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Abstract

Background

The absence of NCC does not cause significant salt wasting in NCC deficient mice under

basal conditions. We hypothesized that ENaC and pendrin play important roles in compen-

satory salt absorption in the setting of NCC inactivation, and their inhibition and/or downre-

gulation can cause significant salt wasting in NCC KOmice.

Methods

WT and NCC KOmice were treated with a daily injection of either amiloride, an inhibitor of

ENaC, or acetazolamide (ACTZ), a blocker of salt and bicarbonate reabsorption in the proxi-

mal tubule and an inhibitor of carbonic anhydrases in proximal tubule and intercalated cells,

or a combination of acetazolamide plus amiloride for defined durations. Animals were sub-

jected to daily balance studies. At the end of treatment, kidneys were harvested and exam-

ined. Blood samples were collected for electrolytes and acid base analysis.

Results

Amiloride injection significantly increased the urine output (UO) in NCC KOmice (from 1.3

ml/day before to 2.5 ml/day after amiloride, p<0.03, n = 4) but caused only a slight change in

UO in WTmice (p>0.05). The increase in UO in NCC KOmice was associated with a signifi-

cant increase in sodium excretion (from 0.25 mmol/24 hrs at baseline to 0.35 mmol/24 hrs

after amiloride injection, p<0.05, n = 4). Daily treatment with ACTZ for 6 days resulted in

>80% reduction of kidney pendrin expression in both WT and NCC KOmice. However,

ACTZ treatment noticeably increased urine output and salt excretion only in NCC KOmice

(with urine output increasing from a baseline of 1.1 ml/day to 2.3 ml/day and sodium
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excretion increasing from 0.22 mmole/day before to 0.31 mmole/day after ACTZ) in NCC

KOmice; both parameters were significantly higher than in WTmice. Western blot analysis

demonstrated significant enhancement in ENaC expression in medulla and cortex of NCC

KO andWTmice in response to ACTZ injection for 6 days, and treatment with amiloride in

ACTZ-pretreated mice caused a robust increase in salt excretion in both NCC KO andWT

mice. Pendrin KO mice did not display a significant increase in urine output or salt excretion

after treatment with amiloride or ACTZ.

Conclusion

1. ENaC plays an important role in salt reabsorption in NCC KOmice. 2. NCC contributes to

compensatory salt reabsorption in the setting of carbonic anhydrase inhibition, which is

associated with increased delivery of salt from the proximal tubule and the down regulation

of pendrin. 3. ENaC is upregulated by ACTZ treatment and its inhibition by amiloride causes

significant diuresis in NCC KO andWT mice. Despite being considered mild agents individ-

ually, we propose that the combination of acetazolamide and amiloride in the setting of

NCC inhibition (i.e., hydrochlorothiazide) will be a powerful diuretic regimen.

Introduction
Kidney is the major organ responsible for maintaining electrolyte balance and acid-base
homeostasis through the absorption of NaCl and secretion of acid or base equivalents in vari-
ous nephron segments [1–21]. The bulk of Na+, Cl−, and HCO3

− is reabsorbed in the proximal
tubule via an apical Na+/H+ exchanger and a Cl−/base exchanger acting in parallel [1–4]. Salt
absorption in the thick ascending limb (TAL) and the distal convoluted tubules (DCT) is pri-
marily mediated via NKCC2 (apical Na-K-Cl cotransporter) and NCC (Na-Cl cotransporter),
respectively [5–8]. The collecting duct (CD) and the connecting tubule (CNT) are involved in
the fine-tuning of acid-base transport and electrolyte and fluid balance. The sodium absorption
in the CNT and CCD (cortical collecting duct) is mediated via the epithelial sodium channel
ENaC in principal cells, whereas chloride is absorbed primarily via pendrin, an apical Cl−/
HCO3

- exchanger expressed in non A-intercalated cells [9–16]. Recent studies suggest that the
sodium-dependent chloride bicarbonate exchanger (NDCBE) also plays a role in salt absorp-
tion in CCD [17, 18].

Based on its dual function of bicarbonate secretion and chloride reabsorption, it was origi-
nally thought that pendrin plays important roles in acid base regulation and electrolyte homeo-
stasis under basal conditions. Mice with the genetic deletion of pendrin or humans with
inactivating mutations in PDS gene, however, do not display excessive salt and fluid wasting or
altered blood pressure under baseline conditions [22, 23]. Similarly, mice with the genetic abla-
tion of NCC do not display excessive salt wasting under baseline conditions [24].

Very recent reports have unmasked the basis of incongruity between the mild phenotype in
NCC KO- or pendrin KO mice, and the role of pendrin and NCC as important players in salt
reabsorption in the distal tubule. These studies demonstrate that pendrin and NCC cross com-
pensate for the loss of each other, therefore masking the role that each transporter plays in salt
reabsorption under baseline conditions [25]. The purpose of the current studies was to test the
effect of inhibition of ENaC, as a collaborating partner of pendrin, or the down regulation of
pendrin on salt excretion in NCC KOmice.

Role of ENaC and Pendrin in Kidneys of NCC Null Mice
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Methods

Animal models
Wild type (WT), NCC KO and pendrin KOmice, on C57BL/6 background, were utilized for
these studies. Details of generation of pendrin (Slc26a4) null mice and the thiazide sensitive Na-
Cl cotransporter (NCC; Slc12a3) null mice (generous gifts from Dr. Gary Shull) have been
reported before [23, 24]. The Institutional Animal Care and Use Committee (IACUC) at the Uni-
versity of Cincinnati approved these studies. All animal handlers were IACUC-trained. Animals
had access to food and water ad libitum, were housed in humidity-, temperature-, and light/
dark- controlled rooms, and were inspected daily. Animals were euthanized with the use of excess
anesthetics (pentobarbital sodium) according to institutional guidelines and approved protocols.

Experimental protocols
For experiments, mice were injected with 5mg/kg/day of amiloride, a specific inhibitor of
ENaC for 5 days, or 100mg/kg body weight/day of acetazolamide (ACTZ), a carbonic anhy-
drase inhibitor, for 6 days [26–28]. ACTZ was dissolved in 1:4 solution of DMSO:Sunflower
Seed Oil. Animals were subjected to balance studies. At the end of treatments, kidneys were
harvested and processed for RNA and protein extraction. Blood samples were collected for
electrolytes and acid base balance measurement. In separate set of experiments, WT and pen-
drin KO mice were treated with either amiloride (n = 5) for 5 days or with ACTZ for 6 days
(n = 5). In additional set of experiments, WT and NCC KOmice were pretreated with ACTZ
for 6 days and then received acetazolamide plus amiloride for 3 more days.

Tail DNA genotyping
NCC KO genotyping. NCC primers: KO forward, 5’AGG GTC AAG GGC ACG GTT

GGC 3’; KO reverse, 5’GGT AAA GGG AGC GGG TCC GAG G 3’; KO rev pk, 5’GCA TGC
TCC AGA CTG CCT TG 3’. PCR Conditions: 1, 94°C 2 min 1 cycle; 2, 94°C 30 seconds 68°C
30 seconds, repeat for 35 cycle, 68°C 3min; end and hold at 4°C.

Pendrin KO genotyping. The primers for pendrin genotyping were the same as those
described in our original paper reporting the generation of pendrin KO mice [23] and are as
follows: the first set of pendrin specific oligos: PDS A2, GGC AGG CAA GCA TTC TAC CAC
TAA G; PDS F7, GGA ACT TCG CTA GAC TAG TAC GCG TG exclusively amplified a
1.8-kb (PDS KO) fragment of the ablated PDS gene. The second set of pendrin oligos:
PDS-A2-1, GCA GGC AAG CAT TCT ACC AC; PDS-3-S, AGG TAA GAT GCT GCT GGA
TAG G specifically amplified a 1.9-kb fragment of the WT PDS gene. The PCR conditions for
both reactions were as follows: initial denaturation for 2 min at 94°C; followed by annealing, 35
cycles at 94°C for 30 s; extension, 65°C for 30 s; and final extension, 68°C for 2 min. Products
of the two PCR reactions were size-fractionated. The presence of the 1.8- and 1.9-kb band was
indicative of the mutant and wild type alleles, respectively.

Antibodies
Pendrin antibodies were generated in our laboratory as described [23]. The polyclonal antibod-
ies against ENaC subunits (α, β γ) were purchased from StressMarq (#SPC-402D, 404D and
505D), Victoria, BC.

Western blot analysis
Membrane proteins were prepared from mouse kidneys as previously described [23, 25]. Mem-
brane proteins were size-fractionated by SDS/PAGE (40μg/lane) and transferred to
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nitrocellulose membrane. Western blot analyses were performed using anti-ENaC antibodies.
Appropriate horseradish peroxidase-conjugated IgGs (Thermo Scientific, Rockford, IL) were
used as secondary antibodies. The bands were visualized by chemiluminescence method (Invi-
trogen, Carlsbad, CA), captured on light-sensitive imaging film (Denville Scientific Inc, Metu-
chen, NJ) and quantitated by densitometry.

Immunofluorescence labeling studies
Animals were euthanized with an overdose of pentobarbital sodium and perfused through the
left ventricle with 0.9% saline followed by cold 4% paraformaldehyde in 0.1 M sodium phos-
phate buffer (pH 7.4). Kidneys were removed, cut in tissue blocks, and fixed in formaldehyde
solution overnight at 4°C. The tissue was either frozen on dry ice or fixed in paraffin, and 6-μm
sections were cut with a cryostat and stored until used. Single-immunofluorescence labeling
with pendrin antibodies was performed as described [23, 25].

RNA isolation and Northern hybridization
Total cellular RNA was extracted from kidneys, according to established methods, quantitated
spectrophotometrically; and stored at -80°C. Hybridization was performed according to estab-
lished protocols [11, 19]. Gene specific DNA fragments were generated by RT-PCR and used
as specific probes for Northern blot hybridization. For pendrin, a fragment encoding nucleo-
tides 1883–2217 from a mouse cDNA was generated from mouse kidney and used. For ENaC
subunits, PCR-amplified isoform specific fragments were prepared and used as specific probes
for subunits α (nucleotides 1,197–1,890), β (nucleotides 1,012–1,848), and γ (nucleotides 135–
790). Each Northern blot hybridization was performed at least on four different animals.

Quantitative RT-PCR for analysis of NKCC2 isotype expression profile
Total RNA (1μg) isolated from kidneys of WT and pendrin/NCC dKOmice was used for first
strand DNA synthesis. Real-time PCR for quantitation of NKCC2 isoforms and glycerol phos-
phate dehydrogenase (GAPDH) was performed using the SYBR1 Green Real-Time PCRMas-
ter Mix (Life Technologies). The following oligonucleotide primers that were previously
utilized for qRT-PCR analysis of NKCC2 and its isotype specific transcripts were used: NKCC2
antisense primer, 5’-CTA AGC TCC GGG AAA TCA GGT A-3’; NKCC2-A antisense primer,
5’-ccc agt gat aga ggt tac cat ggt-3’; NKCC2-B antisense primer, 5’-gac aaa cct gtg atg gct gtc a-
3’; NKCC2-F antisense primer, 5’-aca act acg ctc agg cca atg-3’; NKCC2 sense primer, 5’-gcc tct
cct gga ttg tag gag aa-3’. NKCC2 isoform mRNA expression results were normalized against
GAPDHmRNA expression of the corresponding samples. The final results were expressed as
fold change in the expression of each NKCC2 isotype in NCC KO compared to WTmice.

Urine and serum electrolytes analysis
Mice were housed in metabolic cages and had free access to rodent chow and water. Food
intake, water intake, and urine volume were measured daily. Urine was collected under mineral
oil. Urine chloride and sodium concentrations were measured using a digital chloridometer
(HBI Haake Buchler Instruments, Inc.). Serum concentration of Na+, K+, Ca++, and HCO3

-

were measured using i-STATR-1 analyzer with i-STAT EG7+ cartridges (Abbott Laboratories,
Abbott Park, IL).
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Statistical analysis
The results for urine volume and salt excretion are presented as means ± SE. Statistical signifi-
cance between wild-type and NCC KO or between WT and pendrin KO mice was determined
by Student's unpaired t- test or ANOVA and P<0.05 was considered significant.

Results

Expression of ENaC in kidneys of NCC KOmice
The northern hybridizations and western blots in Fig 1 depict the expression of ENaC subunits
in kidneys of WT and NCC KOmice. Northern hybridizations show significant upregulation
of mRNA encoding ENaCα, βand γ subunits in kidneys of NCC KOmice (Fig 1A). The
mRNA expression levels forα, β and γ subunits, when normalized for 28S rRNA intensity,
increased by 110, 80 and 70%, respectively, in kidneys of NCC null mice vs. wild type mice
(p<0.02,<0.05 and<0.05, vs. WT). The analysis of Western blots by densitometric scanning
demonstrated the upregulation of cleaved form (70 kDa) of ENaC γ subunit in kidneys of NCC
KOmice (Fig 1B), with the cleaved band increasing by ~420% in NCC KOmice (p<0.02).
Expression levels of full length ENaCα, β and γ subunits remained unchanged vs. WT mice
(Fig 1B), confirming the published reports [29].

Expression of NKCC2 in kidneys of NCC KOmice
The expression levels of NKCC2 and its isotypes in the kidneys of WT and NCC-KOmice
were compared using qRT-PCR analysis, as described in Method Section. The results are
depicted in Fig 1C and indicate a mild but significant increment in the expression of total
NKCC2 and NKCC2 B isotype.

Effect of amiloride on urine output and water intake in NCCKOandWTmice
Mice in metabolic cages were treated with daily intraperitoneal (IP) injection of amiloride for
5 days. Urine output was collected daily. For the analysis, urine output collections on day 3 of
amiloride injection were compared between WT and NCC KOmice. As shown in Fig 2A,
urine output almost doubled in NCC KOmice after amiloride injection (baseline urine output
was 1.30 ml and increased to 2.5 ml/24 hrs after amiloride injection). Urine output in WT mice
did not change significantly after amiloride injection (baseline urine output was 1.22 ml per
day, and was increased to 1.32 ml per/24 hrs after injection). Water intake was higher after
amiloride in NCC KOmice but not in WT mice (Fig 2B).

Effect of amiloride on sodium excretion in WT and NCC KOmice
As shown in Fig 3, sodium excretion in NCC KOmice was significantly increased after amilor-
ide injection (from 0.25 mmol/24 hrs at baseline and 0.35 mmol/24 hrs after amiloride injec-
tion, p<0.05) but remained unchanged in WT littermates.

Enhanced expression of pendrin in kidneys of NCC KOmice
Fig 4 shows the expression of pendrin in kidneys of NCCKO andWT, as determined by northern
hybridization (a) and immunofluorescence labeling (b). As indicated, mRNA expression of pen-
drin is significantly increased in kidneys of NCC KOmice compared toWT type (Fig 4A). Immu-
nofluorescence labeling studies corroborated the upregulation of pendrin in kidneys of NCC KO
mice by indicating increased number of pendrin positive cells as well as enhanced apical rim label-
ing pattern compared to subapical and/or cytoplasmic labeling in control animals (Fig 4B). The
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number of pendrin-positive cells in 10 randommicroscopic fields (X400) was 94.60 +/- 8.4 inWT
mice vs. 232.60 +/- 24.8 in NCC KOmice (p<0.01, n = 3 different animals/group).

Effect of acetazolamide (ACTZ) on pendrin expression, urine output and
salt excretion in NCC KOmice
Fig 5A shows a significant reduction in pendrin expression in NCC KOmice treated with acet-
azolamide for 6 days, as measured by Northern hybridization. The expression of pendrin was

Fig 1. Expression of ENaC in kidneys of WT and NCC KOmice. Expression of ENaC subunits by (a) Northern hybridization and (b). Western blot in
kidneys of WT and NCC KOmice. (a) Expression levels of all 3 subunits increased by Northern hybridization, with α, β and γ subunits increasing by 110, 80
and 70%, respectively, vs. wt littermates. Western blots show significant increase in the cleaved ENaC γ subunit in NCC KOmice, consistent with published
reports (29). (b) The abundance of cleaved ENaC γ subunit form increased by ~420% in NCC KOmice. The full length bands for α, β and γ subunits are
shown, which did not show significant changes vs. WTmice. c. Expression of NKCC2 isotypes in WT and NCC KOmice.

doi:10.1371/journal.pone.0150918.g001
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not significantly affected after 2 days of acetazolamide treatment (Fig 5A). We therefore com-
pared water intake and urine output on day 2 (before pendrin downregulation) and day 6 (after
pendrin downregulation). Fig 5B and 5C depicts the water intake and urine output inWT and
NCC KOmice treated with ACTZ, and shows gradual increases in both the urine output and
water intake in NCC KO by day 6 compared toWTmice. The increase in urine output by ACTZ
in NCC KOmice correlated with a reduction in pendrin expression. Fig 5D demonstrates that
the increase in urine output was associated with enhanced sodium excretion in NCC KOmice
(0.24 mmol/day before and 0.34 mmol/day after 6 days of ACTZ injection, p<0.05).

Fig 2. Effect of amiloride on urine output and water intake in WT and NCCKOmice. After acclimation in
metabolic cages, wild type and NCC KOmice were treated with daily intraperitoneal (IP) injection of
amiloride. Water intake and urine output were collected daily for 5 days. Water intake (a) and urine output (b)
on day 3 and beyond were comparable.

doi:10.1371/journal.pone.0150918.g002
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ENaC expression in cortex and medulla of NCC KO andWTmice
treated with acetazolamide (ACTZ)
The expression of ENaC in microsomal membrane proteins isolated from cortex and medulla
of NCC KO andWT mice treated with ACTZ for 6 days was examined. Fig 6A depicts the
expression of ENaC γsubunit in kidneys of experimental animals. As indicated, the cleaved 70
kDa fragment, a reliable indicator of enhanced ENaC expression and activity, was significantly
increased in both WT and NCC KOmice, with the NCC KOmice displaying a more robust
increment in ENaC expression. These results strongly suggest that ENaC plays an important
role in compensatory salt absorption in the collecting duct of ACTZ-treated mice.

Effect of acetazolamide (ACTZ) plus amiloride on urine output and salt
excretion in NCC KOmice
In the next series of studies, we examined the effect of amiloride on salt excretion in NCC KO
vs. WT mice that were pretreated with ACTZ. Accordingly, both WT and NCC KOmice were
treated with acetazolamide for 6 days, and then received acetazolamide plus amiloride for 3
more days. The results indicate that while salt excretion by ACTZ was more pronounced in
NCC KOmice (Fig 6B, left panel), addition of amiloride increased salt excretion in both NCC
KO andWTmice (Fig 6B, right panel). Fig 6B shows that whereas WTmice did not show a sig-
nificant increment in salt excretion by ACTZ alone, they showed a robust increase in salt excre-
tion when amiloride was added (Fig 6B).

Effect of amiloride on salt excretion in pendrin KOmice
Fig 7A depicts urine output in pendrin KO mice compared to WT mice, before and after
amiloride injection. As indicated, urine output in pendrin KOmice did not change significantly

Fig 3. Effect of amiloride on sodium excretion in WT and NCCKOmice.Daily sodium excretion before
and after treatment with amiloride is shown in WT and NCC KOmice. Sodium excretion on day 3 and beyond
were comparable.

doi:10.1371/journal.pone.0150918.g003
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post amiloride injection and were comparable to that inWTmice. Similarly, water intake was
comparable between the two genotypes at baseline or post amiloride injection (Fig 7B). The
sodium excretion before amiloride was not significantly different in pendrin KO andWTmice
(0.21 +/- 0.02 mmol/day inWT and 0.22 +/- 0.03 mmol/day in pendrin KOmice, p>0.05). Simi-
larly, the sodium excretion after amiloride was comparable in pendrin KOmice vs. WTmice
(0.23 +/- 0.02 mmol/day inWT and 0.0.24 +/- 0.03 mmol/day in pendrin KOmice, p>0.05).

Fig 4. Expression of pendrin in kidneys of WT and NCCKOmice. Expression of pendrin by (a) Northern hybridization and (b) Immunofluorescence
labeling in kidneys of WT and NCC KOmice. Northern hybridizations showed significant increase in pendrin expression in NCC KOmice vs. WT littermates
(with expression of pendrin increasing by 130% vs. wt littermates, p<0.03). Immunofluorescence labeling showed significant increase in the number of
pendrin positive cells in kidneys of NCC KOmice vs. WT littermates (p<0.01 vs. WT).

doi:10.1371/journal.pone.0150918.g004
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Effect of acetazolamide on urine output in pendrin KOmice
Fig 7C and 7D compares water intake and urine output in WT vs pendrin KO mice before and
after ACTZ injection. As indicated, urine output in pendrin KO mice did not change after
ACTZ injection for 6 days (Fig 7C). Similarly, ACTZ treatment did not have any significant
effect on water intake in WT mice (Fig 7D). The sodium excretion under baseline conditions
(before acetazolamide) was not significantly different in pendrin KO and WTmice (0.21 +/-
0.02 mmol/day in WT and 0.23 +/- 0.03 mmol/day in pendrin KO mice, p>0.05). Similarly,
the sodium excretion was not significantly different in pendrin KO mice vs. WT mice after 6
days of acetazolamide (0.23 +/- 0.02 mmol/day in WT and 0.25 +/- 0.03 mmol/day in pendrin
KO mice, p>0.05).

In the last series of experiments, we examined the serum electrolyte profile and acid base
balance of NCC KOmice relative to WT mice. Our results indicate that serum Na+ concentra-
tions were 139.7 +/- 2.1 mEq/l in WT and 142.7 +/- 0.9 in NCC KOmice (p>0.05, = 4). Serum
K+ concentrations were 5.7 +/- 0.5 mEq/l in WT and 5.2 +/- 0.3 in NCC KOmice (p>0.05,
n = 4). Serum HCO3- concentrations were 24.1 +/- 1.0 mEq/l in WT and 21.4 +/- 0.8 in NCC
KO (p = 0.08, n = 4). Serum calcium concentrations were 0.90 +/- 0.004 mmol/l in WT and

Fig 5. Effect of Acetazolamide on pendrin expression, urine output and water intake in WT and NCC KOmice. Fig 5a shows the expression of pendrin
in WT and NCC KOmice treated with acetazolamide for 2 or 6 days (left and right panels). Fig 5b and 5c depicts the urine output (i) and water intake (ii) in WT
and NCC KOmice treated with ACTZ. The increase in urine output by ACTZ in NCC KOmice correlated with a reduction in pendrin expression. Fig 5d
demonstrates enhanced sodium excretion by ACTZ in NCC KOmice vs. WT animals.

doi:10.1371/journal.pone.0150918.g005
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1.01 +/- 0.004 in NCC KOmice (p<0.001, n = 4). Serum magnesium concentration which is
known to be reduced in NCC KO mice [24] was not measured in our studies.

Discussion
Approximately 5–7% of filtered sodium is reabsorbed in the distal convoluted tubule (DCT),
predominantly through the thiazide sensitive Na-Cl cotransporter NCC (SLC12A3) [7, 8, 21,
30]. Inactivating mutations in NCC lead to Gitelman’s syndrome, an autosomal recessive dis-
order manifested with magnesium deficiency, potassium deficiency and mild salt wasting [31,
32]. While DCT is responsible for the absorption of a significant fraction of filtered salt, muta-
tions in NCC, which is the main salt absorbing transporter in this segment only cause mild salt
wasting in most affected individuals [31, 32]. Similar to humans, mice with NCC gene deletion
show little to no salt salt wasting under baseline conditions [24].

The current studies demonstrate enhanced expression of ENaC subunits and pendrin in
kidneys of NCC KOmice by northern hybridization and western blot and/or immunofluores-
cence labeling (Figs 1 and 4). Systemic acid base and electrolyte profile studies indicated a
lower serum HCO3- concentration which did not achieve statistical significance (Results).

Fig 6. Effect of Acetazolamide on ENaC expression: Impact of amiloride on salt excretion in WT and NCC KOmice. Fig 6a shows the expression of
ENaC in kidney medulla and cortex of WT and NCC KOmice treated with acetazolamide for 6 days (left and right panels). Fig 6b depicts the effect of
amiloride treatment on salt excretion in WT and NCC KOmice pretreated with ACTZ for 6 days.

doi:10.1371/journal.pone.0150918.g006
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Serum sodium and potassium concentrations were comparable in WT and NCC KOmice.
There was a marked increase in serum calcium concentration in NCC KOmice, consistent
with published reports indicating decreased calcium excretion in this genotype [24].

The results of our studies indicate that the inhibition of ENaC by amiloride causes a robust
diuresis in NCC KOmice but not in wild type littermates (Figs 2 and 3). Our results further dem-
onstrate that the down regulation of pendrin by acetazolamide (Fig 5) causes a strong diuresis
only in NCC KOmice, with no significant effects inWT littermates (Fig 5). We further show
that the impact of ENaC inhibition on salt excretion is unique to NCC KOmice and is not
detected in pendrin KOmice (Fig 6). Similarly, acetazolamide did not cause significant diuresis
in pendrin KOmice (Fig 6). The absence of a significant salt excretion in response to amiloride
injection inWTmice under baseline conditions is in agreement with published reports [33].

Fig 7. Effect of Amiloride and Acetazolamide on water and salt excretion in WT and pendrin KOmice. Fig 7a depicts urine output in pendrin KOmice
compared to WTmice, before and after amiloride injection. Fig 7b shows water intake in the two genotypes at baseline and after amiloride injection. Fig 7c
and 7d compares urine output and water intake in WT vs pendrin KOmice post ACTZ injection.

doi:10.1371/journal.pone.0150918.g007
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The increased expression levels of ENaC γ subunit and pendrin are in agreement with pub-
lished reports on the expression of these two proteins by western blots in NCC KOmice [29,
34]. Our results further indicate enhanced mRNA expression of ENaC subunits α, β and γ sub-
units and pendrin, suggesting that the upregulation of these two ion channels/transporters in
kidneys of NCC KOmice is predominantly due to increased synthesis. Whether post transla-
tional modification of ENaC and pendrin through enhanced trafficking to the apical mem-
brane plays any role in the activation of these two transporters remain speculative.

Neither Pendrin KO mice nor NCC KOmice exhibit any evidence of salt wasting under
baseline conditions [22–24]. Both mutant models however show inability to retain salt and
develop hypotension during salt restriction [24, 35]. These results have led investigators to con-
clude that NCC and pendrin are predominantly active during salt depletion or in response to
excess aldosterone actions. Recent studies demonstrate that pendrin/NCC double KO mice
develop profound salt wasting compared to WT or NCC KOmice, suggesting the important
role of pendrin in compensatory salt absorption in the setting of NCC inactivation [25].

While the present studies support the view that pendrin and ENaC work in tandem to
absorb salt in NCC KOmice, they do not exclude a role for NDCBE as a collaborating partner
with pendrin. It has been suggested that NDCBE works in tandem with pendrin to mediate
ENaC-independent, sodium absorption in NCC KOmice [17, 18]. The conclusive evidence
with regard to an important role for NDCBE should come from studies aimed at NDCBE inac-
tivation in the setting of NCC ablation. Such a mouse model (NCC/NDCBE double KO mice)
should mimic the salt losing phenotype in NCC/pendrin double KO mice [25] if NDCBE and
pendrin functionally collaborate with each other, as has been proposed [17, 18].

Carbonic anhydrase inhibitors such as acetazolamide are historically known to inhibit salt
and bicarbonate reabsorption in the proximal tubule [36, 37]. However, they display mild
diuretic effects, presumably due to compensatory salt absorption in the distal nephron. In addi-
tion to inhibiting the cytosolic carbonic anhydrase 2 (CAII) and the membrane-bound car-
bonic anhydrase 4 (CAIV) in the proximal tubule [36, 37], ACTZ is also known to inhibit the
cytosolic CAII in intercalated cells of the collecting duct, causing their remodeling [38–40].
Published studies in mice lacking the CAII demonstrate a significant reduction in the number
of intercalated cells and the downregulation of pendrin [39–41]. Indeed, mice with double dele-
tion of CAII and NCC develop profound salt wasting and volume depletion due to the down
regulation of pendrin in the setting of NCC inactivation [30].

Recent studies demonstrated a synergistic diuretic effect between ACTZ and hydrochloro-
thiazide (HCTZ), a specific inhibitor of NCC, in Sprague Dawley rats [42]. An interesting
aspect of these studies was that when used individually, HCTZ and ACTZ caused mild diuresis,
however, they caused massive diuresis when used together [42]. Acetazolamide was also shown
to downregulate the expression of pendrin in rat [42]. These results strongly support the view
that ACTZ inhibits pendrin, leaving NCC as the major salt absorbing transporter in the distal
nephron in the setting of increased delivery of salt from the proximal tubule.

The current studies in NCC KOmice extend those observations by demonstrating that in
the setting of NCC inactivation, ACTZ causes significant diuresis, indicating that NCC is the
major salt absorbing transporter in the distal nephron in the setting of pendrin downregulation
and increased delivery of salt from the proximal tubule. This conclusion is further supported
by studies in pendrin KO mice that did not demonstrate any enhanced diuresis in response to
ACTZ treatment (Results). We also found that the inhibition of ENaC in the setting of pendrin
inactivation does not enhance diuresis. We interpret these latter studies to indicate that pen-
drin and ENaC work in tandem and inactivation of pendrin or inhibition of ENaC in the set-
ting of a functional NCC (either in WT or in pendrin KO mice) does not cause excessive salt
wasting.
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The robust enhancement in the expression of ENaC in the cortex and medulla of WT and
NCC KOmice pretreated with ACTZ and the vigorous diuresis by amiloride in these animals
is intriguing. The significant diuresis by amiloride in WT and NCC KOmice suggests that the
ENaC, which is upregulated in both genotypes, is functional and contributes to compensatory
salt absorption. Given the fact that pendrin and NDCBE are only expressed in the kidney corti-
cal collecting duct, these results suggest the activated ENaC in medullary collecting duct (Fig 6)
is collaborating with another chloride absorbing transporter or pathway. Both Slc26a11
(KBAT), which is expressed on the apical membrane of intercalated cells in the CCD, OMCD
and IMCD [19] as well as paracellular absorptive pathways are viable candidates as functional
partners of ENaC, at least in OMCD and IMCD.

NKCC2 shows a mild but significant upregulation in the thick ascending limb of Henle in
NCC KOmice (Fig 1). Our studies in NCC KOmice treated with furosemide, however, did not
show any significant increase in urine output vs. WT mice (ASN 2011, abstract). It is plausible
that ENaC and pendrin as well as Slc26a11 could contribute to compensatory salt absorption
in the distal nephron in response to increased delivery of salt consequent to loop diuretics.

In conclusion, pendrin and ENaC play important roles in compensatory salt absorption in
kidneys of NCC KOmice. Further, the downregulation of pendrin by ACTZ causes significant
diuresis in the setting of NCC inactivation. Pretreatment with ACTZ robustly upregulates
ENaC expression in both cortical and medullary collecting ducts, and treatment with amiloride
causes significant diuresis in both NCC KO andWTmice. Despite being considered mild
agents individually, we propose that the combination of acetazolamide and amiloride in the
setting of NCC inhibition (i.e. with hydrochlorothiazide) is a powerful diuretic regimen.
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