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Abstract

The renal handling of salt and protons and bicarbonate are intricately linked through shared transport mechanisms for
sodium, chloride, protons, and bicarbonate. In the collecting duct, the regulated fine-tuning of salt and acid-base
homeostasis is achieved by a series of transport proteins located in different cell types, intercalated and principal cells.
Intercalated cells are considered to be of less importance for salt handling but recent evidence has suggested that the anion
exchanger pendrin may participate in salt reabsorption and blood pressure regulation. Here, we examined the regulated
expression of two functionally related but differentially expressed anion exchangers, AE1 and pendrin, by dietary electrolyte
intake and aldosterone. Cortical expression of pendrin was regulated on mRNA and protein level. The combination of
NaHCOs; and DOCA enhanced pendrin mRNA and protein levels, whereas DOCA or NaHCOj3 alone had no effect. NaCl or
KHCOs5 increased pendrin mRNA, KCl decreased its mRNA abundance. On protein level, NH4Cl, NaCl, and KCI reduced
pendrin expression, the other treatments were without effect. In contrast, AE1 mRNA or protein expression in kidney cortex
was regulated by none of these treatments. In kidney medulla, NaHCO3/DOCA or NaHCO5 alone enhanced AE1 mRNA levels.
AE1 protein abundance was increased by NH,Cl, NaHCO3/DOCA, and NaCl. Immunolocalization showed that during NH,Cl
treatment the relative number of AE1 positive cells was increased and pendrin expressing cells reduced. Thus, pendrin and
AE1 are differentially regulated with distinct mechanisms that separately affect mRNA and protein levels. Pendrin is
regulated by acidosis and chloride intake, whereas AE1 is enhanced by acidosis, NaCl, and the combination of DOCA and

NaHCOs.
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Introduction

The rate of renal excretion or reabsorption, respectively, of
sodium and chloride determines extracellular volume and blood
pressure. Stimulation of NaCl reabsorptive processes causes an
expansion of extracellular volume and increases blood pressure
whereas renal loss of salt is associated with low blood pressure. The
importance of renal salt handling for blood pressure regulation has
been highlighted by rare Mendelian syndromes with mutations in
more than 20 different transport proteins, ion channels or
regulators of renal salt handling [1].

Sodium and chloride may be transported by the same transport
protein such as the Na*/K*/2C1™ -cotransporter NKCC2 in the
thick ascending limb of the loop of Henle or the Na*/Cl™ -
cotransporter NCC in the distal convoluted tubule [2,3,4,5]. In
contrast, these ions are reabsorbed by distinct transport pathways
in the late distal convoluted tubule, in the connecting tubule, and
in the collecting duct [6]. Sodium is reabsorbed by the epithelial
sodium channel (ENaC), which is expressed in principal cells,
targeted by potassium-sparing diuretics, and regulated by a variety
of hormones including angiotensin II and aldosterone [6].
Chloride appears to take two different routes, either the
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paracellular pathway that may be controlled by claudins [7], or
the transcellular route through non-type A intercalated cells.
These cells express on their luminal pole the anion exchanger
pendrin (SLC26A4) reabsorbing chloride in exchange for intra-
cellular  bicarbonate in  an  electroneutral  manner
[8,9,10,11,12,13]. The driving force for Cl -reabsorption is
provided by the gradient for bicarbonate, which depends on the
activity of H'-ATPases localized either on the luminal and/or
basolateral pole of the same cells and thereby energizing pendrin-
dependent transport processes [14,15,16]. The activity of pendrin
is also indirectly regulated by angiotensin II [14,17] and loss of
pendrin reduces ENaC expression and activity linking sodium and
chloride reabsorption [18,19,20,21]. Moreover, mice lacking
pendrin are resistant to hypertension induced by high salt and
mineralocorticoid treatment [22].

A third type of cells exists along the collecting duct, type A
intercalated cells, that are critical for renal acid excretion [15].
Type A intercalated cells are characterized by the expression of
luminal H*-ATPases acidifying urine and by the basolateral
presence of the chloride/bicarbonate exchanger AE1 (SLC4Al)
[15,23]. The activity of type A intercalated cells is classically not
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Figure 1. AE1 expression is not regulated in kidney cortex. The mRNA and protein abundance of the type A intercalated cell specific CI"/
HCO;™ exchanger AE1 was measured by real-time RT-PCR (A) and immunoblotting (B) in kidney cortex. (C) Bar graphs summarizing data from
immunoblotting. All data were normalized against B-actin obtained on the same immunoblotting membrane after stripping. Data are given as

normalized mean = SE; n=5-7 animals/group.
doi:10.1371/journal.pone.0055286.g001

linked to blood pressure regulation. However, patients with
inherited forms of distal renal tubular acidosis, syndromes of
dysfunction of intercalated cells, have a mild renal salt loosing
phenotype suggesting a contribution of type A intercalated cells to
overall renal salt handling [24].

The response of pendrin to dietary chloride intake and distal
urine chloride delivery has been studied in vivo in some detail
[25,26,27,28]. Promoter studies in vitro demonstrated increased
transcription of pendrin stimulated by aldosterone [29] consistent
with higher mRNA expression after treatment with the aldoste-
rone analogue desoxycorticosterone acetate (DOCA) [22]. Simi-
larly, the activity of type A intercalated cells has been reported to
be stimulated by aldosterone [30,31]. However, the impact of
different electrolytes and their interactions with aldosterone has
not been studied in vivo. This is of major importance to
understand the regulation of these transport proteins which are
critical for renal salt reabsorption and blood pressure regulation.
Therefore we systematically compared the effect of various
electrolytes and the additional influence of aldosterone on the
expression of pendrin and AEl in vivo in mouse kidney.
Moreover, we examined the remodeling of the collecting duct
by these treatments showing that mRINA and protein expression
levels were affected with distinct patterns and that the relative cell
numbers along the collecting duct were also modulated.
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Materials and Methods

Animal studies and metabolic cages

Male, C57B1/6 mice (25-30 g, Institute of Laboratory Animal
Sciences, University of Zurich) were maintained on standard chow
and had free access to drinking water. The mice were divided into
7 different treatment groups: 1) 0.28 M NH,CI, 2) 0.28 M
NaHCOj and additional subcutaneous injections of deoxycorti-
costerone acetate (DOCA) at day 1 and 4 (2 mg/mouse), 3)
0.28 M NaCl, 4) subcutaneous injections of DOCA at day 1 and 4
(2 mg/mouse), 5) 0.28 M NaHCOs, 6) 0.28 M KCI, and 7)
0.28 M KHCOg. Each group consisted of at least 10 animals and
was compared to the corresponding control group. All diets were
given in drinking water in addition to 1% sucrose. Control mice
were only treated with 1% sucrose. All animals were subjected to
the diet for 7 days and placed in metabolic cages for the final 3
days. Daily chow and water intake, stool excretion, body weight,
and urine excretion (collected under mineral oil) were monitored.
At the end of the experiment, animals were perfused with PBS,
and both kidneys were harvested, immediately dissected into
cortex and medulla, frozen in liquid nitrogen, and stored at
—80°C until further processing. Animal studies were according to
Swiss Animal Welfare Laws and approved by the local Veterinary
Authority (Kantonales Veterinaeramt Zurich).
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Figure 2. Regulated expression of AE1 in kidney medulla. mRNA and protein abundance of the type A intercalated cell specific CI”/HCO3™
exchanger AE1 was measured by real-time RT-PCR (A) and immunoblotting (B) in kidney medulla. (C) Bar graphs summarizing data from
immunoblotting. All data were normalized against B-actin obtained on the same immunoblotting membrane after stripping. Data are given as

normalized mean = SE; n=5-7 animals/group. *p=0.05, **p=0.01.
doi:10.1371/journal.pone.0055286.g002

Table 1. Summary of urine data from mice receiving different treatments.

Volume/BW PO /creatinine NH,'/creatinine  Na'/creatinine K*/creatinine Cl /creatinine

pH (g/g) (mM/mg/dl) (mM/mg/dl) (mM/mg/dl) (mM/mg/dl) (mM/mg/dl)
Control 1 6.19+0.08 0.04+0.01 1.00£0.15 0.77+0.19 1.97+0.21 4.66+0.28 4.56+0.51
NH,4CI 5.48+0.02*** 0.04+0.01 0.61+0.17 6.54+0.81** 2.57*0.33 5.54*0.51 11.68*=1.61**
NaHCO3+DOCA 8.48+0.15%** 0.100.03 0.62+0.21 0.08£0.03*** 15.28£2.01%** 3.83+0.52 3.84+0.36
NaCl 6.30+0.14 0.09+0.02 0.79*0.11 0.25+0.02** 11.34£0.89%** 3.93+0.48 17.08+£2.18%**
Control 2 6.28+0.08 0.04+0.01 0.93+0.14 0.42+0.02 2.23+0.16 6.30£0.44 4.44+0.39
DOCA 6.52+0.02% 0.05+0.01 1.10%0.14 0.77£0.06*** 2.88+0.22% 7.72+031* 5.80+0.17**
Control 3 6.340.07 0.09+0.01 1.41+0.13 0.42+0.03 2.71+0.34 9.34*1.11 5.17+0.65
NaHCO3 8.29+0.18*** 0.05%+0.01 0.93+0.10* 0.06£0.01*** 13.12+0.47%** 6.47+0.40 3.87*+0.30
Control 4 6.00£0.13 0.050.00 0.94+0.06 0.79+0.20 1.34+0.05 5.19+0.33 3.59+0.27
KCl 5.75*+0.17 0.12+0.03* 1.36*0.12* 0.66+0.16 3.15+0.28*** 29.70£4.07*** 24.96+4.97**
KHCO3 8.11£0.09%** 0.10+0.01** 1.07+0.16 0.23+0.13* 1.97+0.34 20.21£2.48*** 4.560.60

All animals were treated for 7 days and placed into metabolic cages for the final 3 days. Urine analysis was performed from samples collected under mineral oil over the
last 24 hrs. Values are means * SE; n=5-7/group. Shown is a summary of urinary data from all different treatment groups and the corresponding controls. BW, body
weight, crea creatinine.

*p<<0.05,

**p<0.01,

**¥p<<0.001.

doi:10.1371/journal.pone.0055286.t001
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Figure 3. Pendrin expression in kidney cortex regulated by various treatments. The mRNA and protein abundance of the type B
intercalated cell specific CI"/HCO;~ exchanger pendrin was measured by real-time RT-PCR (A) and immunoblotting (B) in kidney cortex. (C) Bar
graphs summarizing data from immunoblotting. All data were normalized against B-actin obtained on the same immunoblotting membrane after
stripping. Data are given as normalized mean = SE; n=5-7 animals/group. *p=0.05, **p=0.01.

doi:10.1371/journal.pone.0055286.9g003

Urine analysis

Urinary pH was measured using a pH microelectrode (691 pH-
meter, Metrohm, Switzerland). Urinary ammonium was deter-
mined according to the Berthelot protocol [32]. Urinary
phosphate was determined by the Fiske and Subbarow colorimet-
ric method. Briefly, standard solutions were prepared from
11.7 mM phosphate stock solution (Randox Laboratories, United
Kingdom). After protein precipitation with 20% trichloroacetic
acid, urine and serum samples were pipetted into a 96-well plate.
After addition of acid molybdate solution and Fiske and Subbarow
reducer solution (Sigma, MO, USA) the absorbance of the samples
was measured at 660 nm wavelength using a pQuant microplate
reader (Biotek, Germany). Urinary electrolytes (Na*, K*, Ca?",
Mg?", C17) were measured by ion chromatography (Metrohm ion
chromatograph, Herisau, Switzerland) and urinary creatinine was
determined by the Jaffe method [33,34].

RNA extraction from kidney and reverse transcription
Snap-frozen kidneys were homogenized in RLT-Buffer (Qia-
gen, Basel, Switzerland) containing 2-mercaptoethanol (Sigma,
Buchs, Switzerland) at a final concentration of 1%. Total RNA
was extracted from 200 pl aliquots of each homogenized sample
using the RNeasy Mini Kit (Qiagen, Basel, Switzerland) according
to the manufacturer’s instructions. Quantity and quality of total
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eluted RNA were assessed by spectrometry using the ND-1000
spectrophotometer (NanoDrop Technologies, DE, USA). Each
RNA sample was diluted to 100 ng/ul, and 3 ul was used as a
template for reverse transcription using the TagMan Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA)
according to manufacturer’s protocol. Remaining RNA samples
were stored at —80°C.

Semiquantitative real-time RT-PCR

Semiquantitative real-time RT-PCR (qRT-PCR) was per-
formed on the ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). Primers for all genes
of interest were designed using Primer Express software from
Applied Biosystems and primers and probes were used as
described previously [35,36]. Probes were labeled with the
reporter dye FAM at the 5 end and the quencher dye TAMRA
at the 3" end (Microsynth, Balgach, Switzerland). The specificity of
all primers was first tested in a standard PCR and always resulted
in a single product of the expected size on 1% agarose gels (data
not shown). Real-time PCR reactions were performed using the
TagMan Universal PCR Master Mix (Applied Biosystems, Foster
City, CA, USA). Briefly, a 25 (20) ul PCR reaction volume was
prepared using 3.5 (3) ul cDNA as template with sense and
antisense primers (25 UM each), the labeled probed (5 uM), the
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Figure 4. DOCA or NaHCO; alone do not alter AE1 expression in kidney cortex. The mRNA and protein abundance of AE1 in kidney cortex
from mice treated with NaHCO3; or DOCA alone was measured by real-time RT-PCR (A, B) and immunoblotting (C) in the kidney cortex. (D) Bar
graphs summarizing data from immunoblotting. All data were normalized against B-actin obtained on the same immunoblotting membrane after

stripping. Data are given as normalized mean * SE; n=5-7 animals/group.

doi:10.1371/journal.pone.0055286.g004

Tagman Universal PCR Master Mix and RNase free water up to
the final volume. Thermal cycles were set for denaturation at 95°C
(10 min) followed by 40 cycles of denaturation at 95°C (15 s) and
annealing/elongation at 60°C (1 min) with auto ramp time. All
reactions were run in triplicates. To analyze the data, we set the
threshold to 0.06 as this value had been determined to be in the
linear range of the amplification curves for all mRNAs in all
experimental runs. The expression of gene of interest was
calculated in relation to hypoxanthine guanine phosphoribosyl
transferase (HPRT). Relative expression ratios were calculated as
R = QHPRD-Ciliest gendl 'y here Ct represents the cycle number at

the threshold 0.06.

Membrane preparation and western blot analysis

For total membrane preparation kidney cortex or medulla
samples were homogenized in an ice-cold K-HEPES buffer
(200 mM mannitol, 80 mM HEPES, 41 mM KOH, pH 7.5)
containing a protease inhibitor mix (Complete Mini, Roche
Diagnostics, Germany) at a final concentration of 1 tablet in a
volume of 10 ml solution. Samples were centrifuged at 2000 rpm
for 20 min at 4°C. Subsequently, the supernatant was transferred
to a new tube and centrifuged at 41000 rpm for 1 h at 4°C. The
resultant pellet was resuspended in K-HEPES buffer containing
protease inhibitors. After measurement of the total protein

PLOS ONE | www.plosone.org

concentration (Bio-Rad D. Protein Assay; Bio-Rad, Hercules,
CA, USA), 50 or 75 ug of crude membrane proteins were
solubilized in Laemmli sample buffer, and SDS-PAGE was
performed on 8-10% polyacrylamide gels. For immunoblotting,
proteins were transferred electrophoretically to polyvinylidene
difluoride membranes (Immobilon-P; Millipore, Bedford, MA,
USA). After blocking with 5% milk powder in Tris-buffered
saline/0.1% Tween-20 for 60 min, the blots were incubated with
the respective primary antibodies (rabbit anti-pendrin 1:5000 [25],
rabbit anti-AE1 1:10000 [33], diluted in 1%milk/TBS-T) and
mouse monoclonal anti-B-actin antibody (42 kDa; Sigma, St.
Louis, MO, USA) 1:5000 either for 2 h at room temperature or
overnight at 4°C. After washing and subsequent blocking, the
membranes were incubated for 1 h at room temperature with the
secondary antibody. Following secondary antibodies were used
where appropriate: donkey anti-rabbit IgG-conjugated with
horseradish peroxidase 1:10000 (GE Healthcare, United King-
dom), sheep anti-mouse IgG-conjugated with horseradish perox-
idase 1:10000 (GE Healthcare, United Kingdom), and goat anti-
rabbit or anti-mouse IgG-conjugated with alkaline phosphatase
1:5000 (Promega, WI, USA). Antibody binding was detected with
the Immobilon™ Western chemiluminescence kit (Millipore;
Billerica, MA, USA) using the DIANA III-chemiluminescence
detection system (Raytest; Straubenhardt, Germany). All images
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Figure 5. NaHCO; increases mRNA expression of AE1 in kidney medulla. The mRNA and protein abundance of AE1 in kidney medulla from
mice treated with NaHCO; or DOCA alone was measured by real-time RT-PCR (A,B) and immunoblotting (C) in kidney medulla. (D) Bar graphs
summarizing data from immunoblotting. All data were normalized against B-actin. Data are given as normalized mean =+ SE; n=5-7 animals/group.

*p=<0.05,
doi:10.1371/journal.pone.0055286.9g005

were analyzed using appropriate software (Advanced Image Data
Analyzer, Raytest, Straubenhardt, Germany) to calculate the
protein of interest/B-actin ratio.

Immunohistochemistry

Mice were anesthetized as described above and subsequently
perfused through the left ventricle with PBS followed by a
paraformaldehyde-lysine-periodate fixative [37]. Kidneys were
removed and fixed overnight at 4°C: by immersion in parafor-
maldehyde-lysine-periodate. Kidneys were washed three times
with PBS, and after cryoprotection with PBS/30% sucrose
solution, thin coronal slices were cut, mounted on cryomolds,
and frozen in liquid propane cooled with liquid nitrogen.
Immunostaining was carried out as described previously [38].
Briefly, 5 um thin sections were incubated with 1% SDS for
5 min, washed three times with PBS, and incubated with PBS
containing 1% BSA for 15 min before application of the primary
antibody. The primary antibodies (rabbit anti-AE1 1:10000 [33],
guinea pig anti-pendrin 1:2000 [25], mouse anti-calbindin
1:40000 (SWANT, Bellinzona, Switzerland) and goat anti-AQP2
1:400 (Chemicon (Millipore), Zug, Switzerland) were diluted in
PBS/0.02% Na-azide and applied either for 75 min at room
temperature or overnight at 4°C. Sections were then washed twice
for 5 min with high-NaCl-PBS (PBS+ 18 g NaCl/l), once with

PLOS ONE | www.plosone.org

PBS, and incubated with the secondary antibodies (donkey anti-
rabbit Alexa 594 1:1000, donkey anti-guinea pig Cy2 1:400,
donkey anti-mouse Cy5 1:500, donkey anti-goat Cyb 1:500
(Invitrogen, Basel, Switzerland) and DAPI 1:500 (Sigma)) at the
given dilutions for 1 h at room temperature. Sections were again
washed twice with high-NaCl-PBS and once with PBS before
being mounted with Glycergel (DakoCytomation, Glostrup,
Denmark). Sections were viewed using a Leica DFC490
charged-coupled device camera attached to a Leica DM 6000
fluorescence microscope (Leica, Wetzlar, Germany) using equiv-
alent camera parameters for kidneys sections stained with the same
primary antibody. Pictures were processed using Imaris. Cell
counting for the different subtypes of intercalated cells was
performed as described previously [39].

Statistical Analysis

Results are expressed as means £ SEM. All data were tested for
significance using ANOVA and unpaired Student’s t-test where
appropriate. Results with P<<0.05 were considered as significant.

Results

The anion exchangers AE1 and pendrin have been shown to be
regulated during acidosis and alkalosis [25,40,41,42,43]. In a first
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Figure 6. Pendrin expression is not regulated by DOCA or NaHCO3 alone. Pendrin mRNA and protein abundance in kidney cortex from
mice treated with NaHCO3 or DOCA alone for 7 days was measured by real-time RT-PCR (A,B) and immunoblotting (C). All membranes were stripped
and reprobed for B-actin. (D) Bar graphs summarizing data from immunoblotting. All data were normalized against B-actin. Data are given as

normalized mean = SE; n=5-7 animals/group.
doi:10.1371/journal.pone.0055286.g006

series of experiments mice received NH4Cl to induce metabolic
acidosis, a combination of NaHCOj3 and the aldosterone analogue
deoxycorticosterone acetate (DOCA) to induce alkalosis, and
NaCl to test for effects of sodium and chloride. Urine analysis
confirmed the expected effects such as lower urine pH and
increased ammonium excretion in NHyCl-loaded mice or
increased sodium excretion in mice treated with NaCl or
NaHCOs; (table 1). Semiquantitative RT-PCR did not detect
any difference in AE1 mRNA levels in kidney cortex (Figure 1A)
but showed significantly elevated AE1 mRNA in kidney medulla
in mice receiving NaHCO3 and DOCA (Figure 2A). Similarly,
AE1 protein abundance in kidney cortex was not affected by
treatments (Figure 1B,C), whereas NH4Cl and NaHCOs; in
combination with DOCA significantly stimulated AEl protein
expression in kidney medulla (Figure 2B,C). Treatment with NaCl
tended to increase AE1 mRNA and significantly enhanced protein
in medulla (Figure 2C).

In the same mice, treatment with NaHCO3;/DOCA or NaCl
alone enhanced pendrin mRNA significantly; the combination of
NaHCO3 and DOCA being more effective than NaCl (Figure 3A).
On the protein level, NH4Cl significantly reduced pendrin
abundance, whereas NaHCO3/DOCA increased pendrin expres-
sion (Figure 3B,C). NaCl reduced pendrin expression, which
reached almost statistical significance (p =0.058). Pendrin expres-
sion was examined only in cortical preparations since pendrin is

PLOS ONE | www.plosone.org 7

mostly expressed in the cortical segments of the collecting system
(e.g. the late distal convoluted tubule, CNT and CCD).

In a next series of experiments, we examined if the effects of
NaHCO3/DOCA were induced by either NaHCO3; or DOCA
alone, or by combined treatment. Mice received therefore either
NaHCOj3; or DOCA alone. The efficacy of treatments was
confirmed by urine analysis (table 1). NaHCO3 or DOCA alone
had no effect on AE] mRNA or protein expression in kidney
cortex (Figure 4), whereas in medulla NaHCOg increased AE1
mRNA but not protein abundance (Figure 5). DOCA was without
effect on mRNA and protein expression in cortex and medulla
(Figure 5). Moreover, pendrin mRNA and protein abundance
were unaffected by either of the treatments (Figure 6).

In a third series of experiments, we tested whether chloride or
bicarbonate had different effects when combined with potassium
instead of sodium as counter cation. Mice received either KCI or
KHCOg; for 7 days and subsequently urine was analyzed to
confirm effectiveness of treatment (table 1). Both diets were
without significant effect on AE1 mRNA and protein abundance
in kidney cortex and medulla (Figures 7 and 8). In contrast, KCl
reduced pendrin mRINA and protein significantly (Figure 9).
KHCOs treatment enhanced pendrin mRNA abundance approx-
imately two-fold but pendrin protein expression remained
unchanged (Figure 9).
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KCl or KHCOs for 7 days was measured by real-time RT-PCR(A) and immunoblotting (B). All membranes were stripped and reprobed for B-actin. (C)
Bar graphs summarizing data from immunoblotting. All data were normalized against B-actin. Data are given as normalized mean *+ SE; n=5-7
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doi:10.1371/journal.pone.0055286.g007

In a last series of experiments we examined the effects of
NH,Cl, KCI, and NaHCOj3; on the relative abundance and
distribution of AEl and pendrin expressing intercalated cell
subtypes in kidney cortex and medulla. Detailed counting of cells
in the different segments of the collecting system revealed
significant changes only for animals receiving NH4Cl (table 2).

In these animals, a significant increase of AE1 expressing cells in
the connecting tubule (CNT) and outer medullary collecting duct
(OMCD) was noted that was paralleled by a decrease of pendrin
positive cells in the CN'T and aquaporin 2 (AQP2) positive cells in
the OMCD, respectively. All other small changes did not reach
statistical significance (Figures 10 and 11, table 2).

Discussion

Intercalated cells have been traditionally viewed as being
important for the control of systemic acid-base homeostasis by
excreting acid or base equivalents [15]. However, in more recent
years several links to the renal control of salt and electrolyte
handling have emerged. Secretion of potassium by flow-activated
maxiK channels expressed in intercalated cells has been observed
[44,45]. The identification of pendrin as major apical anion
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transporter in non-type A intercalated cells has linked this cell type
to the reabsorption of chloride and its impact on blood pressure
regulation [8,22,28,46]. More recent work by Eladari and
colleagues identified a Na'-driven chloride/bicarbonate trans-
porter, Slc4a8, that may in conjunction with pendrin mediate
electroneutral NaCl reabsorption. Interestingly, the activity of
Slc4a8 is also thiazide sensitive [18].

Here we demonstrate that expression of AEl and pendrin is
sensitive to dietary electrolyte intake and the aldosterone analogue
DOCA. Several observations are important. First, regulation on
mRNA and protein level do not always go in parallel, sometimes
even in opposite directions calling for caution in drawing
conclusions about protein expression from mRNA data. Of note,
we did not determine transport activities in the present study, thus,
our data on protein and cell abundances do not necessarily
translate into changes in activity. However, the data on blood and
urine composition indicate parallel changes suggesting that protein
abundance and function may be closely linked. Second, AEI
mRNA and protein expression in cortex was unchanged in all
groups whereas protein expression in kidney medulla was strongly
regulated by NH4Cl, NaHCO;3;/DOCA, and NaCl. Third,
regulation of AE1 in the medulla was only observed if NaHCOs5
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was combined with DOCA, but not in the groups receiving
DOCA, NaHCOj3; or KHCOj3 alone. These data therefore
suggest, that alkali treatment, sodium, potassium or DOCA alone
do not affect AE1 protein expression. DOCA, or its natural
analogue aldosterone, may therefore have a permissive effect on
AEI expression when combined with alkalosis. This effect may be
of clinical relevance in patients with stimulated aldosterone levels
and alkalosis as seen in volume contracted patients and would
consequently contribute to maintenance of alkalosis or even
enhance it. The increase in AEl mRNA in medulla in NaHCOg
treated animals did not translate into more protein. NH,CI
increased AE] protein but not mRNA abundance in medulla.
Consistently, we did not detect significant AE] mRNA changes in
a genome-wide transcriptome analysis of mouse kidney during
acidosis in earlier experiments [36]. Though, in rat kidney, AEI is
regulated by NH,Cl both on mRNA and protein level [43]. The
reason for this species difference is presently unknown.

Our study further showed that AE1 is not regulated by dietary
chloride intake, since KCl failed to change AE1 abundance. On
the other hand, NaCl tended to increase AEl mRNA and
stimulated protein expression in kidney medulla. Since NaHCOs5
alone had no effect on AE] mRNA or protein expression, we
reason that sodium delivery alone does not regulate AE1. NaCl
availability has been shown to enhance the kidneys ability to
excrete acid [47]. Increased expression of AEl under these
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Table 2. Relative abundance of the various cells types along the collecting system in kidneys from control mice and mice treated
with KCl, NH4Cl, or NaHCOs.
AE1 pos, Pendrin neg, AQP2 neg, % Pendrin pos, AE1 neg, AQP2 neg, % AQP2 pos, AE1 neg, Pendrin neg, %
CNT
Control 13.1%0.7 (441) 30.5+0.8 (1014) 54.8+0.8 (1720)
KCl 13.6*0.6 (537) 28.6%+0.6 (1138) 57.4%+0.7 (2369)
NH,4CI 17.120.4 (1264)*** 25.0+0.5 (1821)*** 57.6+0.5 (4166)
NaHCO; 15.120.6 (648) 30.2+0.6 (1383) 54.6+0.7 (2504)
ccD
Control 16.6=1.0 (136) 19.7%+1.0 (162) 63.7%1.3 (521)
KCl 13.5+1.4 (91) 20.2+1.6 (119) 65.6+2.2 (440)
NH,CI 16.5+1.4 (167) 19.5%1.1 (204) 63.911.3 (654)
NaHCO3 14.8+1.5 (148) 21.7+1.4 (233) 63.3+1.7 (668)
OMCD
Control 26.9%3.1 (112) 6.6+2.1(13) 65.6+2.4 (256)
KCl 29.2+2.4 (153) 26*1.7 (7) 67.3%2.2 (364)
NH,4CI 33.8£1.6 (335)* 3.0=1.4 (9) 63.2+1.5 (611)*
NaHCO5 31.4%1.7 (244) 22+1.5(7) 66.3+1.4 (484)
IMCD;
Control 22.2+1.4 (263) 00 (0) 77.5%1.5 (1012)
KCl 19.6%3.0 (118) 00 (0) 80.4+3.0 (626)
NH,4CI 21.8+2.8 (294) 00 (0) 78.2+2.8 (1119)
NaHCO3 21.4%2.6 (350) 0+0 (0) 78.6+2.6 (1515)
Values are means *+ SE, with the number of cells counted in parentheses. Shown is a summary of cell counts in the different segments of the collecting system, 5
animals in each group were analyzed, and cells were counted. CNT, connecting tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting duct; IMCD,,
initial segment of the inner medullary collecting duct. Significant difference between control and treatment groups:
*p<<0.05,
**p<0.01,
*%<0,001.
Kidney sections from animals receiving sucrose (control), NH,Cl, KCl, or NaHCO5 for 7 days were stained for AE1, pendrin, AQP2/calbindin D28k, and DAPI and cells
counted for the various markers and distinct segments. The total number of cells counted is given in brackets, for each condition n=5 animals were counted.
doi:10.1371/journal.pone.0055286.t002

conditions could contribute to removal of acid and generation of
new bicarbonate.

Pendrin regulation by aldosterone and various electrolytes has
been studied in some detail [10,22,25,26,27,28,40,41,46]. Our
results here confirm regulation of pendrin by chloride availability.
Dietary supplementation with NH4Cl, NaCl or KCI increased
urinary chloride excretion and reduced pendrin protein abun-
dance. Interestingly, these treatments had different effects on
pendrin mRNA expression. KCI reduced mRNA levels, whereas
NaCl increased it, and NH4Cl had no effect. Thus, chloride may
not directly affect pendrin mRNA but additional factors must be
operative that regulate pendrin transcription or mRINA stability.

Mice were treated with bicarbonate in combination with either
sodium or potassium as counter cations and in the absence or
presence of DOCA, respectively. Bicarbonate alone did not
regulate pendrin mRNA or protein over a period of 7 days since
NaHCOj3 alone did affect neither mRNA nor protein, whereas
KHCO3; or NaHCOj3 in combination with DOCA increased
mRNA abundance. Only the combination of NaHCO;3;/DOCA
increased also pendrin protein expression. DOCA alone was
without effect on mRNA and protein. Thus, the combination of
aldosterone and bicarbonate is a potent stimulus to enhance
pendrin expression. In the case of KHCOs3, the potassium load
may increase serum aldosterone levels but to a lesser extent than in
animals with DOCA administration. Our results are not in
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Figure 10. Remodeling of the collecting duct. Kidneys from mice left untreated (sucrose, control) or receiving KCI, NaHCOs or NH,Cl for 7 days
were sectioned and stained for specific cell markers (AE1 for type A intercalated cells, pendrin for non-type A intercalated cells, and calbindin D28k
and AQP2 for principal cells). The relative number of cells expressing these markers was counted for the different segments of the collecting system.
CNT connecting tubule, CCD cortical collecting duct, OMCD outer medullary collecting duct, ;IMCD initial inner medullary collecting duct, *p=0.05,

*%p=<0.001.
doi:10.1371/journal.pone.0055286.g010

agreement with two previous reports. Verlander et al. reported that
DOCP alone enhanced pendrin expression but mice had received
additional NaCl supplements and only one application of DOCP
seven days before organ collection [22]. We speculate that the
additional NaCl load and the different application regimen may
alter the response to the aldosterone analogue. Alternatively, the
effect of DOCA or its analogues may be time-dependent and
transient and only detectable after short treatments but not after 7
days [48]. A second study addressed regulation of human pendrin
transcription by aldosterone using HEK293 cells as cellular model.
These cells are derived from human embryonic kidney and are not
representative for collecting duct intercalated cells. In these cells,
aldosterone suppressed pendrin transcription [29], while our
results suggest that DOCA alone has no effect on pendrin mRNA
abundance and that a second stimulus, i.e. bicarbonate, is needed
to enhance pendrin mRNA. Thus, transcriptional regulation of
pendrin differs between cell models and in vivo [49], which may
be the result of the interaction of several factors affecting the
collecting duct, and not all transcriptional changes translate into
altered protein abundance demonstrating an additional level of
control.

Remodeling of the collecting duct occurs in response to changes
in electrolyte and/or acid-base status [25,38,40,50,51,52,53,54,
55,56,57,58,59]. Induction of acidosis with NH4Cl has been
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shown to increase the relative number of type A intercalated cells
in various rat and mouse models. AEl protein expression
increased during NH4ClI only in the medulla but not in cortex.
In contrast, we found a higher relative number of AE1 expressing
cells in both cortex and medulla during NH,Cl-loading suggesting
that in the cortex the abundance of AEl per cell may be
stimulated. Pendrin abundance in the cortex was reduced during
NH,CI loading and the relative number of pendrin positive cells
decreased in parallel. However in KCl-loaded animals, pendrin
protein abundance decreased without a significant chance in the
relative number of pendrin expressing cells consistent with a
possible reduction of pendrin expression per cell. In both cases, the
cellular mechanisms responsible for sensing changes in acid-base
status or chloride concentrations are unknown. Also the mecha-
nisms triggering the reduction in protein expression or cell number
have not been identified to date. Several mechanisms have been
suggested to be involved in the remodeling of the collecting duct in
response to NH,;Cl-induced acidosis including proliferation of type
A intercalated cells and hensin-mediated interconversion of type A
and non-A intercalated cells [56,59,60].

In summary, the abundance of the two major anion exchangers
AEl and pendrin expressed in the different subtypes of
intercalated cells is heavily regulated by electrolyte intake, acid-
base status, and the aldosterone analogue. In some instances the
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Figure 11. Immunolocalization of intercalated cell subtypes in mouse kidney under different dietary treatments. Mice were left
untreated (sucrose, control) or received NH,4Cl, NaHCO3 or KCl in their drinking water for 7 days. Immunohistochemistry was performed to identify
type A intercalated cells with AE1 (red), non-type A intercalated cells with pendrin (green), principal cells with calbindin D28k/AQP2 (yellow), and
nuclei (DAPI, blue). Representative pictures are shown from CNT (A) and CCD (B). Original magnification 400 x.

doi:10.1371/journal.pone.0055286.g011

presence of two combined stimuli is required for regulation.
Apparently, regulation involves changes in protein expression per
cell as well as changes in the relative abundance of the two major
intercalated cell subtypes. The adaptive regulation of the type A
intercalated cell anion exchanger AE] mainly follows changes in
acid-base status whereas regulation of pendrin expression paral-
leled mostly chloride intake and acid-base status. Our data
demonstrate differential regulation of these transporters and the
two intercalated subtypes. The altered expression may support the
renal response to changes in acid-base status and electrolyte intake
but may also contribute in some instances to the maintenance of
electrolyte and acid-base disturbances.

References

1. Lifton RP, Gharavi AG, Geller DS (2001) Molecular mechanisms of human
hypertension. Cell 104: 545-556.

2. Hadchouel J, Jeunemaitre X (2006) Life and death of the distal nephron: WNK4
and NCC as major players. Cell Metab 4: 335-337.

3. Ellison DH, Loffing J (2009) Thiazide effects and adverse effects: insights from
molecular genetics. Hypertension 54: 196-202.

4. Gimenez I (2006) Molecular mechanisms and regulation of furosemide-sensitive
Na-K-ClI cotransporters. Curr Opin Nephrol Hypertens 15: 517-523.

5. Haas M, Forbush B 3rd (2000) The Na-K-Cl cotransporter of secretory
epithelia. Annu Rev Physiol 62: 515-534.

6. Loffing J, Korbmacher C (2009) Regulated sodium transport in the renal
connecting tubule (CNT) via the epithelial sodium channel (ENaC). Pflugers
Arch 458: 111-135.

7. Yamauchi K, Rai T, Kobayashi K, Sohara E, Suzuki T, et al. (2004) Disease-
causing mutant WNK4 increases paracellular chloride permeability and
phosphorylates claudins. Proc Natl Acad Sci U S A 101: 4690-4694.

8. Royaux IE, Wall SM, Karniski LP, Everett LA, Suzuki, et al. (2001) Pendrin,
encoded by the Pendred syndrome gene, resides in the apical region of renal
intercalated cells and mediates bicarbonate secretion. Proc Natl Acad Sci U S A
98: 4221-4226.

9. Wall SM, Hassell, K A, Royaux, I E, Green, E D, Chang, J Y, et al. (2002)
Localization of Pendrin in Mouse Kidney. Am J Physiol Renal Physiol 284:
1229-241.

10. Wagner CA, Mohebbi N, Capasso G, Geibel JP (2011) The Anion Exchanger
Pendrin (SLC26A4) and Renal Acid-base Homeostasis. Cell Physiol Biochem
28: 497-504.

11. Procino G, Mastrofrancesco L, Sallustio F, Costantino V, Barbieri C, et al.
(2011) AQP5 is expressed in type-B intercalated cells in the collecting duct
system of the rat, mouse and human kidney. Cell Physiol Biochem 28: 683-692.

12. Rodighiero S, Botta G, Bazzini C, Meyer G (2011) Pendrin overexpression
affects cell volume recovery, intracellular pH and chloride concentration after
hypotonicity-induced cell swelling. Cell Physiol Biochem 28: 559-570.

13. Reimold FR, Heneghan JF, Stewart AK, Zelikovic I, Vandorpe DH, et al. (2011)
Pendrin function and regulation in Xenopus oocytes. Cell Physiol Biochem 28:
435-450.

14. Pech V, Kim YH, Weinstein AM, Everett LA, Pham TD, et al. (2006)
Angiotensin II increases chloride absorption in the cortical collecting duct in
mice through a pendrin-dependent mechanism. Am J Physiol Renal Physiol.

15. Wagner CA, Devuyst O, Bourgeois S, Mohebbi N (2009) Regulated acid-base
transport in the collecting duct. Pflugers Arch 458: 137-156.

16. Wagner CA, Finberg, K E, Breton S, Marshansky V, Brown D, et al. (2004)
Renal vacuolar H*-ATPase. Physiol Rev 84: 1263-1314.

17. Wagner CA, Mohebbi N, Uhlig U, Giebisch GH, Breton S, et al. (2011)
Angiotensin 11 stimulates H*-ATPase activity in intercalated cells from isolated
mouse connecting tubules and cortical collecting ducts. Cell Physiol Biochem 28:
513-520.

18. Leviel F, Hubner CA, Houillier P, Morla L, El Moghrabi S, et al. (2010) The
Na*-dependent chloride-bicarbonate exchanger SLC4A8 mediates an electro-
neutral Na+ reabsorption process in the renal cortical collecting ducts of mice.
J Clin Invest 120: 1627-1635.

19. Kim YH, Pech V, Spencer KB, Beierwaltes WH, Everett LA, et al. (2007)
Reduced ENaC protein abundance contributes to the lower blood pressure
observed in pendrin-null mice. Am J Physiol Renal Physiol 293: F1314-1324.

20. Hadchouel J, Busst C, Procino G, Valenti G, Chambrey R, et al. (2011)
Regulation of extracellular fluid volume and blood pressure by pendrin. Cell
Physiol Biochem 28: 505-512.

PLOS ONE | www.plosone.org

Acknowledgments

The use of the ZIRP Core Facility for Integrative Rodent Phenotyping is
gratefully acknowledged.

Author Contributions

Conceived and designed the experiments: NM CAW. Performed the
experiments: NM AP JvdW HMB. Analyzed the data: NM CAW.
Contributed reagents/materials/analysis tools: CAW. Wrote the paper:
NM GC CAW.

21. Amlal H, Soleimani M (2011) Pendrin as a novel target for diuretic therapy. Cell
Physiol Biochem 28: 521-526.

22. Verlander JW, Hassell KA, Royaux IE, Glapion DM, Wang ME, et al. (2003)
Deoxycorticosterone upregulates PDS (Slc26a4) in mouse kidney: role of pendrin
in mineralocorticoid-induced hypertension. Hypertension 42: 356-362.

23. Alper SL, Natale ], Gluck S, Lodish HF, Brown D (1989) Subtypes of
intercalated cells in rat kidney collecting duct defined by antibodies against
erythroid band 3 and renal vacuolar H*-ATPase. Proc Natl Acad Sci U S A 86:
5429-5433.

24. Sebastian A, McSherry E, Morris RC Jr (1976) Impaired renal conservation of
sodium and chloride during sustained correction of systemic acidosis in patients
with type 1, classic renal tubular acidosis. J Clin Invest 58: 454-469.

25. Hafner P, Grimaldi R, Capuano P, Capasso G, Wagner CA (2008) Pendrin in
the mouse kidney is primarily regulated by Cl~ excretion but also by systemic
metabolic acidosis. Am J Physiol Cell Physiol 295: C1658-1667.

26. Quentin F, Chambrey R, Trinh-Trang-Tan MM, Fysekidis M, Cambillau M, et
al. (2004) The C1" /HCO3~ exchanger pendrin in the rat kidney is regulated in
response to chronic alterations in chloride balance. Am J Physiol Renal Physiol
287: F1179-1188.

27. Vallet M, Picard N, Loffing-Cueni D, Fysekidis M, Bloch-Faure M, et al. (2006)
Pendrin regulation in mouse kidney primarily is chloride-dependent. J] Am Soc
Nephrol 17: 2153-2163.

28. Verlander JW, Kim YH, Shin W, Pham TD, Hassell KA, et al. (2006) Dietary
CI™ restriction upregulates pendrin expression within the apical plasma
membrane of type B intercalated cells. Am J Physiol Renal Physiol 291:
1833-839.

29. Adler L, Efrati E, Zelikovic I (2008) Molecular mechanisms of epithelial cell-
specific expression and regulation of the human anion exchanger (pendrin) gene.
Am J Physiol Cell Physiol 294: C1261-1276.

30. Stone DK, Seldin DW, Kokko JP, Jacobson HR (1983) Anion dependence of
rabbit medullary collecting duct acidification. J Clin Invest 71: 1505-1508.

31. Stone DK, Seldin DW, Kokko JP, Jacobson HR (1983) Mineralocorticoid
modulation of rabbit medullary collecting duct acidification. A sodium-
independent effect. J Clin Invest 72: 77-83.

32. Berthelot M (1859) Violet d’aniline. Rep Chim Appl: 284.

33. Stehberger PA, Shmukler BE, Stuart-Tilley AK, Peters LL, Alper SL, et al.
(2007) Distal renal tubular acidosis in mice lacking the AEl (band3) CI™/
HCO; " exchanger (slc4al). ] Am Soc Nephrol 18: 1408-1418.

34. Slot C (1965) Plasma creatinine determination. A new and specific Jaffe reaction
method. Scand J Clin Lab Invest 17: 381-387.

35. Bonnici B, Wagner CA (2004) Postnatal expression of transport proteins
involved in acid-base transport in mouse kidney. Pflugers Arch 448: 16-28.

36. Nowik M, Lecca MR, Velic A, Rehrauer H, Brandli AW, et al. (2008) Genome-
wide gene expression profiling reveals renal genes regulated during metabolic
acidosis. Physiol Genomics 32: 322-334.

37. McLean IW, Nakane PK (1974) Periodate-lysine-paraformaldehyde fixative. A
new fixation for immunoelectron microscopy. J Histochem Cytochem 22: 1077~
1083.

38. Stehberger P, Schulz N, Finberg KE, Karet FE, Gicbisch G, et al. (2003)
Localization and regulation of the ATP6V0OA4 (a4) vacuolar H*-ATPase subunit
defective in an inherited form of distal renal tubular acidosis. ] Am Soc Nephrol
14: 3027-3038.

39. Mohebbi N, Mihailova M, Wagner CA (2009) The calcineurin inhibitor FK506
(tacrolimus) is associated with transient metabolic acidosis and altered expression
of renal acid-base transport proteins. Am ] Physiol Renal Physiol 297: F499—
509.

January 2013 | Volume 8 | Issue 1 | 55286



40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

Wagner CA, Finberg KE, Stehberger PA, Lifton RP, Giebisch GH, et al. (2002)
Regulation of the expression of the Cl™ /anion exchanger pendrin in mouse
kidney by acid-base status. Kidney Int 62: 2109-2117.

Frische S, Kwon TH, Frokiaer J, Madsen KM, Nielsen S (2003) Regulated
expression of pendrin in rat kidney in response to chronic NH4CI or NaHCO34
loading. Am J Physiol Renal Physiol 284: F584-593.

Petrovic S, Wang Z, Ma L, Soleimani M (2003) Regulation of the apical C1"/
HCO™ 3 exchanger pendrin in rat cortical collecting duct in metabolic acidosis.
Am ] Physiol Renal Physiol 284: F103-112.

Huber S, Asan E, Jons T, Kerscher C, Puschel B, et al (1999) Expression of rat
kidney anion exchanger 1 in type A intercalated cells in metabolic acidosis and
alkalosis. Am J Physiol 277: F841-849.

Pacha J, Frindt G, Sackin H, Palmer LG (1991) Apical maxi K channels in
intercalated cells of CCT. Am J Physiol 261: F696-705.

. Palmer LG, Frindt G (2007) High-conductance K channels in intercalated cells

of the rat distal nephron. Am J Physiol Renal Physiol 292: 1'966-973.

Wall SM, Kim YH, Stanley L, Glapion DM, Everett LA, et al. (2004) NaCl
restriction upregulates renal Sle26a4 through subcellular redistribution: role in
Cl conservation. Hypertension 44: 982-987.

Jehle S, Hulter HN, Krapf R (2000) On the mechanism of growth hormone-
induced stimulation of renal acidification in humans: effect of dietary NaCl. Clin
Sci (Lond) 99: 47-56.

Alesutan I, Daryadel A, Mohebbi N, Pelzl L, Leibrock C, et al. (2011) Impact of
bicarbonate, ammonium chloride, and acetazolamide on hepatic and renal
SLC26A4 expression. Cell Physiol Biochem 28: 553-558.

Rozenfeld J, Efrati E, Adler L, Tal O, Carrithers SL, et al. (2011)
Transcriptional regulation of the pendrin gene. Cell Physiol Biochem 28:
385-396.

Purkerson JM, Tsuruoka S, Suter DZ, Nakamori A, Schwartz GJ (2010)

Adaptation to metabolic acidosis and its recovery are associated with changes in

PLOS ONE | www.plosone.org

14

53.

54.

56.

57.

58.

59.

60.

Regulation of AET and Pendrin

anion exchanger distribution and expression in the cortical collecting duct.
Kidney Int 78: 993-1005.

Schwartz GJ, Barasch J, Al-Awqati Q (1985) Plasticity of functional epithelial
polarity. Nature 318: 368-371.

. Brown D, Hirsch S, Gluck S (1988) An H*-ATPase in opposite plasma

membrane domains in kidney epithelial cell subpopulations. Nature 331: 622—
624.

Christensen BM, Kim YH, Kwon TH, Nielsen S (2006) Lithium treatment
induces a marked proliferation of primarily principal cells in rat kidney inner
medullary collecting duct. Am J Physiol Renal Physiol 291: F39-48.
Christensen BM, Marples D, Kim YH, Wang W, Frokiaer J, et al. (2004)
Changes in cellular composition of kidney collecting duct cells in rats with
lithium-induced NDI. Am J Physiol Cell Physiol 286: C952-964.

. Elger M, Bankir L, Kriz W (1992) Morphometric analysis of kidney hypertrophy

in rats after chronic potassium depletion. Am J Physiol : 262: F656-667.
Welsh-Bacic D, Nowik M, Kaissling B, Wagner CA (2011) Proliferation of acid-
secretory cells in the kidney during adaptive remodelling of the collecting duct.
PLoS One 6: ¢25240.

Bastani B, Purcell H, Hemken P, Trigg D, Gluck S (1991) Expression and
distribution of renal vacuolar proton-translocating adenosine triphosphatase in
response to chronic acid and alkali loads in the rat. J Clin Invest 88: 126-136.
Verlander JW, Madsen KM, Cannon JK, Tisher CC (1994) Activation of acid-
secreting intercalated cells in rabbit collecting duct with ammonium chloride
loading. Am J Physiol 266: F633-645.

Duong Van Huyen JP, Cheval L, Bloch-Faure M, Belair MF, Heudes D, et al.
(2008) GDF15 triggers homeostatic proliferation of acid-secreting collecting duct
cells. ] Am Soc Nephrol 19: 1965-1974.

Gao X, Eladari D, Leviel F, Tew BY, Miro-Julia C, et al. (2010) Deletion of
hensin/DMBT1 blocks conversion of beta- to alpha-intercalated cells and
induces distal renal tubular acidosis. Proc Natl Acad Sci U S A.

January 2013 | Volume 8 | Issue 1 | 55286



