fine
adjustment of loading amount so as to guarantee equal loading on
subsequent immunoblots. Five micrograms of protein from each sam-
ple was loaded into each individual lane and electrophoresed on 12%
polyacrylamide-SDS minigels using Mini-PROTEAN III electro-
phoresis apparatus (Bio-Rad, Hercules, CA), and then stained with
Coomassie blue dye (G-250, Bio-Rad; 0.025% solution made in 4.5%
methanol and 1% acetic acid). Selected bands from these gels were
scanned (GS-700 Imaging Densitometry; Bio-Rad) to determine den-
sity (Molecular Analyst version 1.5; Bio-Rad) and relative amounts of
protein loaded in each lane. Finally, protein concentrations were
“corrected” to reflect these measurements.

For immunoblotting, the proteins were transferred electrophoreti-
cally from unstained gels to nitrocellulose membrane (Bio-Rad). After
being blocked with 5% skim milk in PBS-T (80 mM Na,HPO,, 20
mM NaH,PO,, 100 mM NaCl, 0.1% Tween-20 [pH 7.5]) for 30 min,
membranes were probed overnight at 4°C with the respective primary
antibodies. For probing blots, all antibodies were diluted into a solu-
tion that contained 150 mM NaCl, 50 mM sodium phosphate, 10
mg/dl sodium azide, 50 mg/dl Tween 20, and 0.1 g/dl BSA (pH 7.5).
The secondary antibody was goat anti-rabbit IgG conjugated to horse-
radish peroxidase (31458; Pierce, Rockford, IL) diluted to 1:3000.
Sites of antibody-antigen reaction were viewed using enhanced
chemiluminescence substrate (ECL RPN 2106; Amersham Pharmacia
Biotech, Buckinghamshire, UK) before exposure to x-ray film (Hy-
perfilm; Amersham Pharmacia Biotech). Relative quantification of the
band densities from immunoblots was carried out by densitometry
using a laser densitometer (GS-700 Imaging Densitometry; Bio-Rad).

Immunohistochemistry

The kidneys were perfused by retrograde perfusion via the abdom-
inal aorta with 1% PBS to remove blood and then with periodate-
lysine-paraformaldehyde (0.01 M NalO,, 0.075 M lysine, 2% para-
formaldehyde, in 0.0375 M Na,HPO, buffer [pH 6.2]) for the kidney
fixation for 3 min. After completion of perfusion, each kidney was
sliced into 5-mm-thick pieces and immersed in 2% periodate-lysine-
paraformaldehyde solution overnight at 4°C. Each slice was dehy-
drated with a graded series of ethanol and embedded in polyester wax.
The embedded pieces of kidney were sectioned at 5-um thickness on
a microtome (RM 2145; Leica Instruments GmbH, Nussloch,
Germany).

The sections were dewaxed with a graded series of ethanol and
treated with 3% H,O, for 30 min to eliminate endogenous peroxidase
activity. They were blocked with 6% normal goat serum (S-1000;
Vector Laboratory, Burlingame, CA) for 15 min and then incubated
overnight at 4°C with the respective primary antibodies diluted in
PBS. After incubation, they were washed with PBS and incubated for
30 min in biotinylated goat anti-rabbit IgG (BA-1000; Vector Labo-
ratory) at room temperature. Next, peroxidase standard Vectastain
ABC kit (PK-4000; Vector Laboratory) were added for 30 to 60 min
at room temperature. The sections were washed with PBS and incu-
bated in 3,3'-diaminobenzidine substrate kit (SK-4100; Vector Labo-
ratory). Hematoxylin staining was used as a counterstain. The slides
were mounted with Canadian balsam.

Primary Antibodies
For semiquantitative immunoblotting and immunohistochemistry,
we used previously characterized polyclonal antibodies. Affinity-
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purified polyclonal antibodies against AQP2 (17), NHE3 (18),
NKCC2 (19), NCC (20), and ENaC (21) were used.

Statistical Analyses

Values are presented as mean = SEM. Quantitative comparisons
between the groups were made by Mann-Whitney U test (Statview
software; Abacus Concepts Inc., Berkeley, CA). To facilitate com-
parisons in the semiquantitative immunoblotting, we normalized the
band density values by dividing by the mean value for the normal
control group. Thus, the mean for the normal control group is defined
as 100%. P < 0.05 was considered as indicative of statistical
significance.

Results
Induction of NDI by Li Administration

Diabetes insipidus (DI) was successfully induced by Li
administration for several weeks. Urine output measured at the
end of the third week of the experiment was remarkably high
in Li-administered rats (n = 7; 110 = 7 ml/d) compared with
normal controls (n = 4; 10 = 3 ml/d). Urine osmolality was
also remarkably lower in Li-administered rats (89 = 10 mOsm/
kgH,0) than in normal controls (1670 = 287 mOsm/kgH,0).

Effects of Chronic HCTZ Treatment

In NDI (Li-administered) rats, the effects of chronic HCTZ
treatment were tested after 7 d of continuous infusion. After
HCTZ treatment, urine output was significantly decreased (n =
3; 46 £ 11 ml/d), whereas it did not show a significant change
in vehicle-infused rats (n = 4; 127 = 1 ml/d). Urine osmolality
was also higher in HCTZ-treated rats (557 = 139 mOsm/
kgH,0) than in vehicle-treated rats (207 = 9 mOsm/kgH,0).
Considering the influence of HCTZ treatment on renal Li
clearance (22-25), we measured serum Li levels. The individ-
ual values (mEq/L) were 0.3, 0.3, 0.4, and 0.5 in Li + vehicle-
treated rats; 0.4, 0.5, and 0.5 in Li + HCTZ-treated rats; and
<0.2 in all normal controls. Thus, the serum Li level was not
significantly different between vehicle and HCTZ treatment in
Li-NDI rats. Figure 1 summarizes serial changes of daily urine
output and urine osmolality in response to Li with and without
HCTZ treatment.

Figure 2 shows an immunoblot of AQP2 from whole-kidney
homogenates and its densitometric analysis. Consistent with
previous reports (2,12), the abundance of AQP2 was remark-
ably reduced by chronic Li administration. Normalized band
densities for Li-administered rats and normal controls were 20
* 9 and 100 = 7%, respectively (P < 0.01). Notably, HCTZ
infusion for 7 d resulted in a significant increase in AQP2
abundance (39 = 2 versus 20 £ 9%; P < 0.05, percentage of
normal controls). Thus, chronic HCTZ infusion caused a par-
tial recovery in AQP2 abundance from Li-induced
downregulation.

Figure 3 demonstrates AQP2 immunohistochemistry from
normal control, Li + vehicle-treated, and Li + HCTZ-treated
rats. Compatible with the immunoblot result, it reveals differ-
ential immunoreactivity in different groups.

We also evaluated the abundances of major renal Na™ trans-
porters (NHE3, NCC, NKCC2, and ENaC) from whole-kidney
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Figure 1. Urine output (A) and urine osmolality (B) at basal state
(DO0), after lithium (Li) administration (D21), and after hydrochlo-
rothiazide treatment (D35). Data represent mean = SEM. Control,
normal control rats (n = 4); Li, Li + vehicle-treated rats (n = 4); Li
+ TZ, Li + hydrochlorothiazide-treated rats (n = 3).

homogenates. The abundance of NHE3 was not significantly
altered by Li with and without HCTZ treatment (Figure 4A).
Normalized band densities for normal control, Li + vehicle-
treated, and Li + HCTZ-treated rats were 100 = 12, 105 = 15,
and 94 = 6%, respectively. Compared with normal controls,
the abundance of NKCC2 was significantly increased in both
Li + vehicle-treated and Li + HCTZ-treated rats, but there
was no difference between the last two groups (276 £ 46% for
Li + HCTZ-treated rats versus 271 £ 20% for Li + vehicle-
treated rats; NS; Figure 4B). Conversely, the abundance of
NCC was not significantly affected by Li administration but
increased by HCTZ treatment in Li-induced NDI rats (292 =*
54% for Li + HCTZ-treated rats versus 79 = 25% for Li +
vehicle-treated rats; P < 0.05; Figure 4C).

Characteristic heterogeneous responses of «-ENaC and
v-ENaC to aldosterone stimulation have been reported at the
protein level (21). Likewise, the abundance of a-ENaC was
remarkably increased by HCTZ treatment in Li-induced NDI
rats (455 £ 60% for Li + HCTZ-treated rats versus 191 £
35% for Li + vehicle-treated rats; P < 0.05; Figure 4D), and
a shift in molecular weight of y-ENaC from 85 to 70 kD was
induced by HCTZ treatment (Figure 4E).

Figure 5 shows NCC immunohistochemistry from the renal
cortex of normal control, Li + vehicle-treated, and Li +
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Figure 2. Effects of Li administration with and without hydrochlo-
rothiazide treatment on aquaporin-2 (AQP2) abundance in whole
kidneys. (A) Immunoblot reacted with anti-AQP2 reveals glycosy-
lated and nonglycosylated forms of AQP2 in each group. Each lane
was loaded with protein sample from a different rat. (B) Densitometric
analysis reveals a marked decrease in whole kidney AQP2 abundance
in both Li and Li + TZ groups. Compared with Li, Li + TZ shows a
significant increase in AQP2 abundance. Control, normal control rats;
Li, lithium + vehicle-treated rats; Li + TZ, lithium + hydrochlo-
rothiazide-treated rats. *P < 0.05; **P < 0.01.

HCTZ-treated rats. Compatible with the immunoblot result, it
demonstrates a marked increase in immunostaining in Li +
HCTZ-treated versus Li + vehicle-treated rat.

Discussion

We demonstrate that, in Li-induced NDI rats, upregulation
of AQP2, NCC, and ENaC is induced by chronic HCTZ
treatment. A partial recovery from Li-induced AQP2 down-
regulation and aldosterone-activated upregulation of distal re-
nal Na™ transporters may account for the antidiuretic action of
HCTZ in NDI. These results provide new information on the
renal mechanisms of the antidiuretic effect of thiazide diuretics
in DL

HCTZ Treatment Partially Reverses Li-Induced AQP2
Downregulation

Chronic Li therapy is known to be a major cause of NDI
(26), and downregulation of AQP2 has been shown to be
associated with the development of severe polyuria in both
central and nephrogenic DI (27-30). Consistent with previous
studies (2,12), we showed that the abundance of AQP2 in rat
kidney was markedly decreased (~—80%) after several weeks
of Li administration. This was associated with an increase
(~11-fold) in urine output and a decrease in urine osmolality
(~—95%) in the Li-induced NDI rats. With HCTZ treatment
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Figure 3. Immunohistochemistry of AQP2 in cortex and inner me-
dulla from normal control (A and D), Li + vehicle-treated (B and E),
and Li + hydrochlorothiazide-treated (C and F) rat kidneys. In both
cortex (left) and inner medulla (right), a decrease in AQP2 immuno-
staining in Li + vehicle-treated versus normal control rat and an
increase in AQP2 immunostaining in Li + hydrochlorothiazide-
treated versus Li + vehicle-treated rat are noted. Magnification,
X100.

for 1 wk, polyuria was significantly reduced (~—65%) and
urine osmolality was also markedly enhanced (~170%).

Thiazide diuretics may affect renal Li clearance and hence
alter Li toxicity. When chlorothiazide was administered to
Na*-restricted healthy humans, it acutely increased Li clear-
ance by ~25% (22). Conversely, when using thiazides chron-
ically with Li, these diuretics decrease renal clearance of Li
(23). Specifically, thiazide diuretics have demonstrated the
greatest potential to increase Li concentrations, with a 25 to
40% increase in concentrations often evident after initiation of
therapy (24,25). According to the results of the serum Li levels
from our animals, HCTZ treatment does not seem to have
affected Li toxicity in our animal model of NDI.

When thiazide diuretics are administered to patients with DI,
the effect of reduction in urine volume and elevation of urine
osmolality was first observed by Crawford and Kennedy (31)
and later confirmed by others (32,33). However, this apparent
clinical pharmacologic paradox has not been clearly under-
stood, and the following mechanism has been proposed to
account for the antidiuretic effect of thiazides (6,7). An initial
reduction of sodium reabsorption in the distal convoluted tu-
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Figure 4. Effects of Li administration with and without hydrochlo-
rothiazide treatment on abundances of Na/H exchanger type 3
(NHE3), bumetanide-sensitive Na-K-2Cl co-transporter type 2
(NKCC2), thiazide-sensitive NaCl co-transporter (NCC), and epithe-
lial sodium channel (ENaC) in whole kidneys. (A) Immunoblot re-
acted with anti-NHE3 shows no significant differences in NHE3
abundance between groups. (B) Immunoblot reacted with anti-
NKCC?2 shows no change in NKCC2 abundance in Li + TZ versus Li
rats. (C) Immunoblot reacted with anti-NCC shows an increase in
NCC abundance in Li + TZ versus Li rats. (D) Immunoblot reacted
with anti—a-ENaC shows a remarkable increase in a-ENaC abun-
dance in Li + TZ versus Li rats. (E) Immunoblot reacted with
anti—y-ENaC clearly shows a shift in molecular weight of y-ENaC
from 85 to 70 kD with hydrochlorothiazide treatment. See text for
details. Each lane was loaded with protein sample from a different rat.
Control, normal control rats; Li, lithium + vehicle-treated rats; Li +
TZ, lithium + hydrochlorothiazide-treated rats.

bule increases sodium excretion and causes extracellular fluid
volume contraction. As a result, the GFR decreases and the
proximal tubular sodium and water reabsorption increases.
Consequently, less water and sodium are delivered to the
collecting ducts, and less water is excreted.

Consistent with this notion, in a study on Brattleboro rats
with central DI, Walter er al. (34) showed that the antidiuresis
that follows acute administration of HCTZ is entirely second-
ary to the natriuresis and consequent sodium depletion induced
by the drug. However, Shirley er al. (9) showed that the
mechanism of sustained antidiuresis during chronic HCTZ
administration in DI differs from that of the acute response.
When they recorded distal delivery and urine flow simulta-
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c)

Figure 5. Immunohistochemistry of thiazide-sensitive NCC in cortex
from normal control (A), Li + vehicle-treated (B), and Li + hydro-
chlorothiazide-treated (C) rat kidneys. An increase in NCC immuno-
staining is noted in Li + hydrochlorothiazide-treated versus Li +
vehicle-treated rat. Magnification, X 100.

neously during chronic thiazide antidiuresis, the allover change
in distal delivery (—15%) or the enhanced proximal solute and
water reabsorption was considered to be too small to account
for the profound antidiuresis. Thus, an additional antidiuretic
effect on distal nephron segments can be postulated, and our
study was undertaken to address this issue.

AQP2 is exclusively expressed in the principal cells of the
connecting tubule and collecting duct and is the predominant
vasopressin-regulated water channel (29). In this study, we
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demonstrated that the abundance of AQP2 was almost doubled
by chronic HCTZ treatment in Li-induced NDI rats. Therefore,
the Li-induced AQP2 downregulation was partially (from 20 to
40% of normal controls) reversed by chronic HCTZ treatment.
Recently, an in vitro microperfusion study performed by Cesar
and Magaldi (11) showed that HCTZ increased osmotic and
diffusional water permeabilities in inner medullary collecting
duct from normal rats (in the absence of vasopressin) and from
Brattleboro rats. Our results suggest that the increase in water
permeability induced by HCTZ in NDI should not be limited to
the inner medullary collecting duct because our AQP2 immu-
nohistochemistry in cortex showed the similar pattern to that in
inner medulla (Figure 3). These data support the hypothesis
that thiazides may act in segments beyond the distal convoluted
tubule. However, we cannot exclude the possibility that the
various transporters are regulated by secondary effects of thia-
zides including alterations in total body salt and water; changes
in aldosterone or angiotensin II; and changes in total body
potassium, magnesium, or calcium.

Previously, Gronbeck et al. (28) investigated whether the
abundance or the subcellular distribution of AQP2 protein is
changed in Brattleboro rats by 5 d of treatment with bendroflu-
methiazide. In contrast with our result, they reported no change
in the expression of AQP2 associated with bendroflumethia-
zide-induced antidiuresis. Vasopressin may be required for the
thiazide-induced increase in AQP2. In the aspect of pharma-
cologic properties, HCTZ significantly inhibits carbonic anhy-
drase activity, whereas bendroflumethiazide lacks the carbonic
anhydrase inhibiting activity (35).

HCTZ Treatment Upregulates NCC and ENaC in Li-
Induced NDI

We also tested whether the abundances of major renal Na™
transporters are affected by HCTZ treatment in Li-induced
NDI. According to studies by Kwon et al. (12) and Nielsen et
al. (36), urinary sodium excretion is markedly increased in rats
with Li-induced NDI. This wasting of sodium was explained
by a marked decrease in the abundance of B-ENaC and
v-ENaC in the cortex and outer medulla (36). In addition,
HCTZ inhibits sodium chloride transport in the distal convo-
luted tubule (37). Thus, sodium depletion is expected in Li-
induced NDI and HCTZ-treated NDI rats.

In our results from Li-induced NDI rats, the changes in the
abundance of major Na™ transporters in proximal tubule, loop
of Henle, and distal convoluted tubule are consistent with a
previous study (12). The abundance of NHE3, the major apical
Na™ transporter in proximal tubule, was not affected by Li with
and without HCTZ treatment. The abundance of NKCC2, the
major apical Na™ transporter in thick ascending limb of Hen-
le’s loop, was increased in both Li + vehicle-treated and Li +
HCTZ-treated groups. This result seems to be compatible with
upregulation of NKCC2 by vasopressin (19).

Our interest was to determine whether any changes occur in
the expression of distal Na™ transporters in response to chronic
HCTZ treatment in Li-induced NDI. Previously, the osmolality
of renal papillary interstitial fluid from HCTZ-treated Brattle-
boro rats was shown to be considerably greater than that from
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untreated animals, accompanied by a significant increase in
sodium concentration (9). In this study, the abundance of NCC
in distal convoluted tubule was not altered by Li administration
but increased by HCTZ treatment in Li-induced NDI rats. This
result can be interpreted in light of the notion from our previ-
ous studies: (/) aldosterone upregulates the expression of NCC
(20), and (2) chronic HCTZ treatment induces a compensatory
increase in the abundance of NCC (13).

ENaC is the major apical Na™ pathway in connecting tubule
and collecting duct and is activated by aldosterone. We showed
a characteristic change in the ENaC subunit proteins, which is
consistent with the response to aldosterone stimulation as pre-
viously demonstrated (21). With chronic HCTZ treatment,
Li-induced NDI rat kidneys revealed an increase in the abun-
dance of a-ENaC and a shift in molecular weight of y-ENaC
from 85 to 70 kD. This finding was shown to be accompanied
by a striking redistribution of ENaC from the cytoplasmic to
the apical region of the collecting duct principal cells (21).
Taken together with the result of the NCC expression, aldo-
sterone release must have been stimulated by HCTZ treatment
in our Li-induced NDI rats.

Potential mechanisms of the increase in a-ENaC protein
abundance include increased transcription of the a-ENaC gene
(38—41) and alterations in protein synthesis (42) or degrada-
tion (43). A likely explanation for a shift in the molecular
weight of the +y subunit would be a physiologic proteolytic
cleavage in response to aldosterone stimulation (21). Studies of
ENaC expressed in Xenopus oocytes have demonstrated that
serine proteases applied from the extracellular side activate the
channel by increasing the open probability (44). Vallet et al.
(45) identified an epithelial serine protease, CAP1, that acti-
vates ENaC and is induced by aldosterone, providing a possi-
ble explanation for the observed molecular weight shift of the
v subunit.

Upregulation of NCC and ENaC induced by HCTZ treat-
ment would enhance sodium reabsorption along the distal
segments of nephron. The upregulation of NCC tends to mit-
igate the primary effect of the thiazide diuretic. Besides, the
increased ENaC-mediated transport in response to HCTZ de-
creases luminal osmolality in the cortical connecting tubule
and collecting duct and increases the driving force for water
reabsorption.

Acknowledgments

Part of this work was presented in abstract form at the European
Renal Association meeting; Copenhagen, Denmark; July 2002.

We thank So-Young Kim and Han-Na Jung for technical
assistance.

References
1. Bichet DG: Nephrogenic diabetes insipidus. Am J Med 105:
431-442, 1998
2. Marples D, Christensen S, Christensen EI, Ottosen PD, Nielsen
S: Lithium-induced downregulation of aquaporin-2 water chan-
nel expression in rat kidney medulla. J Clin Invest 95: 1838 —
1845, 1995



2842

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Journal of the American Society of Nephrology

Marples D, Frokiaer J, Dorup J, Knepper MA, Nielsen S: Hy-
pokalemia-induced downregulation of aquaporin-2 water chan-
nel expression in rat kidney medulla and cortex. J Clin Invest 97:
1960-1968, 1996

Frokiaer J, Marples D, Knepper MA, Nielsen S: Bilateral ureteral
obstruction downregulates expression of vasopressin-sensitive
AQP-2 water channel in rat kidney. Am J Physiol 270: F657—
F668, 1996

Batlle DC, von Riotte AB, Gaviria M, Grupp M: Amelioration of
polyuria by amiloride in patients receiving long-term lithium
therapy. N Engl J Med 312: 408-414, 1985

Earley LE, Orloff J: The mechanism of antidiuresis associated
with the administration of hydrochlorothiazide to patients with
vasopressin-resistant diabetes insipidus. J Clin Invest 41: 1988—
1997, 1962

Kennedy GC, Crawford JD: A comparison of the effects of
adrenalectomy and of chlorothiazide in experimental diabetes
insipidus. J Endocrinol 22: 77-83, 1961

Walter SJ, Skinner J, Laycock JF, Shirley DG: The antidiuretic
effect of chronic hydrochlorothiazide treatment in rats with dia-
betes insipidus: water and electrolyte balance. Clin Sci 63: 525—
532, 1982

Shirley DG, Walter SJ, Laycock JF: The antidiuretic effect of
chronic hydrochlorothiazide treatment in rats with diabetes in-
sipidus: Renal mechanisms. Clin Sci 63: 533-538, 1982
Calesnick B, Brenner SA: An observation of hydrochlorothiazide
in diabetes insipidus. JAMA 176: 1088—-1091, 1961

Cesar KR, Magaldi AJ: Thiazide induces water absorption in the
inner medullary collecting duct of normal and Brattleboro rats.
Am J Physiol 277: F7156-F750, 1999

Kwon TH, Laursen UH, Marples D, Maunsbach AB, Knepper
MA, Frokiaer J, Nielsen S: Altered expression of renal AQPs and
Na™ transporters in rats with lithium-induced NDI. Am J Physiol
Renal Physiol 279: F552-F564, 2000

Na KY, Oh YK, Han JS, Joo KW, Lee JS, Earm JH, Knepper
MA, Kim GH: Upregulation of Na* transporter abundances in
response to chronic thiazide or loop diuretic treatment in rats.
Am J Physiol Renal Physiol 284: F133-F143, 2003

Blalock T, Gerron G, Quiter E, Rudman D: Role of diet in the
management of vasopressin-responsive and -resistant diabetes
insipidus. Am J Clin Nutr 30: 1070-1076, 1977

Janjua NR, Jonassen TEN, Langhoff S, Thomsen K, Christensen
S: Role of sodium depletion in acute antidiuretic effect of ben-
droflumethiazide in rats with nephrogenic diabetes insipidus.
J Pharmacol Exp Ther 299: 307-313, 2001

Christenson RH, Mandichak JJ, Duh SH, Augustyn JM, Thomp-
son JC: Clinical performance characteristics of a new photomet-
ric lithium assay: A multicenter study. Clin Chim Acta 327:
157-164, 2003

Nielsen S, DiGiovanni SR, Christensen EI, Knepper MA, Harris
HW: Cellular and subcellular immunolocalization of vasopres-
sin-regulated water channel in rat kidney. Proc Natl Acad Sci U
S A 90: 11663-11667, 1993

Kim GH, Ecelbarger C, Knepper MA, Packer RK: Regulation of
thick ascending limb ion transporter abundance in response to
altered acid/base intake. J Am Soc Nephrol 10: 935-942, 1999
Kim GH, Ecelbarger CA, Mitchell C, Packer RK, Wade JB,
Knepper MA: Vasopressin increases Na-K-2Cl cotransporter ex-
pression in thick ascending limb of Henle’s loop. Am J Physiol
276: F96-F103, 1999

Kim GH, Masilamani S, Turner R, Mitchell C, Wade JB, Knep-
per MA: The thiazide-sensitive Na-Cl cotransporter is an aldo-

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

J Am Soc Nephrol 15: 2836-2843, 2004

sterone-induced protein. Proc Natl Acad Sci U S A 95: 14552—
14557, 1998

Masilamani S, Kim GH, Mitchell C, Wade JB, Knepper MA:
Aldosterone-mediated regulation of ENaC alpha, beta, and
gamma subunit proteins in rat kidney. J Clin Invest 104: R19—
R23, 1999

Boer WH, Koomans HA, Dorhout Mees EJ: Acute effects of
thiazides, with and without carbonic anhydrase inhibiting activ-
ity, on lithium and free water clearance in man. Clin Sci 76:
539-545, 1989

Lant A: Diuretic drugs. Progress in clinical pharmacology. Drugs
31[Suppl 4]: 40-55, 1986

Finley PR, Warner MD, Peabody CA: Clinical relevance of drug
interactions with lithium. Clin Pharmacokinet 29: 172-191, 1995
Poust RI, Mallinger AG, Mallinger J, Himmelhoch JM, Neil JF,
Hanin I: Effect of chlorothiazide on the pharmacokinetics of
lithium in plasma and erythrocytes. Psychopharmacol Commun
2:273-284, 1976

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

Kanno K, Sasaki S, Hirata Y, Ishikawa S, Fushimi K, Nakanishi
S, Bichet DG, Marumo F: Urinary excretion of aquaporin-2 in
patients with diabetes insipidus. N Engl J Med 332: 15401545,
1995

Gronbeck L, Marples D, Nielsen S, Christensen S: Mechanism of
antidiuresis caused by bendroflumethiazide in conscious rats
with diabetes insipidus. Br J Pharmacol 123: 737-745, 1998
Promeneur D, Kwon TH, Frokiaer J, Knepper MA, Nielsen S:
Vasopressin V,-receptor-dependent regulation of AQP2 expres-
sion in Brattleboro rats. Am J Physiol Renal Physiol 279: F370—
F382, 2000

Nielsen S, Frokiaer J, Marples D, Kwon TH, Agre P, Knepper
MA: Aquaporins in the kidney: From molecules to medicine.
Physiol Rev 82: 205-244, 2002

Crawford JD, Kennedy GC: Chlorothiazid in diabetes insipidus.
Nature 28; 183: 891-892, 1959

Havard JCH, Wood PHN: The effect of diuretics on renal water
excretion in diabetes insipidus. Clin Sci 21: 321-332, 1961
Crawford JD, Kennedy GC, Hill LE: Clinical results of treatment
of diabetes insipidus with drugs of the chlorothiazide series.
N Engl J Med 262: 737-743, 1960

Walter SJ, Laycock JF, Shirley DG: A micropuncture study of
proximal tubular function after acute hydrochlorothiazide admin-
istration to Brattleboro rats with diabetes insipidus. Clin Sci 57:
427-434, 1979

Pickkers P, Garcha RS, Schachter M, Smits P, Hughes AD:
Inhibition of carbonic anhydrase accounts for the direct vascular
effects of hydrochlorothiazide. Hypertension 33: 1043-1048,
1999

Nielsen J, Kwon TH, Praetorius J, Kim YH, Frokiaer J, Knepper
MA, Nielsen S: Segment-specific ENaC downregulation in kid-
ney of rats with lithium-induced NDI. Am J Physiol Renal
Physiol 285: F1198-F1209, 2003

Ellison DH, Velazquez H, Wright FS: Thiazide-sensitive sodium
chloride cotransport in early distal tubule. Am J Physiol 253:
F546-F554, 1987

Stokes JB, Sigmund RD: Regulation of rENaC mRNA by dietary
NaCl and steroids: organ, tissue, and steroid heterogeneity. Am J
Physiol 274: C1699-C1707, 1998



J Am Soc Nephrol 15: 28362843, 2004

39.

40.

41.

42.

Ono S, usano E, Muto S, Ando Y, Asano Y: A low-Na* diet
enhances expression of mRNA for epithelial Na+ channel in rat
renal inner medulla. Pflugers Arch 434: 756763, 1997

Asher C, Wald H, Rossier BC, Garty H: Aldosterone-induced
increase in the abundance of Na™* channel subunits. Am J Physiol
271: C605-C611, 1996

Escoubet B, Coureau C, Bonvalet J-P, Farman N: Noncoordinate
regulation of epithelial Na channel and Na pump subunit mRNAs
in kidney and colon by aldosterone. Am J Physiol 272: C1482—
Cl1491, 1997

May A, Puoti A, Gaeggeler HP, Horisberger JD, Rossier BC:
Early effect of aldosterone on the rate of synthesis of the epithe-

43.

44.

45.

Upregulation of AQP2 by HCTZ in Li-Induced DI 2843

lial sodium channel alpha subunit in A6 renal cells. J Am Soc
Nephrol 8: 1813-1822, 1997

Staub O, Gautschi I, Ishikawa T, Breitschopf K, Ciechanover A,
Schild L, Rotin D: Regulation of stability and function of the
epithelial Na* channel (ENaC) by ubiquitination. EMBO J 16:
6325-6336, 1997

Chraibi A, Vallet V, Firsov D, Hess SK, Horisberger JD: Protease
modulation of the activity of the epithelial sodium channel ex-
pressed in Xenopus oocytes. J Gen Physiol 111: 127-138, 1998
Vallet V, Chraibi A, Gaeggeler HP, Horisberger JD, Rossier BC:
An epithelial serine protease activates the amiloride-sensitive
sodium channel. Nature 389: 607-610, 1997

Access to UpToDate on-line is available for additional clinical information
at http://www.jasn.org/

See related editorial, “Paradoxical Antidiuretic Effect of Thiazides in Diabetes Insipidus: Another Piece in the Puzzle,”
on pages 2948-2950.




