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Abstract

The collecting duct is a highly adaptive terminal part of the nephron, which is essential 

for maintaining systemic homeostasis. Principal and intercalated cells perform different 

physiological tasks and exhibit distinctive morphology. However, acid-secreting A- and base 

secreting B-type of intercalated cells cannot be easily separated in functional studies. We used 

BCECF-sensitive intracellular pH (pHi) measurements in split-opened collecting ducts followed 

by immunofluorescent microscopy in WT and intercalated cell-specific ClC-K2−/− mice to 

demonstrate that ClC-K2 inhibition enables to distinguish signals from A- and B-intercalated 

cells. We show that ClC-K2 Cl− channel is expressed on the basolateral side of intercalated cells, 

where it governs Cl−-dependent H+/HCO3
− transport. ClC-K2 blocker, NPPB, caused acidification 

or alkalization in different subpopulations of intercalated cells in WT but not ClC-K2−/− mice. 

Immunofluorescent assessment of the same collecting ducts revealed that NPPB increased pHi in 

AE1-positive A-type and decreased pHi in pendrin-positive B-type of intercalated cells. Induction 

of metabolic acidosis led to a significantly augmented abundance and H+ secretion in A-type 

and decreased proton transport in B-type of intercalated cells, whereas metabolic alkalosis caused 

the opposite changes in intercalated cell function, but did not substantially change their relative 

abundance. Overall, we show that inhibition of ClC-K2 can be employed to discriminate between 

A- and B-type of intercalated cells in split-opened collecting duct preparations. We further 

demonstrate that this method can be used to independently monitor changes in the functional 

status and abundance of A- and B-type in response to systemic acid/base stimuli.
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1 | INTRODUCTION

The collecting duct is known to play a critical role in maintaining whole body homeostasis 

by matching urinary excretion rate with perpetual day-to-day changes in water and 

electrolyte intake.1–3 Indeed, inherited or acquired dysfunction of the collecting duct 

transport systems gives rise to a number of diseases, including Pseudohypoaldosteronism 

type I (PHA I), Liddle syndrome, nephrogenic diabetes insipidus, and distal renal tubule 

acidosis type I (dRTA type I) to name a few.4–6 Collecting duct is the most heterogeneous 

segment of the renal nephron containing two electrically uncoupled cell types: principal 

and intercalated.1,2 More abundant (up to 70% of total population) principal cells have 

relatively flat and polygonal shape and are largely involved in Na+ and water reabsorption 

and K+ secretion.1 Intercalated cells mediate acid–base transport, Cl− reabsorption, and 

K+ secretion/reabsorption.2 Intercalated cells are in general more round and darker due to 

high mitochondrial content.7,8 They could be, to a certain degree of success, distinguished 

from principal cells even with a conventional light microscopy. Further studies demonstrated 

that intercalated cells are divided into two functionally distinct types. Acid secreting A-

type is characterized by the presence of the H+-ATPase on the apical membrane and the 

anion exchanger 1 (AE1, Slc4a1) on the basolateral side, whereas HCO3
−-secreting B-type 

expresses the anion exchanger pendrin (Slc26a4) on the apical membrane and H+-ATPase 

basolaterally.2,9 Despite quite distinct cellular ultrastructure and functional roles, A- and 

B-type cannot be visually discriminated thus requiring advanced imaging tools, such as 

electron or immunofluorescent microscopy.7,10

Isolated perfused cortical collecting ducts are capable of net secreting either H+ or HCO3
−,11 

which is consistent with the presence of both types of intercalated cells, thus enabling 

adaptation of the collecting duct to systemic pH stimuli. Of interest, the connecting 

tubule and cortical collecting duct also contain intercalated cells expressing H+-ATPase 

and pendrin simultaneously on the apical side, the so-called non-A non-B-type.12 While its 

exact physiological function is not defined, it is thought that non-A non-B might represent 

a transition pool to facilitate responses to systemic pH insults.2 However, there is no 

consensus about the mechanism of adaptation. Thus, it was shown that chronic acid load 

led to increased total number of A-type of cells due to direct conversion of the polarity of B-

type.13–15 However, other studies concluded that neither metabolic nor respiratory acidosis 

were able to change the relative number of type A and type B cells in the cortical collecting 

duct, and the response was rather mediated by the increase in apical micro-projections and in 

the surface density of the apical membrane of type A cells.16,17

Secretion of H+ or HCO3
− by intercalated cells depends on Cl− due to the presence 

of AE1 on the basolateral membrane of A-type and pendrin on the apical side in of 

B-type, respectively.2 Removal of Cl− from the luminal or basolateral sides elicited discrete 

changes in intracellular pH (pHi) in acid- and base-secreting intercalated cells in perfused 
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collecting ducts.14 This permits identification of a limited number of intercalated cells 

located closer to the sides of the perfused collecting duct. The accurate separation of 

fluorescence-based signals from individual cells within a perfused tubule is also not readily 

feasible and often requires expensive instrumentations. The development of a split-opened 

collecting duct technique18 enables unambiguous separation of signals simultaneously from 

a large number of epithelial cells within a split-opened area using conventional wide-field 

fluorescent microscopy setup.19 However, it comes at a price of inability to selectively 

change concentration of ions (and particularly Cl−) on the apical and basolateral side to 

distinguish A- and B-type of intercalated cells.

ClC-K2 (ClC-Kb in humans) is a virtually kidney-specific Cl− channel abundantly expressed 

on the basolateral membrane of the several distal nephron segments from the thick ascending 

limb to the medullary collecting duct where it is thought to be essential for mediating trans-

cellular Cl− reabsorption.20–25 Loss-of-function mutations in the Clcnkb gene encoding 

ClC-Kb underlie the Bartter’s syndrome type 3 causing hypotension, urinary salt wasting, 

hypokalemia and metabolic alkalosis,26 which is likely to be mediated by diminished NaCl 

reabsorption in the thick ascending limb and the distal convoluted tubule.25 On the contrary, 

gain-of-function polymorphism ClC-KbT481S in humans is associated with elevated blood 

pressure.27,28 We and others have shown that ClC-K2 is the dominant Cl− channel on the 

basolateral membrane of intercalated but not principal cells of the collecting duct.29–32 

However, little is known about the physiological roles of ClC-K2 in this segment.

Taking the selective pattern of ClC-K2 expression into consideration, namely basolateral 

membrane of intercalated cells, the current study examined the idea that ClC-K2 is essential 

for the Cl−-dependent acid–base transport and that manipulation with channel activity could 

be instrumental in discrimination of A- and B-type of intercalated cells in split-opened 

collecting ducts.

2 | METHODS

2.1 | Reagents

All chemicals and materials were from Sigma (St. Louis, MO, USA), VWR (Radnor, 

PA, USA), Fisher (Waltham, MA, USA), and Tocris (Ellisville, MO, USA) unless noted 

otherwise and were at least of reagent grade.

2.2 | Research animals

Animal use and welfare adhered to the NIH Guide for the Care and Use of Laboratory 

Animals following protocols reviewed and approved by the Animal Care and Use 

Committees of the University of Texas Health Science Center at Houston. Animals were 

maintained on standard rodent chow and have free access to tap water. To induce metabolic 

acidosis/alkalosis, animals were given water supplemented with 280 mM NH4Cl + 0.5% 

sucrose (acid load) or 280 mM KHCO3 + 0.5% sucrose (base load) for 3 days, respectively, 

as was described previously.33

For experiments, 6- to 10-week old C57Bl/6 (WT), ClC-K2fl/fl, and ClC-K2fl/fl -B1 ATPase-

cre male mice were used. ClC-K2fl/fl mice were developed by the NIH sponsored UC Davis 
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Mouse Biology Program (project # MBP-1181; MGI: 6152442). Specifically, exons 3–20 of 

the Clcnkb gene (Chromosome 4), encoding ClC-K2 were flanked with loxP sites (Figure 

S1A). The genotyping primers were 5′-TAAGAGAGAGTACACTGGAATGTCCTAGC 

and 5′-TATACGAAGTTATACGTGTCGACAACG (for detection of floxed 

allele at 409 bp); 5′-TAAGAGAGAGTACACTGGAATGTCCTAGC and 

ATGGCAGCTCTAGTGTGTATTTGGGTA (for detection of WT allele at 530 bp). Figure 

S1B shows the representative images of genotyping of ClC-K2fl/WT and ClC-K2fl/fl. 

ClC-K2fl/fl mice were further crossed with ATP6V1B1 (ATPase-B1) -cre34 to create 

intercalated cell knockout of ClC-K2. The genotyping primers for B1-cre were 5′-
CCCTCTTCCCTTCTCCCTCCA and 5′-GCGAACATCTTCAGGTTCTGCGG to detect 

a product at 580 bp. Figure S1C shows the representative images of genotyping of ClC-

K2fl/WT B1 ATPase-cre and ClC-K2fl/fl B1 ATPase-cre.

2.3 | Isolation and split opening of cortical collecting ducts

The procedure for isolation of the cortical collecting ducts from mouse kidneys suitable for 

fluorescent pHi measurements closely followed the protocols previously published by our 

group.19,35,36 Kidneys were cut into thin slices (<1 mm) with slices placed into an ice-cold 

bath solution containing (in mM): 150 NaCl, 5 KCl, 1 CaCl2, 2 MgCl2, 5 glucose and 10 

HEPES (pH 7.35). Cortical collecting ducts were visually identified by their morphological 

features (pale color; coarse surface) and by their post-experimental staining with anti-AQP2, 

anti-AE1, and anti-pendrin. The collecting ducts were mechanically isolated from kidney 

slices by micro-dissection using watchmaker forceps under a stereomicroscope. Isolated 

collecting ducts were attached to 5 × 5 mm cover glasses coated with poly-L-lysine. A cover-

glass containing a collecting duct was placed in a perfusion chamber mounted on an inverted 

Nikon Eclipse Ti-S microscope and perfused with bath solution at room temperature. 

Cortical collecting ducts were further split-opened with two sharpened micropipettes, 

controlled with different micromanipulators, to reliably monitor pHi signals from individual 

cells within a monolayer. The collecting ducts were used within 2 h of isolation.

2.4 | Intracellular pH measurements

Split-opened cortical collecting ducts were loaded with 2′,7′-Bis-(2-Carboxyethyl)-5-

(and-6)-Carboxyfluoresce in (BCECF) by incubation with 15 μM BCECF-AM 

acetoxymethyl ester in the bath solution for 40 min at room temperature followed by a 

washout with the bath solution for additional 10 min. Collecting ducts were placed in an 

open-top imaging study chamber (RC-26GLP; Warner Instruments, Hamden, CT, USA) with 

a bottom coverslip viewing window and the chamber attached to the microscope stage of 

a Nikon Ti-S Wide-Field Fluorescence Imaging System (Nikon Instruments, Melville, NY, 

USA) integrated with Lambda XL light source (Sutter Instrument, Novato, CA, USA) and 

QIClick 1.4 megapixel monochrome CCD camera (QImaging, Surrey, BC, Canada) via 

NIS Elements 4.3 Imaging Software (Nikon Instruments, Melville, NY, USA). Cells were 

imaged with a 40X Nikon Super Fluor objective and regions of interest (ROIs) were drawn 

for individual cells. The BCECF fluorescence intensity ratio was determined by excitation 

at 495 and 440 nm and calculating the ratio of the emission intensities at 520 nm every 

5 s. Experiments were performed under permanent perfusion of a solution containing (in 

mM): 150 NaCl, 5 KCl, 1 CaCl2, 2 MgCl2, 5 glucose and 10 HEPES at 1.5 ml/min rate. 
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Minor BCECF bleaching during the timeline of experiments was corrected. The changes 

in the ratio were converted into changes in pHi by performing a calibration in high K+ 

solutions (145 mM KCl) with predefined pH (6.0, 7.0, and 8.0, adjusted by HCl and KOH, 

respectively) in the presence of 15 μM nigericin, as was originally described.37 In average, 

6 individual collecting ducts (30–50 cells in each) from three mice were used for each 

experimental set. For intracellular acidification, a solution containing (in mM): 40 NH4Cl 

110 NaCl, 5 KCl, 1 CaCl2, 2 MgCl2, 5 glucose and 10 HEPES was applied to the recording 

chamber for 2 min. The rate of recovery after acidification was calculated as a linear slope 

of the initial pHi recovery rate from the lowest pHi values for each cell after removal of the 

acidification pulse, as we did previously.33,36

2.4.1 | Immunofluorescent microscopy—Following pHi measurements, split-opened 

collecting ducts were fixed with 10% neutral buffered formalin (AzerScientific, 

Morgantown, PA, USA; Cat. # PFNBF240) for 15 min at room temperature. After fixation, 

the samples were permeabilized by addition of 1% SDS (Sigma-Aldrich, St. Louis, MO, 

USA; Cat. # L4390) in phosphate buffer solution (PBS) for 10 min and washed in PBS 

2 times for 10 min. Nonspecific staining was blocked with 10% normal goat serum 

(Novus Biologicals™, Centennial, CO, USA; Cat. # NBP223475) in PBS for 1 h at 

room temperature. The samples were incubated overnight at +4°C in dark with anti-AQP2 

antibodies (1:4000, Alomone Labs, Israel; Cat. # AQP2-002) or anti-AE1 antibodies (1:200, 

Invitrogen, Rockford, IL, USA; Cat. # PA5-114893) or anti-pendrin antibodies (1:250, 

Invitrogen, Rockford, IL, USA; Cat. # PA5-42060), washed with PBS, and incubated with 

Alexa 594 secondary antibodies (1:1000 Invitrogen; Cat. # A11012). For double staining, 

the samples were further blocked with 10% normal rabbit serum (Novus Biologicals™, 

Centennial, CO, USA; Cat. # NBP171681) for 30 min and incubated with anti-ClC-K 

primary antibodies (1:500, Alomone Labs, Israel; Cat. # ACL-004) conjugated with Alexa 

594 F(ab’)2 secondary antibodies (1:1000 Jackson Immunoresearch, West Grove, PA, USA 

Cat. # 111-587-003) for 60 min at 37°C. After washing with PBS (2 times for 5 min), the 

samples were stained with 4′,6-diamidino-2-phenylindole (DAPI) (300 nM concentration, 

MilliporeSigma™, Calbiochem, San Diego, CA, USA; Cat. # 5.08741.0001) to visualize 

nuclei. The samples were mounted with Fluoromount mounting media (Thermo Scientific, 

Pittsburg, PA, USA).

Freshly isolated kidneys were decapsulated and placed into cryo-tubes with embedding 

medium (Andwin Scientific Tissue-Tek™ CRYO-OCT Compound 4583, Torrance, CA, 

USA; Cat. # 14-373-65). The kidneys were flash-frozen in liquid nitrogen for 3–5 min. 

Transverse cut 6 μm thick sections were made on CM 1850 cryostat (Leica, Buffalo Grove, 

IL, USA). The sections were allowed to warm to room temperature, washed three times 

in phosphate buffer saline (PBS) and fixed with 10% neutral buffered formalin for 15 

min. Following the three times washing for 10 min, kidney sections were permeabilized 

with 0.1% Triton x100 (Sigma-Aldrich, St. Louis, MO, USA; Cat. # 56H0850) for 10 

min following washout with PBS and blockade of nonspecific binding with 10% normal 

goat serum for an hour at room temperature. Sections were further incubated overnight 

at +4°C with anti-AQP2 (1:4000, Alomone Labs, Israel; Cat. # AQP2-002) conjugated 

with Alexa 488 F(ab’) secondary antibodies (1:1000 Invitrogen, Eugene, OR, USA; Cat. 
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# A1182668) followed by washing with PBS for 20 min at room temperature. After 

blockade of nonspecific binding with 10% normal rabbit serum for 30 min at room 

temperature, kidney sections were incubated with anti-ClC-K antibodies (1:500, Alomone 

Labs, Israel; Cat. # ACL-004) conjugated with Alexa 594 F(ab’)2 secondary antibodies 

(1:1000 Jackson Immunoresearch, West Grove, PA, USA; Cat. # 111-587-003) for 90 min 

at 37°C. After washing with PBS for 20 min at room temperature, nuclei were stained 

with DAPI (0.5 μg/ml) for 10 min at room temperature. The samples were mounted 

with Fluoromount mounting media (Thermo Scientific, Pittsburg, PA, USA). Specificity 

of employed antibodies was verified by the absence of any fluorescent signal upon their 

pre-incubation with respective blocking peptide and, for the case of ClC-K, the absence of 

fluorescent signal in AQP2-negative intercalated cells of ClC-K2fl/fl B1 ATPase-cre mice 

(Figure S6). The labeled kidney sections or split-opened collecting ducts were imaged with 

a Nikon A1R confocal microscope, as we did similarly before.38,39 In brief, samples were 

excited with 405, 488, and/or 561 nm laser diodes and emission captured with a 16-bit Cool 

SNAP HQ2 camera (Photometrics) interfaced to a PC running NIS elements software.

2.5 | Data analysis

All summarized data are reported as mean ± SEM. Statistical comparisons were made using 

one-way ANOVA with post-hoc Tukey test or one-way repeated measures ANOVA with post 

hoc Bonferroni test. p value less than .05 was considered significant.

3 | RESULTS

3.1 | Functional expression of ClC-K2 Cl− channel in intercalated but not principal cells of 
the collecting duct

It was previously documented that ClC-K2 channel is expressed on the basolateral side in 

the distal nephron from the thick ascending limb to the inner medullary collecting duct.23 

However, there is a drastic switch in the expression pattern of ClC-K2 in the collecting 

duct compared to the upstream segments. As exemplified in Figure 1A, ClC-K2-reporting 

signal is detected in AQP2-negative intercalated cells of the collecting duct, whereas it 

is present in all cells of the distal convoluted tubule and the thick ascending limb (see 

Figure S2 for panoramic view). Such a mosaic expression argues that ClC-K2 is well-suited 

to control acid–base transport in the collecting duct (Figure 1B). Thus, we next assessed 

the functional consequences of ClC-K2 inhibition with 5-Nitro-2-(3-phenylpropylamino) 

benzoic acid (NPPB, 100 μM) on pHi in split-opened cortical collecting ducts loaded 

with pH-sensitive dye, BCECF (Figure 2A). We subsequently probed the same collecting 

ducts with anti-AQP2 antibodies to sort out the signals from principal (AQP2-positive) and 

intercalated (AQP2-negative) cells (Figure 2A, bottom panel). As summarized in Figure 2B, 

NPPB had no effect on pHi in principal cells, which is consistent with the lack of ClC-K2 

expression in this cell type (Figure 1A). Importantly, we detected two opposite responses to 

ClC-K2 inhibition in intercalated cells. NPPB induced a notable acidification in the majority 

of intercalated cells (Figure 2A and another example in Figure S3, yellow arrows), whereas 

it led to alkalization in the remaining minority in intercalated cells (Figures 2A and S3, 

white arrows). These two populations were termed as ICs− and ICs+, respectively. The 
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actions of NPPB on pHi were reversible upon washout (Figure 2B). Of note, ICs− had a 

considerably higher baseline pHi than ICs+: 7.03 ± 0.02 versus 6.86 ± 0.02.

NPPB could also block other Cl− channels, most notably CFTR, which was shown to be 

expressed in the intercalated cells.40 However, application of a specific CFTR inhibitor, 

CFTRin-172 (5 μM), did not induce any acute changes in pHi in both intercalated and 

principal cells (Figure S4). Moreover, neither blockade of Na+ conducting pathway with 

amiloride (2 μM,41) nor K+ conductance with Ba2+ (30 μM,42) affected pHi in all types 

of collecting duct cells (Figure S5). This argues against putative contribution of indirect 

secondary mechanisms in NPPB-induced changes in pHi. Altogether, our results suggest that 

ClC-K2 is functional specifically in intercalated but not principal cells of the collecting duct. 

Inhibition of ClC-K2 with NPPB causes acute bidirectional changes in pHi, which could 

indicate the opposite responses from the acid-secreting A-type and base-secreting B-type of 

intercalated cells.

3.2 | ClC-K2 deletion abolishes NPPB-dependent changes in pHi in intercalated cells

We next verified that NPPB-dependent changes in pHi in intercalated cells were solely 

mediated by ClC-K2 inhibition. For this, we created intercalated cell-specific ClC-K2 

knockout by crossing ClC-K2fl/fl with ATP6V1B1 (B1 ATPase)-cre (Figure S1, see Methods 

for additional details). As shown in the representative images of split-opened collecting 

ducts, ClC-K2 expression is evident in AQP2-negative intercalated cells of ClC-K2fl/fl 

(Figure 3A), but not in ClC-K2fl/fl B1 ATPase-cre mice (Figure 3B). Consistently, ClC-K2-

reporting signal was absent in intercalated cells of the knockout, but present outside the 

collecting duct in both cortical and medullary kidney sections (Figure S6). NPPB application 

led to acute acidification in ICs− and alkalization in ICs+ of ClC-K2fl/fl (Figure 3C) with 

responses being indistinguishable from those observed in WT (C57Bl/6) mice (Figures 2B 

and 3E). In contrast, NPPB elicited only marginally detectable changes in pHi in intercalated 

cells from ClC-K2fl/fl B1 ATPase-cre mice (Figure 3D). The magnitude of the responses was 

less than 10% of the respective values seen in WT and ClC-K2fl/fl (Figure 3E). These results 

demonstrate that NPPB can be used as a reliable and specific tool to block ClC-K2 activity 

in intercalated cells of the collecting duct. The residual minor effects observed in ClC-K2fl/fl 

B1 ATPase-cre mice are most likely caused by incomplete deletion of the channel with 

cre-lox technology.

3.3 | ClC-K2 inhibition induces opposite responses in A- and B-type of intercalated cells

Our next set of experiments tested the hypothesis that bidirectional changes in pHi upon 

ClC-K2 inhibition reflect responses from acid-secreting A- and base-secreting B-type of 

intercalated cells. Upon measurements of NPPB-induced changes in pHi, split-opened 

collecting ducts were probed with antibodies for AE1, a specific marker of A-type 

of intercalated cells (Figure 4A). The individual responses from AE1-positive and AE1-

negative intercalated cells are shown in Figure 4B left and right panels, respectively. As 

summarized in the pie chart graphs in Figure 4B, over 95% of ICs+ were positive for AE1, 

and almost 80% of ICs− did not exhibit a notable AE1-reporting signal. We next similarly 

probed split-opened collecting ducts with antibodies for pendrin, a selective marker of 

B-type intercalated cells. As shown in Figure 4C, over 91% of ICs− were pendrin positive, 
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and almost 80% of ICs+ were pendrin negative. Overall, we concluded that inhibition of 

ClC-K2 with NPPB leads to pHi alkalization in the overwhelming majority of A-type and 

to acidification specifically in B-type, thus being a highly reliable and feasible tool for 

discrimination between intercalated cell types in split-opened collecting duct preparations.

3.4 | Using ClC-K2 inhibition to monitor adaptation of the collecting duct to metabolic 
acidosis/alkalosis

We next implemented this method to independently monitor function of A- and B-

intercalated cells in the cortical collecting duct. As shown in Figure 5A, isotonic application 

of NH4Cl (40 mM for 2 min) caused an alkalization followed by an acute acidification upon 

NH4Cl removal. This allows quantification of the rate of apical H+ extrusion by A-type 

of intercalated cells and basolateral H+ extrusion by B-type of intercalated cells upon pHi 

recovery to the basal level. Followed the recovery, A- and B-type were distinguished by 

their responses to NPPB: alkalization and acidification, respectively (Figure 5A). Finally, 

the collecting duct was fixed and probed with anti-AQP2 antibodies to separate signals 

from principal cells and to verify that NPPB elicited pHi changes exclusively in intercalated 

cells (Figure 5A). The averaged time course of pHi changes for each cell type is shown in 

Figure 5B, left panel. B-type was more abundant, making up to 65% of the total population 

of intercalated cells (Figure 5B, middle panel). The rate of recovery after NH4Cl-induced 

acidification was not statistically different for A- (0.58 ± 0.08 ΔpH/min) and B-type (0.47 ± 

0.04 ΔpH/min). However, both values were much greater than that observed in principal 

cells (0.061 ± 0.003 ΔpH/min), as expected. Deletion of ClC-K2 in intercalated cells 

substantially decreased the recovery after acidification in both A-type (by 45%) and B-type 

(by 78%), when compared to WT (Figure S7). In this case, the types of AQP2-negative 

cells were distinguished by their residual minor responses to NPPB, similar to that shown in 

Figure 3D. Overall, this strongly suggests a critical role of ClC-K2 in controlling acid–base 

transport in the collecting duct.

We next used this experimental design to monitor changes in the function of A- and B-type 

of intercalated cells of WT mice in response to systemic acid–base stimuli. First, mice 

were kept on ammonium water (280 mM) for 3 days to induce metabolic acidosis, as 

previously described.33 This treatment did not affect the recovery rate after acidification in 

principal cells (0.054 ± 0.002 ΔpH/min). In contrast, we observed a notable acceleration 

of the recovery in A-type: 0.84 ± 0.09 ΔpH/min, and deceleration in B-type: 0.27 ± 0.02 

ΔpH/min (Figure 5C). Moreover, there was a drastic shift in intercalated cell population with 

A-type becoming dominant: 57.7% versus 42.3% for B-type (Figure 5C, middle panel). We 

similarly kept mice on high bicarbonate (280 mM) water for 3 days to promote metabolic 

alkalosis. Again, the recovery rate after acidification was not substantially different in 

principal cells (0.043 ± 0.002 ΔpH/min), when compared to control condition. Systemic 

base load modestly augmented the recovery rate in B-type (0.56 ± 0.08 ΔpH/min), but 

caused a dramatic decrease in A-type to 0.24 ± 0.05 ΔpH/min (Figure 5D). However, we did 

not detect changes in the relative abundance in A- and B-type (38.3% and 61.7%; Figure 5D, 

middle panel), when compared to the control condition in Figure 5A. Finally, both systemic 

acid and base loads caused a small increase in the total population of intercalated cells from 

34.5% to 37.2% and 39.4%, respectively (Figure 5B–D). Overall, our functional studies 
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demonstrate that adaptation of the cortical collecting duct to metabolic acidosis/alkalosis 

is a multicomponent process including both augmentation of function in the respective 

intercalated cell type, as well as changes in the relative abundance, specifically for A-type.

We have next tested whether systemic acidification/alkalization also affects ClC-K2-

dependent changes in pHi in intercalated cells. Inhibition of ClC-K2 with NPPB (100 μM) 

induced greater pHi changes in A-type (Figure 6A), but elicited diminished responses in 

B-type (Figure 6B) of intercalated cells in mice subjected to acid load. Conversely, NPPB-

induced responses were augmented in B-type (Figure 6B) and decreased in A-type (Figure 

6A) in mice after systemic base load. As summarized in Figure 6C, NPPB-dependent 

changes in pHi in A-type were 0.20 ± 0.01, 0.26 ± 0.01, and 0.14 ± 0.01 in the control, 

after acid, and base load, respectively. In B-type, NPPB application changed pHi by −0.23 

± 0.02 (control), −0.13 ± 0.01 (acidification), and −0.29 ± 0.01 (alkalization). We similarly 

observed a notable increase in the abundance of A-type from 42.47% to 59.14% of the total 

intercalated cell population in response to metabolic acidosis but only a small increase in 

B-type cell population in response to metabolic alkalosis in this set of experiments (Figure 

6D).

4 | DISCUSSION

In this study, we provided first direct evidence of the functional significance of ClC-K2 

channel in regulation of acid–base transport in the collecting duct. Using fluorescent, 

pharmacological, and genetic tools, we showed that ClC-K2 is functionally expressed in 

both types of intercalated cells but not in principal cells. Moreover, ClC-K2 inhibition 

with NPPB led to intracellular alkalization in A-type but acidification in B-type (Figure 7), 

which can be employed to reliably discriminate between different types of intercalated cells 

in split-opened collecting duct preparations. We show that this method is instrumental to 

independently monitor function/abundance of A- and B-type of intercalated cells in response 

to systemic acid–base stimuli. Specifically, we detected a drastic increase in A-type cell 

population and augmented H+ secretion as well as reduced abundance and functional activity 

of B-cells in response to metabolic acidosis. Conversely, metabolic alkalosis decreased the 

rate of H+ secretion in A-type and stimulated activity of B-type, while it did not substantially 

alter their relative abundance (Figure 7). The changes in the rate of acid–base transport 

were also associated with respective increases/decreases of NPPB-induced changes in pHi 

in A- and B-type strongly suggesting the direct contribution of ClC-K2 in governing the 

adaptation to systemic pH stimuli.

The index “K” in ClC-K2 and its very close homologue ClC-K1 emphasize their virtually 

kidney specific localization,20,21 with inner ear being the only other notable site of their 

expression.22,43 Approximately 90% identity of the secondary structures between ClC-K1 

and ClC-K2 drastically complicates the development of specific antibodies and blockers. To 

this end, studies in the knockout mice were beneficial to uncover the pattern of expression 

of these channels in renal tissue. Thus, ClC-K1 seems to be exclusively expressed in the 

thin ascending limb.23,44,45 In contrast, ClC-K2 is found in the thick ascending limb, distal 

convoluted tubule, and the collecting duct.23,25,45 Consistently, we show that the deletion of 

ClC-K2 in intercalated cells prevents any specific staining with ClC-K antibodies (Figures 
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3A,B and S6) and abolishes pHi responses to ClC-K2 inhibition (Figure 3C–E). We and 

others previously showed that Cl− permeable 10 pS channel is present on the basolateral 

membrane of the distal convoluted and collecting duct intercalated cells of WT but not 

in mice with global ClC-K2 knockout.25,29,30,32,46,47 Altogether, the cumulative evidence 

suggests that ClC-K2 and not ClC-K1 is the dominant basolateral Cl− pathway in the 

collecting duct intercalated cells.

It has been shown that numerous mutations in ClC-Kb (which is the name of ClC-K2 

in humans) cause Bartter’s syndrome type 3 leading to hypotension, urinary salt wasting, 

hypokalemia, and metabolic alkalosis.26,48 Mice with global ClC-K2 deletion exhibit all 

the major symptoms of Bartter’s syndrome with hypovolemia being largely attributed to 

the disrupted NaCl reabsorption in the thick ascending limb and the distal convoluted 

tubule.25 At the same time, it is currently unknown whether ClC-K2 also contributes to 

salt reabsorption in the collecting duct. Indeed, ClC-K2 in tandem with the apical Cl−/

HCO3
− exchanger, pendrin, could mediate trans-cellular Cl− reabsorption in the B-type of 

intercalated cells of the collecting duct,9,49 although the direct evidence is still missing. 

In addition, it is reasonable to propose that the observed metabolic alkalosis in Bartter’s 

patients and ClC-K2−/− mice could be, at least partially, caused by the impaired HCO3
− 

secretion by B-type intercalated cells considering compromised basolateral Cl− exit due to 

ClC-K2 deficiency. Consistently, we found that ClC-K2 deletion decreases the functional 

activity (i.e., recovery after acidification) by 78% in B-type, but only by 45% in A-type 

(Figure S7). Future studies are necessary to test this possibility.

We recognize that the ClC-K2 inhibitor, NPPB,46 has very poor specificity and is known to 

inhibit other Cl− channels and even mildly block anion exchangers.50 To our advantage, we 

found that the off-target effects of NPPB are minimal in the collecting ducts. First, NPPB 

had no effect in principal cells (Figure 2B), which do not express ClC-K2 (Figures 1A 

and 2). Second, selective inhibition of CFTR Cl− channel, which was shown to be present 

in intercalated cells,40 did not reproduce the actions of NPPB on pHi (Figure S4). Third, 

selective deletion of ClC-K2 in intercalated cells decreased NPPB-induced responses by 

more than 90% (Figure 3C–E). Thus, we posit with a high degree of confidence that NPPB 

is a reliable tool to monitor ClC-K2 activity in the collecting duct.

One might think that ClC-K2 blockade with NPPB would increase intracellular Cl− levels in 

both A- and B-type of intercalated cells, thus leading to similar changes in pHi. However, 

the opposite pHi response to ClC-K2 inhibition in A- and B-type of intercalated cells 

was the most reproducible observation, as exemplified in the Figures showing actual pHi 

changes in split-opened collecting ducts and summary graphs comparing these changes 

under different physiological conditions. These experimental results would be the most 

consistent with predominant blockade of the basolateral conductance in response to NPPB 

application, rather than with overall changes in intracellular Cl−. In this case, inhibition of 

the basolateral Cl− recycling (i.e., the tandem of ClC-K2 and AE1) would interfere with 

HCO3
− extrusion in A-type of cells (IC+), whereas activity of the apical V-ATPase will 

increase pHi levels by secreting H+, as is observed (Figure 2B). The increase in pHi will 

be limited due to the overabundance of intracellular HCO3
−. Furthermore, inhibition of the 

basolateral conductance (i.e., both ClC-K2 and V-ATPase) would interfere with basolateral 

Pyrshev et al. Page 10

FASEB J. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



H+ exit and pHi levels would initially decrease due to activity of the apical pendrin in 

B cells. However, an increase in intracellular Cl− (due to ClC-K2 inhibition) is known to 

inhibit pendrin, resulting in a gradual restoration of pHi back to the original levels. This is 

exactly what we observed in B-type (IC−) of intercalated cells. Along with this concept, 

removal of NPPB would also unblock V-ATPase thus resulting in an overshoot in pHi 

observed in these cells (Figures 2–4), until ClC-K2-mediated reduction of intracellular Cl− 

restores the function of pendrin. While we do not have direct proof of the concept that 

ClC-K2 activity is central for determining the basolateral conductance of intercalated cells 

in the collecting duct, we found that ClC-K2 deletion inhibits the basolateral H+ exit more 

strongly in B-type than the apical H+ secretion in A-type (Figure S7).

The major finding of this study is that ClC-K2 can be used to distinguish/identify A- and 

B-type of intercalated cells in split-opened collecting ducts. Thus, we found that ClC-K2 

inhibition led to discrete and opposite pHi changes in subpopulations of intercalated cells 

(Figure 2). We reasonably hypothesized that these bidirectional changes reflect responses 

from A- and B-type of intercalated cells. Consistently, removal of Cl− in bath solution was 

shown to induce acidification in B-type and alkalization in A-type of intercalated cells in 

perfused collecting duct.14 Using post-experimental staining with a specific A- and B-type 

markers, AE1 and pendrin, we further demonstrated that over 90% of intercalated cells 

that respond to ClC-K2 inhibition with intracellular alkalization are AE1 positive and with 

acidification are pendrin positive (Figure 4). It is worth noting that the magnitude of pHi 

changes is comparable in both cell types (Figure 3E) likely indicating similar ClC-K2 

functional activity and its role in regulation of acid–base transport in A- and B-type. 

The remaining minority of intercalated cells, which responded to ClC-K2 inhibition in an 

“unconventional” manner, could represent transition intermediary types.51 For example, the 

non-A non-B type of intercalated cells is well described in the connecting tubule and the 

cortical collecting duct.12 If the expression of V-ATPase is higher than that of pendrin, this 

non-A non-B cell would operate as an acid secreting A-type, despite it also being identified 

as pendrin positive and vice versa. While our NPPB-based method cannot distinguish 

between these transitional intercalated cell subtypes, it has necessary precision to inform 

about the overall function of a particular intercalated cell. Simply put, it allows unequivocal 

conclusion of whether this is an acid- or base-secreting cell, which is directly relevant to the 

integral renal ability to regulate urinary pH.

The classical work of Burg and Atkins11 demonstrated that perfused cortical collecting 

duct reabsorb HCO3
− (i.e., secrete H+) in rats treated with ammonium water and secrete 

HCO3
−, when animals are stressed with alkali. Our method brings this observation to 

a new level by allowing to independently quantify changes in the acid–base transport 

in A- and B-type and also to detect changes in their relative abundance in response to 

systemic acidosis and alkalosis (Figure 5). Specifically, we assessed the recovery after 

acidification with ammonium pulse in individual cells of different types. In the control, 

there were no significant differences in the apical and basolateral H+ transport in A- and 

B-type, respectively. Metabolic acidosis after NH4Cl induced a marked augmentation of 

H+ secretion by the collecting duct. This was manifested as an accelerated recovery rate 

in A-type and an impaired recovery in B-type (Figure 5C). This is in agreement with 

reported reduction in the apical surface and pendrin expression in B-type and an increased 
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V-ATPase and AE1 expression in A-type during metabolic acidosis.52 High-throughput 

analysis of cells in the split-opened preparation also allows detection of changes in the 

relative abundance of cell types in response to a treatment. While several studies showed an 

increase in the number of H+-secreting cells and even conversion of some HCO3
−-secreting 

cells into H+-secreting cells in a hensin-dependent manner, when isolated collecting ducts 

were perfused with acidic pH for 3 h,13–15 other studies found no change in the percentage 

of alpha intercalated cells in response to metabolic and respiratory acidosis.16,17 We detected 

more B-type than A-type at the baseline in two independent set of experiments (Figures 

5 and 6). This is in agreement with previous report that 46% of intercalated cells of the 

cortical collecting duct express apical H+-ATPase and basolateral AE1, thus being A-type.53 

In contrast, this pattern was reversed in the cortical collecting ducts from NH4Cl-loaded 

mice (Figures 5C and 6D). Thus, our results support the view about increased A/B type 

ratio in metabolic acidosis, although we do not have any evidence in support of direct 

conversion between cell types. It is also quite possible that pendrin-positive B-type of cells 

would operate as acid-secreting cells after V-ATPase translocation to the apical membrane in 

response to metabolic acidosis. Of interest, experimentally induced metabolic alkalosis led 

to opposite but not symmetrical changes in A- and B-type of cells. We revealed a modestly 

increased basolateral H+ extrusion in B-type and substantially decreased apical H+ secretion 

in A-type (Figure 5D). However, this did not affect the A/B cell type ratio in one set of 

experiments (Figure 5D) and only mildly increased B-type abundance in another (Figure 

6E). Importantly, we also found that metabolic acidosis and alkalosis significantly affected 

the magnitude of the respective NPPB-induced changes in pHi in A- and B-type of cells 

(Figure 6). This provides an additional evidence that ClC-K2 is an important component 

of the collecting duct adaptation to systemic pH stimuli. Further studies are necessary to 

uncover the molecular details of this mechanism.

In conclusion, our study identifies a critical role of the basolateral ClC-K2 Cl− channel 

in governing acid–base transport by the collecting duct intercalated cells. Furthermore, we 

show that ClC-K2 blockade with NPPB serves as an accurate and relatively easy-to-perform 

tool allowing discrimination between A- and B-type of intercalated cells in split-opened 

collecting duct preparations. Finally, we demonstrate that this ClC-K2-based method can 

be successfully used to detect changes in the functional status as well as abundance of 

intercalated cell types in response to metabolic acidosis and alkalosis. We propose that 

inhibition of ClC-K2 with NPPB (or another more specific antagonist when developed) 

could serve as a convenient tool to independently monitor function of A- and B-type of 

intercalated cells in normal physiology as well as during inherited or acquired acid–base 

disorders.
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FIGURE 1. 
ClC-K2 is expressed in intercalated but not principal cells of the collecting duct. (A) 

Representative high magnification confocal image depicting an individual cortical collecting 

duct probed with anti-AQP2 (pseudocolor green), anti-ClC-K2 (pseudocolor red), and Dapi 

(blue). (B) Schematic representation of heterogeneity of the cell types in the collecting 

duct depicting principal and both major types of intercalated cells. Principal cells express 

the epithelial Na+ channel (ENaC) and aquaporin 2 (AQP2) on the apical membrane and 

Na+/K+ ATPase on the basolateral membrane. Intercalated acid secreting (A-type) cells 

express the proton pump V-ATPase on the apical and the anion exchanger 1 (AE1) on the 

basolateral membrane, respectively. The base secreting (B-type) intercalated cells express 

anion exchanger pendrin on the apical side and the proton pump V-ATPase on the basolateral 

side. The kidney-specific ClC-K2 Cl− channel (highlighted in bold) is expressed on the 

basolateral membrane of both types of intercalated cells

Pyrshev et al. Page 16

FASEB J. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Inhibition of ClC-K2 causes bidirectional changes of pHi in intercalated cells of the 

collecting duct. (A) Representative pseudocolor images (blue—acidic and red—alkali) of 

intracellular pH (pHi) in a split-opened cortical collecting duct loaded with pH-sensitive 

dye BCECF at the control (Time point 1) and upon application of the ClC-K2 blocker, 

5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB, 100 μM; Time point 2). Confocal 

micrograph of the same split-opened collecting duct probed with anti-AQP2 (pseudocolor 

red) is shown on the bottom. Nuclear Dapi staining is shown in pseudocolor blue. 

The examples of AQP2-negative intercalated cells responding to NPPB application with 

acidification (ICs−) and alkalization (ICs+) are shown with yellow and white arrows, 

respectively. (B) Summary graph of changes in pHi in principal (black), ICs− (light gray) 

and IC+ (dark gray) in the control, upon application with NPPB (shown with a black bar on 

top), and following washout. The time points 1 (control) and 2 (NPPB) correspond to those 

shown in (A). Number of individual cells are shown for each group. Three different mice 

and six individual collecting ducts were used
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FIGURE 3. 
Deletion of ClC-K2 in intercalated cells abolishes NPPB actions on pHi. Representative 

confocal images of split-opened cortical collecting ducts from ClC-K2fl/fl (A) and ClC-

K2fl/fl B1 ATPase-Cre (B) mice probed with anti-AQP2 (pseudocolor green) and anti-ClC-K 

(pseudocolor red). Nuclear Dapi staining is shown in blue. The time courses of changes 

in pHi in principal (black), ICs− (light gray) and IC+ (dark gray) in the control, upon 

application with NPPB (shown with a black bar on top), and following washout in the 

collecting duct from ClC-K2fl/fl (C) and ClC-K2fl/fl B1 ATPase-Cre (D) mice. (E) Summary 

graph comparing NPPB-induced changes in pHi in principal, ICs− (intercalated cells 
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responding with acidification), and ICs+ (intercalated cells responding with alkalization) 

in collecting ducts from WT, ClC-K2fl/fl, and ClC-K2fl/fl B1 ATPase-Cre mice. *significant 

change (p < .05) versus WT. Three different mice and six individual collecting ducts were 

used for each experimental condition
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FIGURE 4. 
Inhibition of ClC-K2 with NPPB elicits opposite changes in pHi in A- and B-type of 

intercalated cells. (A) Representative pseudocolor image (blue—acidic and red—alkali) of 

intracellular pH (pHi) in a split-opened cortical collecting duct loaded with pH-sensitive 

dye BCECF (left) and confocal image of the same collecting duct probed with anti-AE1 in 

pseudocolor yellow (right). Nuclear Dapi staining is shown in pseudocolor blue. Examples 

of AE1-positive intercalated cells (A-type) are shown with white arrows. (B) Time course of 

changes in pHi in individual AE1-positive (left) and AE1-negative (right) intercalated cells 

in the control, upon application with NPPB (shown with a black bar on top), and following 
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washout. ICs+ (intercalated cells responding with alkalization) and ICs− (intercalated cells 

responding with acidification) are highlighted with dark gray and light gray, respectively. 

The pie chart graphs showing the prevalence of IC− and IC+ in AE1 positive (A-type) and 

AE1 negative of intercalated cells are shown in the middle. (C) Representative pseudocolor 

image (blue—acidic and red—alkali) of pHi in a split-opened cortical collecting duct 

loaded with pH-sensitive dye BCECF (left) and confocal image of the same collecting 

duct probed with anti-pendrin in pseudocolor green (right). Nuclear Dapi staining is shown 

in pseudocolor blue. Examples of pendrin-positive intercalated cells (B-type) are shown 

with yellow arrows. (D) Time course of changes in pHi in individual pendrin-positive (left) 

and pendrin-negative (right) intercalated cells in the control, upon application with NPPB 

(shown with a black bar on top), and following washout. ICs+ (intercalated cells responding 

with alkalization) and ICs− (intercalated cells responding with acidification) are highlighted 

with dark gray and light gray, respectively. The pie chart graphs showing the prevalence 

of IC− and IC+ in pendrin positive (B-type) and pendrin negative of intercalated cells are 

shown in the middle. Two different mice and four individual collecting ducts were used for 

each experimental condition of intercalated
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FIGURE 5. 
Metabolic acidosis/alkalosis-induced changes in the function and relative expression of 

A- and B-type of intercalated cells. (A) Representative pseudocolor images (blue—acidic 

and red—alkali) of intracellular pH (pHi) in a split-opened cortical collecting duct loaded 

with pH-sensitive dye BCECF at the baseline (1), upon application of 40 mM NH4Cl 

(2), immediately after NH4Cl removal (3), upon recovery to the baseline pHi values (4), 

and following application on ClC-K2 blocker NPPB. Confocal micrograph of the same 

split-opened CD probed with anti-AQP2 (pseudocolor red) is shown on the right. Examples 

of A-type (responding with alkalization) and B-type (responding with acidification) of 
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intercalated cells are depicted with white and yellow arrows, respectively. Nuclear DAPI 

staining is shown in pseudocolor blue. (B) The left panel shows the summary graph 

comparing the time course of pHi changes in principal (black), A-type (gray) and B-type 

(light gray) of intercalated cells upon application of 40 mM NH4Cl (shown with a black 

bar on top) and NPPB (shown with a gray bar on top) in the cortical collecting ducts from 

control mice. The time points shown in (A) are marked as 1–5. The relative abundance of 

A- and B-type of intercalated cells as well as their actual numbers are shown as the pie 

chart graph in the middle. The right panel contains the summary graph of the recovery after 

acidification in principal cells, A- and B-type of intercalated cells. The rate was calculated 

for each individual cell (shown as dots) as a linear slope of the initial pHi recovery from 

the lowest pHi value after 40 mM NH4Cl removal. (C) The left panel shows the summary 

graph comparing the time course of pHi changes in principal (black), A-type (gray), and 

B-type (light gray) of intercalated cells upon application of 40 mM NH4Cl (shown with 

a black bar on top) and NPPB (shown with a gray bar on top) in the cortical collecting 

ducts from acid-loaded mice treated with 280 mM NH4Cl in drinking water for 3 days. The 

relative abundance of A- and B-type of intercalated cells as well as their actual numbers are 

shown as the pie chart graph in the middle. The right panel contains the summary graph 

of the recovery after acidification in principal cells, A-type and B-type of intercalated cells 

from the collecting ducts of acid-treated mice. The rate was calculated for each individual 

cell (shown as dots) as a linear slope of the initial pHi recovery from the lowest pHi value 

after 40 mM NH4Cl removal. *significant decrease (p < .05) versus ICs A-type. (D) The 

left panel shows the summary graph comparing the time course of pHi changes in principal 

(black), A-type (gray), and B-type (light gray) of intercalated cells upon application of 40 

mM NH4Cl (shown with a black bar on top) and NPPB (shown with a gray bar on top) in 

the cortical collecting ducts from base loaded mice treated with 280 mM KHCO3 in drinking 

water for 3 days. The relative abundance of A- and B-type of intercalated cells as well as 

their actual numbers are shown as the pie chart graph in the middle. The right panel contains 

the summary graph of the recovery after acidification in principal cells, A-type and B-type 

of intercalated cells from the collecting ducts of base-treated mice. The rate was calculated 

for each individual cell (shown as dots) as a linear slope of the initial pHi recovery from 

the lowest pHi value after 40 mM NH4Cl removal. *significant increase (p < .05) versus ICs 

A-type
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FIGURE 6. 
Metabolic acidosis and alkalosis exhibit opposite effects on the magnitude of NPPB-induced 

pHi changes in A- and B-type of intercalated cells. The time courses of changes in pHi 

in A-type (A) and B-type (B) intercalated cells upon application NPPB (100 μM, shown 

with a black bar on top) in split-opened collecting duct from control (black), acid-loaded 

(gray), and base-loaded (light gray) mice. Mice were treated with 280 mM NH4Cl and 280 

mM KHCO3 in drinking water for 3 days, respectively. Summary graphs comparing NPPB-

induced changes in pHi in A-type (C) and B-type (D) of intercalated cells in split-opened 

collecting ducts from control, acid-loaded, and base-loaded mice. Four different mice and 
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eight individual collecting ducts were used for each experimental condition. *significant 

difference (p < .05) versus respective control values. (E) Pie chart graphs of the relative 

abundance of A- and B-type of intercalated cells in collecting ducts of control, acid-loaded, 

and base-loaded mice. The actual numbers of A- and B-type of intercalated cells are shown 

for experimental condition
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FIGURE 7. 
Principal scheme of a role of ClC-K2 in regulation of acid–base transport in the collecting 

duct. The major molecular mechanisms of H+ and HCO3
− secretion by A- and B-type 

of intercalated cells in the control (middle), after acid load (right panel) and after base 

load (right panel). AE1—anion exchanger 1. The size of respective icons of transporting 

systems reflects their activity. The effects of ClC-K2 inhibition with NPPB on pHi are 

shown with respective arrows. The upward direction indicates alkalization and downward 

direction reflects acidification. The number of arrows correlated with the magnitude of the 

respective changes in pHi. The schematic representation of the relative abundance of A- and 

B-type of intercalated cells in the collecting duct in control and upon acid load is shown on 

the top
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