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Abstract

The renal collecting duct contains two distinct cell types, principal and intercalated cells, 

expressing potassium Kir4.1/5.1 (KCNJ10/16) and chloride ClC-K2 (ClC-Kb in humans) channels 

on their basolateral membrane, respectively. Both channels are thought to play important roles 

in controlling systemic water-electrolyte balance and blood pressure. However, little is known 

about mechanisms regulating activity of Kir4.1/5.1 and ClC-K2/b. Here, we employed patch clamp 

analysis at the single channel and whole cell levels in freshly isolated mouse collecting ducts 

to investigate regulation of Kir4.1/5.1 and ClC-K2/b by dietary K+ and Cl− intake. Treatment 

of mice with high K+ and high Cl− diet (6% K+, 5% Cl−) for 1 week significantly increased 

basolateral K+-selective current, single channel Kir4.1/5.1 activity and induced hyperpolarization 

of basolateral membrane potential in principal cells when compared to values in mice on a 

regular diet (0.9% K+, 0.5% Cl−). In contrast, basolateral Cl−-selective current and single channel 

ClC-K2/b activity was markedly decreased in intercalated cells under this condition. Substitution 

of dietary K+ to Na+ in the presence of high Cl− exerted a similar inhibiting action of ClC-K2/b 

suggesting that the channel is sensitive to variations in dietary Cl− per se. Cl−-sensitive with-no-

lysine kinase (WNK) cascade has been recently proposed to orchestrate electrolyte transport 

in the distal tubule during variations of dietary K+. However, co-expression of WNK1 or its 

major downstream effector Ste20-related proline-alanine-rich kinase (SPAK) had no effect on 

ClC-Kb over-expressed in Chinese hamster ovary (CHO) cells. Treatment of mice with high K+ 

diet without concomitant elevations in dietary Cl− (6% K+, 0.5% Cl−) elicited a comparable 

increase in basolateral K+-selective current, single channel Kir4.1/5.1 activity in principal cells, 

but had no significant effect on ClC-K2/b activity in intercalated cells. Furthermore, stimulation 

of aldosterone signaling by Deoxycorticosterone acetate (DOCA) recapitulated the stimulatory 

actions of high K+ intake on Kir4.1/5.1 channels in principal cells but was ineffective to alter 
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ClC-K2/b activity and basolateral Cl− conductance in intercalated cells. In summary, we report 

that variations of dietary K+ and Cl− independently regulate basolateral potassium and chloride 

conductance in principal and intercalated cells. We propose that such discrete mechanism might 

contribute to fine-tuning of urinary excretion of electrolytes depending on dietary intake.
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Introduction

The kidneys are central in the regulation of systemic homeostasis and blood pressure control 

[15]. The final adjustments of water and electrolyte reabsorption occur in the collecting 

duct system in response to dietary intake and endocrine inputs [36]. Here, principal cells 

mediate epithelial Na+ channel (ENaC)-mediated sodium reabsorption coupled to renal 

outer medullary K+ channel (ROMK)-dependent potassium secretion [25, 36]. Electrically 

uncoupled intercalated cells are responsible for secretion of H+ and HCO3
− and trans-

cellular Cl− reabsorption [30, 36, 41]. Major effort has been put towards the investigation 

of signaling determinants that regulate apical membrane proteins [25], whereas much less 

is known about the mechanisms controlling basolateral membrane conductance in the 

collecting duct by endocrine and dietary cues.

Inwardly rectifying Kir4.1 (KCNJ10) and Kir5.1 (KCNJ16) form a functional heteromer, 

which is the major potassium channel on the basolateral membrane of the distal convoluted 

tubule and the collecting duct principal cells [17, 18, 51, 53]. Functional coupling of 

Kir4.1/5.1 and Na+/K+-ATPase allows potassium recycling across the basolateral membrane, 

thereby setting the basolateral membrane potential to drive Na+ reabsorption and K+ 

secretion in the collecting duct [43, 49, 53]. Loss-of-function Kir4.1 mutations underlie 

SeSAME/EAST syndrome in humans leading to urinary salt wasting, hypocalciuria, 

hypomagnesemia, and hypokalemic metabolic alkalosis [5, 33].

Basolateral Cl− exit in intercalated cells is almost completely ClC-K2/b-dependent [10, 23]. 

ClC-K2/b is expressed in the kidney on the basolateral membrane from the thick ascending 

limb to the collecting duct [10, 16]. Coupling of ClC-K2/b with apical Cl−/HCO3
− 

exchangers Slc4a11 (in acid secreting A-type) and pendrin (Slc26a4 in base-secreting 

B-type) mediates transcellular Cl− reabsorption in intercalated cells of the collecting duct 

[47]. Loss-of-function mutations of ClC-Kb or its auxiliary subunit barttin cause Bartter’s 

syndrome in humans associated with in urinary salt wasting, hypochloremia, and low blood 

pressure [1, 4, 35].

Functional interplay between Kir4.1/5.1 and ClC-K2/b expressed in the same distal 

convoluted tubule cells has been recently demonstrated to play a critical role in the 

adaptation to changes of dietary K+ intake. Kir4.1-dependent hyperpolarization of the 

basolateral membrane augments a driving force for the basolateral Cl− exit via ClC-K2/b 

[39]. Recent observations suggest that reduced intracellular Cl− concentration ([Cl−]i), as 

a result of ClC-K2/b activity, leads to activation of Cl−-sensitive with-no-lysine kinases 
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(WNK1 and WNK4) and their downstream Ste20-related proline-alanine-rich kinase 

(SPAK), which activate the electroneutral thiazide-sensitive Na-Cl cotransporter (NCC, 

Slc12a3) thereby reducing NaCl delivery to the collecting duct [38, 39]. Gain-of-function 

mutations in WNK1 and WNK4 cause familial hyperkalemic hypertension in humans 

(FHHt, also known as pseudohypoladosteronism type II or Gordon syndrome) [45]. It 

is striking that the basolateral membrane conductance of principal cells is virtually K+-

selective, whereas intercalated cells possess Cl−-selective basolateral exit [22] indicating the 

possibility of independent regulation of ion fluxes across electrically uncoupled principal 

and intercalated cells in response to local or systemic stimuli.

In this study, we subjected mice to diets with different content of K+ and Cl− to investigate 

how it affects Kir4.1/5.1- and ClC-K2/b-dependent basolateral conductance in freshly 

isolated collecting ducts. Our results show that increased dietary amounts of K+ and Cl− 

elicited specific responses by stimulating Kir4.1/5.1 in principal cells and inhibiting ClC-

K2/b in intercalated cells, respectively. We also did not find a contribution of the WNK/

SPAK pathway in the control of ClC-Kb activity. Thus, unlike the previously reported 

functional interplay in distal convoluted tubule cells, Kir4.1/5.1 and ClC-K2/b are regulated 

independently in different cell types of the collecting duct in response to dietary KCl, 

pointing to a distinct segment-specific contribution of these channels to kidney function.

Materials and methods

Reagents and animals

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

Tocris (Ellisville, MO) unless noted otherwise and were at least of reagent grade. 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. For experiments, male C57BL/6J 

mice (Charles River Laboratories, Wilmington, MA), 6–10 weeks old, were used. To 

examine effects of dietary potassium and chloride intake, animals were provided chow 

containing regular (0.9% K+, 0.5% Cl− 7012), high potassium high chloride (6% K+, 5% 

Cl−, TD.150699), high sodium high chloride (1.6% Na+ and 2.4% Cl−, TD.92034), and 

high potassium regular chloride (6% K+, 0.5% Cl−, TD.150759) for 7 days. The later diet 

was formulated to contain approximately 6% K+ by adding 80.5 g potassium carbonate 

and 19.5 g potassium citrate per kg of diet. All diets were nutritionally balanced and were 

purchased from Envigo (Madison, WI, USA). As necessary for experimental design, mice 

were injected with Deoxycorticosterone acetate (DOCA, 2.4 mg/injection/animal) or olive 

oil as vehicle for 3 consecutive days prior to the experimentation, as we similarly did before 

[20, 21].

Tissue isolation

The procedure for isolation of the collecting ducts suitable for electrophysiology followed 

previously published protocols [48, 49, 51]. Briefly, mice were sacrificed by CO2 

administration followed by cervical dislocation, and the kidneys were removed immediately. 

Kidneys were cut into thin slices (< 1 mm) with slices placed into ice-cold physiological 
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saline solution (PSS) containing (in mM) 150 NaCl, 5 KCl, 1 CaCl2, 2 MgCl2, 5 glucose, 

and 10 HEPES (pH 7.35). Straight cortical-to-medullary sectors, containing approximately 

30–50 renal tubules, were isolated by micro-dissection using watchmaker forceps under 

a stereomicroscope. Isolated sectors were further incubated in PSS containing 0.8 mg/ml 

collagenase type I (Alfa Aesar, Ward Hill, MA 01835) and 5 mg/ml of dispase II (Roche 

Diagnostics, Mannheim, Germany) for 20 min at 37 °C followed by extensive washout with 

PSS. Individual collecting ducts were visually identified by their morphological features 

(pale color, coarse surface and, in some cases, bifurcations) and were mechanically isolated 

from the sectors by micro-dissection. Isolated collecting ducts were attached to a 5 × 5-mm 

cover glass 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 microscope and perfused 

with PSS at room temperature. The samples were used within 1–2 h after isolation. For each 

experimental condition, collecting ducts from at least four different mice were analyzed.

Whole cell currents and membrane potential in isolated collecting ducts

Whole cell currents in collecting cells were measured under voltage-clamp conditions in the 

perforated-patch mode with GigaOhm seals formed on the basolateral membrane. All patch 

clamp data were acquired with an Axopatch 200B (Molecular Devices, Sunnyvale CA) 

patch clamp amplifier interfaced via a Digidata 1440 (Molecular Devices, Sunnyvale CA) to 

a computer running the pClamp 10.5 (Molecular Devices, Sunnyvale CA). The bath solution 

was as follows (in mM): 150 NaCl, 5 KCl, 1 CaCl2, 2 MgCl2, 5 glucose, and 10 HEPES (pH 

7.35). Freshly made Amphotericin-B, 400 μM (Enzo Life Sciences, Farmingdale, NY) was 

dissolved in the pipette solution containing 150 mM KAcetate, 5 mM KCl, 2 mM MgCl2, 10 

mM HEPES (pH 7.35) by ultrasonication. Electrical recordings were made once the access 

resistance from the pipette to the cell interior falls to less than 15 MΩ, usually 5–10 min 

after achieving a pipette-to-membrane seal resistance of 5–10 GΩ. Capacity of individual 

principal cells was in average 15 pF and was manually compensated. Measurements of 

resting membrane voltage in collecting duct cells were made under current-clamp mode 

using the perforated-patch technique as was described previously [48, 51].

Single channel recordings in isolated collecting ducts

Single channel activity of Kir4.1/5.1 and ClC-K2/b in collecting duct cells was determined 

in cell-attached patches on the basolateral membrane made under voltage-clamp conditions. 

Recording pipettes had resistances of 8–10 MΩ. Bath and pipette solutions were as follows 

(in mM): 150 NaCl, 5 mM KCl, 1 CaCl2, 2 MgCl2, 5 glucose, and 10 HEPES (pH 7.35) and 

150 mM KCl, 2 mM MgCl2, 10 mM Hepes (pH 7.35). In the cell-attached configuration, 

the actual voltage applied to a membrane patch (Vpatch) is a sum of the pipette voltage and 

the resting basolateral membrane potential of principal (Vbasolateral, which is close to −70 

mV for principal and − 15 mV for intercalated cells, see Fig. 1d). Currents were low-pass 

filtered at 1 kHz with an eight-pole Bessel filter (Warner Instruments, Hamden, CT). Events 

were inspected visually prior to acceptance. Channel activity (NPo) and open probability 

(Po) were assessed using Clampfit 10.5. Channel activity in individual patches, defined as 

NPo, was calculated using the following equation: NPo = (t1 + 2 t2 + … + ntn), where N 
is the number of active channels (Kir4.1/5.1 or ClC-K2/b) in a patch and tn is the fractional 

open time spent at each of the observed current levels. Po was calculated by dividing NPo by 
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the number of active channels within a patch as defined by all-point amplitude histograms. 

For representation, current traces were filtered at 200 Hz and corrected for a slow baseline 

drifts as necessary.

Over-expression of ClC-Kb in Chinese hamster ovary cells

Chinese hamster ovary (CHO) cells were obtained from the American Type Culture 

Collection. These cells were maintained with standard culture conditions (Dulbecco’s 

modified Eagle’s medium + 10% fetal bovine serum, 37 °C, 5% CO2). Overexpression 

of human ClC-Kb, barttin, SPAK, and different WNKs into CHO cells was performed 

by transfecting the appropriate expression plasmids using the Polyfect reagent (Qiagen, 

Valencia, CA) followed protocols as described previously [27, 28]. Transfected cells were 

identified by GFP fluorescence after co-expression with green fluorescent protein (GFP) 

cDNA. Electrophysiological experiments were performed 48–72 h after transfection. For 

studies, 0.7 μg/9.6 cm2 of ClC-Kb cDNA and 0.5 μg/9.6 cm2 of all other plasmids cDNA 

were used. Expression vectors encoding human ClC-Kb and barttin Y98A were a kind gift 

from Dr. V. Bhalla (Stanford University). Barttin mutant Y98A lacking proline-tyrosine 

(PY) motif was used to maximally enhance ClC-Kb expression on the plasma membrane [8]. 

The cDNA encoding L-WNK1 was described previously [31]. L-WNK1 L369F/L371F, a 

hyperactive L-WNK1 mutant lacking Cl− inhibition [26], was generated by site-directed 

mutagenesis (QuikChange kit, Agilent). The SPAK cDNA was a gift from James A. 

McCormick (Oregon Health and Science University). Whole cell capacitance was routinely 

compensated and was approximately 9 pF for CHO cells. Series resistances, on average 2–5 

MΩ, were also compensated. Currents were evoked with 1-s voltage step protocols from 

− 60 to + 40 mV. Bath and pipette solutions were as follows (in mM): 150 NaCl, 5 KCl, 

1 CaCl2, 2 MgCl2, 5 glucose, and 10 HEPES (pH 7.35) and 150 KCl, 5 NaCl, 2 MgCl2, 

5 EGTA, 10 Hepes, 2 ATP, 0.1 GTP (pH 7.35), respectively. For low [Cl−]i experiments, 

pipette solution was 130 KAcetate, 15 KCl, 5 NaCl, 2 MgCl2, 5 EGTA, 10 Hepes, 2 ATP, 

0.1 GTP.

Data analysis

All summarized data are reported as mean ± SEM. Respective data sets were compared with 

a Student’s (two-tailed) t test or a one-way ANOVA as appropriate. P < 0.05 was considered 

significant.

Results

Identification of principal and intercalated cells with patch clamp electrophysiology in 
freshly isolated collecting ducts

Collecting duct principal and intercalated cells have distinct transport properties and 

physiological roles [25, 30]. Our group as well as others reported that the basolateral 

membrane of principal cells exhibits virtually K+-selective electrical conductance, mediated 

by Kir4.1/5.1, and intercalated cells have ClC-K2/b mediated Cl− current [10, 17, 23, 48, 

49]. Kir4.1/5.1 is essential to sustain Na+/K+ ATPase activity in order to drive apical Na+ 

reabsorption and K+ secretion in principal cells, while ClC-K2/b governs trans-cellular Cl− 

reabsorption in intercalated cells (Fig. 1a).
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Using patch clamp technique in whole cell mode in freshly isolated mouse collecting ducts 

(Fig. 1b), we are able to clearly identify principal and intercalated cells based on their 

electrical properties in response to voltage step protocol shown in Fig. 1c. As can be 

seen from the respective current-voltage (I–V) relations, whole cell current demonstrates a 

noticeable rectification at negative voltages with a reversal around − 70 mV in principal 

cells (Fig. 1d). We previously reported that this current can be blocked by Ba2+ and Cs+, 

suggesting its K+-selective nature [49]. In contrast, intercalated cells have considerably 

smaller currents with a reversal potential of − 15 mV, which is close to that of Cl−, 

considering physiological distribution of the ions (Fig. 1d).

High KCl diet augments Kir4.1/5.1 but inhibits ClC-K2/b activity in the collecting duct

Recent experimental evidence suggested that Kir4.1/5.1 serves as a potassium sensor in the 

distal convoluted tubule to control intracellular Cl− via ClC-K2/b via changes in basolateral 

membrane voltage [7, 39]. Thus, we first aimed to determine how variations in dietary K+ 

and Cl− affect activity of Kir4.1/5.1 and ClC-K2/b expressed in the different cell types of the 

collecting duct. Treatment of mice with high KCl diet (6% K+, 5% Cl−) for 1 week increased 

the amplitude of the basolateral K+-selective conductance in CD principal cells (Fig. 2a), 

when compared to that from mice kept on regular diet (0.9% K+, 0.5% Cl−). Furthermore, 

we detected a leftward shift of the I–V relations in collecting duct principal cells from 

mice on high KCl diet, indicative of hyperpolarization of the basolateral membrane (Fig. 

2b). Consistently, membrane resting potential was significantly more negative during high 

KCl diet (Fig. 2c). We also detected a significantly higher activity of 40 pS Kir4.1/5.1 at 

the single channel level (Fig. 2d) during high KCl diet. This increase was attributable to 

both augmented channel open probability (Po, Fig. 2e) and the number of active channels 

per patch (N, Fig. 2f). Moreover, we observed an increased single channel amplitude (Fig. 

2g), which is consistent with basolateral membrane hyperpolarization shown in Fig. 2b, c. 

Specifically, this increased the driving force for K+ movement across Kir4.1/5.1, whereas the 

channel conductance, the slope of i–V dependence, remains unchanged.

At the same time, high KCl diet significantly reduced macroscopic Cl−-selective currents 

in intercalated cells (Fig. 3a). We did not detect notable changes in the reversal potential 

at the respective I–V relations (Fig. 3b), suggesting that ClC-K2/b channels do not play a 

role in establishing trans-epithelial voltage but serve as a passive conductive pathway for 

basolateral Cl− exit. Consistently, we observed a significantly lower single channel 10 pS 

ClC-K2/b activity (Fig. 3c), open probability (Fig. 3d), and the number of active channels 

per patch (Fig. 3e), when animals were treated with high KCl diet. The unitary channel 

amplitude was not different (Fig. 3f) reflecting no apparent change of the basolateral voltage 

in intercalated cells from mice fed regular or high KCl diet (Fig. 3b).

Altogether, our results in Figs. 2 and 3 reveal that high KCl diet stimulates Kir4.1/5.1-

mediated potassium conductance in principal cells but inhibits ClC-K2/b-dependent 

basolateral Cl− exit in intercalated cells.
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High NaCl diet decreases basolateral conductance in both principal and intercalated cells

We next tested whether the opposite effects of high KCl diet on ClC-K2/b and Kir4.1/5.1 

reflect coordinated actions of the same mechanism or they are attributable to independent 

variations of dietary K+ and Cl− per se. Animals were given high NaCl diet (1.6% Na+ 

and 2.4% Cl−) for 1 week to recapitulate the state of high Cl− and regular K+ intake. 

When comparing to control condition (0.3% Na+ and 0.5% Cl−), we detected a decreased 

amplitude of the basolateral K+-selective conductance in CD principal cells (Fig. 4a), a 

rightward shift of the respective I–V relation (Fig. 4b), and significantly more depolarized 

resting membrane potential (Fig. 4c). Both control and high NaCl diets contain identical 

levels of potassium (0.9% K+). Single channel Kir4.1/5.1 were also decreased (Fig. 4d) due 

to reduced channel open probability (Po, Fig. 4e) and the number of active channels per 

patch (N, Fig. 4f). A reduced single channel amplitude (Fig. 4g) reflected a diminished 

driving force for K+ due to membrane depolarization, while the channel conductance, the 

slope, remained constant.

Similarly to the observed effects induced by high KCl diet (Fig. 3), high NaCl diet 

substantially diminished macroscopic Cl−-selective currents in intercalated cells (Fig. 5a, 

b). Consistently, we detected a significantly lower single channel 10 pS ClC-K2/b activity 

(Fig. 5c), reduced open probability (Fig. 5d), and decreased number of active channels per 

patch (Fig. 5e), when compared to the values obtained in animals on control diet. The 

unitary channel amplitude was not different (Fig. 5f) indicating no measurable changes of 

the basolateral voltage during both conditions (Fig. 5b).

Overall, we concluded that basolateral ClC-K2/b Cl− conductance in intercalated cells is 

regulated by dietary Cl− independently of accompanying cation. NaCl-dependent reduction 

and KCl-induced stimulation of Kir4.1/5.1 activity in principal cells point to a potential role 

of aldosterone cascade in regulation channel function during these states.

Evidence that ClC-K2/b is not a target of L-WNK1 or SPAK

Cl−-sensitive WNK/SPAK cascade has been implicated in maintaining of Cl− homeostasis 

and regulation of cell volume [12, 44]. Thus, we next tested whether ClC-K2/b activity 

can be regulated by WNK/SPAK cascade. For this, we employed over-expression of human 

ClC-Kb into CHO cells. Transfection of ClC-Kb cDNA alone produced only a barely 

detectable macroscopic Cl− current, when compared to non-transfected cells (Fig. 6a). In 

contrast, co-expression of ClC-Kb with its accessory barttin subunit increased current more 

than 10 times (Fig. 6b), which is consistent with the previously reported critical role of 

barttin in ClC-K2/b trafficking to the plasma membrane [32]. Thus, we expressed ClC-Kb 

with barttin in all following experiments.

Co-expression of full length kinase WNK1 (L-WNK1) did not produce any measurable 

effect on ClC-Kb macroscopic current, as shown in Fig. 6c. Bath and intracellular solutions 

had symmetrical 160 mM Cl− in these experiments. To test whether the lack of an effect 

of L-WNK1 on ClC-Kb-dependent current might be explained by a baseline inhibition of 

L-WNK1 activity by high intracellular Cl−, we next performed experiments when [Cl−]i was 

clamped to a low level of 25 mM, a concentration which is insufficient to block WNK1 
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(IC50 ~ 40 mM) [26]. As expected, we observed a substantial leftward shift of the I–V 

relation, reflecting a new reversal potential for Cl− (Fig. 6d). However, co-expression of 

WNK1 failed to affect ClC-Kb-mediated current in this condition (Fig. 6d). Moreover, 

we also did not find any measurable effect upon co-expression of WNK1 L369F/L371F 

mutant (Fig. 6e), an over-active L-WNK1 mutant which was reported to abolish inhibition of 

WNK1 by Cl−[26, 39]. We next over-expressed SPAK to exclude the possibility that WNK1 

fails to affect ClC-Kb when SPAK is not present. However, SPAK did not affect whole cell 

ClC-Kb current, when intracellular Cl− was clamped to 25 mM (Fig. 6f). Altogether, the 

experiments in Fig. 6 suggest that inhibition of ClC-K2/b activity by high KCl diet likely 

occurs in a WNK/SPAK-independent manner.

Diet enriched in K+ augments Kir4.1/5.1 but has no effect on ClC-K2/b activity in the 
collecting duct

Our results (Figs. 3 and 5) suggest that basolateral Cl− conductance in intercalated cells is 

regulated by dietary Cl− irrespective of accompanying K+ or Na+. We next tested whether 

basolateral K+ conductance in principal cells can be regulated independently from changes 

in conductance of intercalated cells. For this, animals were provided a diet with high K+ (6% 

K+), but regular Cl− (0.5% Cl−) for 1 week. As shown in Fig. 7, high K+ diet exhibited a 

stimulatory action on Kir4.1/5.1, when compared to the regular KCl diet. Specifically, we 

detected larger amplitudes of macroscopic K+-selective currents (Fig. 7a, b), leftward shift 

of the I–V (Fig. 7b), and hyperpolarization of the basolateral membrane (Fig. 7c). At the 

single channel level, we observed a higher activity of the 40 pS Kir4.1/5.1 channel (Fig. 7d) 

due to increased open probability (Fig. 7e) and the number of active channels per patch (Fig. 

7f). Higher unitary current amplitude (Fig. 7g) is consistent with hyperpolarization of the 

basolateral plasma membrane, as detected in Fig. 7c. Overall, high KCl (Fig. 2) and high K+ 

regular Cl− (Fig. 7) diets exert comparable stimulatory effects on Kir4.1/5.1 suggesting that 

this effect is dependent on dietary K+ but not Cl−.

On the contrary, high dietary K+ fails to affect the activity of ClC-K2/b in the absence of 

concomitant elevations in dietary Cl− (Fig. 8). Specifically, we did not detect any significant 

changes in the amplitude of Cl−-selective macroscopic current (Fig. 8a) and respective I–V 

relation (Fig. 8b) in intercalated cells of the collecting duct. Furthermore, single channel 

ClC-K2/b activity was comparable in mice fed with regular KCl diet and mice fed with high 

K+ and regular Cl− diet (Fig. 8c–f). These results further support the view that ClC-K2/b 

activity is sensitive to variations in dietary Cl− but not K+.

Kir4.1/5.1 but not ClC-K2/b is sensitive to mineralocorticoids

Aldosterone is the principal hormone affecting transport rates in both principal 

and intercalated cells during variations in dietary electrolyte intake by targeting 

mineralocorticoid receptors (MR) [34, 36]. Thus, we tested how stimulation of aldosterone-

MR cascade affects basolateral conductance in CD cells. Repetitive DOCA injections for 3 

days significantly increased the amplitude of macroscopic K+-selective currents compared 

to the values in vehicle injected mice (Fig. 9a, b) and induced hyperpolarization of the 

basolateral membrane of principal cells (Fig. 9c). Consistently, we detected a comparable 

upregulation of single channel Kir4.1/5.1 activity in DOCA-injected animals (Fig. 9d–g). 
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In contrast, we failed to observe a measurable effect of DOCA on the macroscopic Cl− 

conductance (Fig. 10a, b) and single channel ClC-K2/b activity (Fig. 10c–f) in intercalated 

cells. Overall, our data demonstrate that aldosterone exhibits specific stimulatory actions 

on the basolateral conductance of principal cells only likely participating in regulation of 

Kir4.1/5.1 activity during variations in dietary K+ intake.

Discussion

The collecting duct is different from other tubular segments (except the connecting tubule) 

with respect to containing heterogeneous cell population with different function and 

morphology [36]. Consistently, our patch clamp studies from freshly isolated collecting 

ducts identified two separate types of electrical responses, namely K+-selective and Cl−-

selective (Fig. 1), reflecting principal and intercalated cells, respectively. As we reported 

previously, whole cell currents in principal cells represent basolateral K+-selective current 

sensitive to selective Kir4.1 blocker, nortriptyline [24, 37]. This is due to much higher 

conductance of the basolateral compared to the apical membrane [9]. The contribution 

of apical conductance in whole cell current from intercalated cells is also very unlikely, 

since they do not possess notable electrogenic Cl− selective conductance on the apical 

membrane. Furthermore, we and others demonstrated that activity of Kir4.1/5.1 and ClC-

K2/b underlie the basolateral macroscopic K+ and Cl− conductance, respectively, with little 

or no contamination by other channels [10, 17, 23, 48–51]. This gave us an advantage in 

correlating the effects of dietary K+ and Cl− on the electrical properties of the collecting 

duct at both single channel and whole cell levels. We found that increased K+-selective 

current in principal cells by high K+ diet (Figs. 2 and 7) and decreased Cl−-selective 

current in intercalated cells by high Cl− diet (Figs. 3 and 8) is associated with respective 

changes in not only gating kinetics (open probability, Po of Kir4.1/5.1 and ClC-K2/b) but 

also the number of functional channels on the basolateral membrane potentially indicating 

complex mechanisms involving trafficking and/or transcription events. Additional carefully 

controlled studies are necessary to precisely dissect the mechanisms and molecular pathways 

responsible for the regulation of the basolateral channels in the collecting duct by dietary 

electrolytes.

As a part of the aldosterone-sensitive distal nephron, the collecting duct is a target of 

multiple hormones, including aldosterone and Angiotensin II [3, 19]. Thus, it is quite 

possible that alterations in dietary K+ and Cl− control Kir4.1/5.1 and ClC-K2/b in the 

collecting duct by affecting levels of circulating hormones. Dietary K+ loading (as a result 

of both high KCl and high K+ regular Cl− diets used in this study) increase circulating levels 

of the mineralocorticoid aldosterone to stimulate Na+/K+ exchange by increasing ENaC-

mediated sodium reabsorption and K+ secretion in principal cells [36]. Stimulatory effects of 

aldosterone on the apical ROMK and maxi-K (BK) channels and basolateral Na+-K+ ATPase 

have been also reported [42]. Our results (Figs. 2 and 7) show a significant upregulation of 

the basolateral Kir4.1/5.1 channels in principal cells in mice treated with high KCl and high 

K+ alone. Increased Kir4.1/5.1 activity would further aid the Na+/K+ exchange by promoting 

Na+-K+ ATPase-dependent Na+ exit and hyperpolarizing the basolateral membrane to favor 

apical K+ secretion via ROMK and BK. We also found that stimulation of aldosterone 

cascade with DOCA augments Kir4.1/5.1 (Fig. 9) pointing to its potential role in regulation 
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of the basolateral K+ conductance in principal cells during variations in dietary K+. In 

addition, aldosterone-independent mechanisms of K+ secretion via WNK/SPAK have been 

also demonstrated [39]. However, transgenic mice expressing over-active WNK4 mutant 

causing pseudohypoladosteronism type II have unchanged Kir4.1 activity in the distal 

convoluted tubule [52]. Further studies are necessary to examine the relative contribution 

and supremacy of aldosterone-dependent and -independent mechanisms in regulation of 

Kir4.1/5.1 by dietary K+.

On the contrary, aldosterone does not seem to play a role in regulation of ClC-K2/b activity 

in the collecting duct. We report here that stimulation of mineralocorticoid receptors with 

DOCA does not change macroscopic Cl− conductance and single channel ClC-K2/b activity 

in intercalated cells (Fig. 10). A specific phosphorylation of mineralocorticoid receptors 

(S843-P), blocking ligand binding and activation, is found exclusively in intercalated 

cells [34]. Moreover, hyperkalemia augments S843-P phosphorylation, further precluding 

activation of mineralocorticoid receptors in intercalated cells during high K+ diet condition. 

Consistently, we found that ClC-K2/b activity remained intact when animals were treated 

high K+ regular Cl− diet (Fig. 8), but inhibited by increased dietary Cl− (Fig. 3). The 

mechanisms responsible for such Cl− sensing remain enigmatic. Recent discovery of the 

inhibitory Cl− binding pocket in WNKs implicated that these kinases, via sensing of [Cl−]i, 

play critical roles in a variety of physiological processes, such as cell volume regulation and 

maintaining Cl− homeostasis [12, 44]. The measured [Cl−]i in intercalated cells is 40–50 

mM [6]. At these intracellular chloride concentrations, L-WNK1 would be expected to be 

highly sensitive to subtle changes in [Cl−]i, while WNK4 should be inactive [38]. Despite 

these prior observations, our results in CHO cells failed to establish a functional connection 

between ClC-K2/b, L-WNK1 and one of its major downstream effector kinases, SPAK (Fig. 

5). This finding, however, does not necessarily exclude a role of the WNK/SPAK pathway in 

ClC-K2/b regulation, since putative additional components of this pathway might be missing 

in over-expression systems.

The major finding of this study is that basolateral Kir4.1/5.1 and ClC-K2/b channels in 

the collecting duct can be independently regulated by dietary intake of potassium and 

chloride. Previous studies demonstrate that collecting duct principal and intercalated cells 

are electrically uncoupled [22, 46]. Furthermore, ClC-K2/b channel is located on the 

basolateral membrane of intercalated cells only [16, 23, 40], whereas Kir4.1/5.1 expression 

is restricted to the basolateral membrane of principal cells [17, 49, 51]. Thus, it is reasonable 

to propose that such architecture is instrumental for independent movement of different ions 

across these cell types. Historically, the collecting duct is considered as a site where final 

adjustments of ENaC-mediated Na+-reabsorption are coupled to K+ secretion in principal 

cells [36]. However, increased ENaC activity in response to dietary potassium loading and 

to hypovolemia leads to discrete patterns of urinary excretion: kaliuresis with no volume 

retention and volume retention with little or no K+ wasting, respectively, giving rise to the 

so-called “aldosterone paradox” [2]. A contributing factor could be that the apical Na+ entry 

via ENaC in principal cells creates a favorable electrochemical gradient which can be used 

to drive potassium secretion, as well as paracellular and transcellular Cl− reabsorption in 

intercalated cells [25, 36]. A commonly used high K+ diet (which is also a high Cl− diet) 

would lead to stimulation of Kir4.1/5.1 activity and inhibition of ClC-K2/b-dependent Cl− 
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reabsorption, thereby switching the collecting duct to a “K+-secreting mode.” Alternatively, 

a low Na+ diet (which is also a low Cl− diet) permits concomitant Na+ and Cl− reabsorption 

(i.e., volume retention) thus decreasing a driving force for K+ secretion in the collecting 

duct. Of interest, this might be a common mechanism to dissociate ion fluxes in the 

collecting duct. Thus, we recently found that insulin, known for its pro-kaliuretic actions 

[11, 29], inhibits ClC-K2/b in murine collecting duct [48]. In contrast, insulin growth 

factor-1 (IGF-1), which can induce ENaC-dependent hypertension [13, 14], stimulates ClC-

K2/b in intercalated cells [48].

In summary, we found a previously unrecognized regulation of collecting duct basolateral 

conductance and specifically Kir4.1/5.1 and ClC-K2/b channels by dietary K+ and Cl−.

Since both channels play essential role in regulation of tubular transport and kidney 

function, they are attractive candidates for developing novel classes of diuretics to correct 

disturbances in water-electrolyte balance and blood pressure. Targeting their activity with 

pharmacological tools would have additional benefits of independent control of ion fluxes 

across principal and intercalated cells of the collecting duct, enabling more precise tuning of 

urinary excretion.
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Fig. 1. Separation of electrical signals from principal and intercalated cells of the mouse 
collecting duct
a Schematic representation of principal and intercalated cells (PC and IC, respectively) 

showing major routs of Na+, K+, and Cl− movement. Acid-secreting (A-type) and 

base secreting (B-type) intercalated cells are combined for reasons of simplification. b 
Representative micrograph of a typical freshly isolated collecting duct enzymatically treated 

to expose the basolateral membrane for patch clamp assessment. c Two discrete types of 

electrical responses to voltage steps from − 90 to + 60 mV (shown in inset) from the holding 

potential of − 60 mV from experiments similar to shown in b. d Averaged current-voltage 

(I–V) relations of principal cells having K+-selective conductance (black) and intercalated 

cells exhibiting Cl−-sensitive current (gray)
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Fig. 2. High K+ high Cl− diet increases Kir4.1/5.1 activity on the basolateral membrane of 
collecting duct principal cells
Representative macroscopic currents in response to voltage steps from − 90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a), averaged current-voltage (I–

V) relations (b), and the summary graph of resting basolateral membrane potential (c) in 

principal cells from mice kept on regular diet (0.9% K+, 0.5% Cl−: RK+ RCl−, black) and 

high KCl diet (6% K+, 5% Cl−: HK+ HCl−, gray). d Representative continuous current traces 

from cell-attached patches monitoring basolateral 40 pS Kir4.1/5.1 single channel activity in 

collecting duct principal cells for the regular (left) and high KCl (right) conditions. Patches 

were clamped to −Vp = − 40 mV. “C” denotes non-conducting closed state. Summary graph 

of changes in open probability (e), number of active channels within a patch (f), and unitary 

current amplitude (g) of Kir4.1/5.1 in principal cells from mice on regular diet and high KCl 

diet. *Significant difference versus regular diet
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Fig. 3. High K+ high Cl− diet decreases ClC-K2/b activity on the basolateral membrane of 
collecting duct intercalated cells
Representative macroscopic currents in response to voltage steps from −90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a) and averaged current-voltage 

(I–V) relations (b) in intercalated cells from mice kept on regular diet (0.9% K+, 0.5% Cl−: 

RK+ RCl−, black) and high KCl diet (6% K+, 5% Cl−: HK+ HCl−, gray). c Representative 

continuous current traces from cell-attached patches monitoring basolateral 10 pS ClC-K2/b 

single channel activity in collecting duct intercalated cells for the regular (left) and high KCl 

(right) conditions. Patches were clamped to −Vp = − 60 mV. “C” denotes non-conducting 

closed state. Summary graph of changes in open probability (d), number of active channels 

within a patch (e), and unitary current amplitude (f) of ClC-K2/b in intercalated cells from 

mice on regular diet and high KCl diet. *Significant difference versus regular diet
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Fig. 4. High Na+ high Cl− diet inhibits basolateral K+ conductance and Kir4.1/5.1 activity in 
collecting duct principal cells
Representative macroscopic currents in response to voltage steps from − 90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a), averaged current-voltage (I–

V) relations (b), and the summary graph of resting basolateral membrane potential (c) in 

principal cells from mice kept on regular diet (0.3% Na+, 0.5% Cl−: RNa+ RCl−, black) 

and high NaCl diet (1.6% Na+, 2.4% Cl−: HNa+ HCl−, gray). d Representative continuous 

current traces from cell-attached patches monitoring basolateral 40 pS Kir4.1/5.1 single 

channel activity in collecting duct principal cells for the regular (left) and high NaCl (right) 

conditions. Patches were clamped to −Vp = − 40 mV. “C” denotes non-conducting closed 

state. Summary graph of changes in open probability (e), number of active channels within 

a patch (f), and unitary current amplitude (g) of Kir4.1/5.1 in principal cells from mice on 

regular diet and high NaCl diet. *Significant difference versus regular diet
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Fig. 5. High Na+ high Cl− diet decreases ClC-K2/b activity on the basolateral membrane of 
collecting duct intercalated cells
Representative macroscopic currents in response to voltage steps from −90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a) and averaged current-voltage 

(I–V) relations (b) in intercalated cells from mice kept on regular diet (0.3% Na+, 0.5% 

Cl−: RNa+ RCl−, black) and high NaCl diet (1.6% Na+, 2.4% Cl−: HNa+ HCl−, gray). c 
Representative continuous current traces from cell-attached patches monitoring basolateral 

10 pS ClC-K2/b single channel activity in collecting duct intercalated cells for the regular 

(left) and high NaCl (right) conditions. Patches were clamped to −Vp = − 60 mV. “C” 

denotes non-conducting closed state. Summary graph of changes in open probability (d), 

number of active channels within a patch (e), and unitary current amplitude (f) of ClC-K2/b 

in intercalated cells from mice on regular diet and high NaCl diet. *Significant difference 

versus regular diet
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Fig. 6. WNK/SPAK do not regulate ClC-Kb activity over-expressed in CHO cells
a Representative macroscopic whole-cell currents in non-transfected cells (top), upon 

expression of ClC-Kb alone (middle), ClC-Kb + barttin evoked by series of voltage steps 

from − 60 to + 40 mV in CHO cells. b The averaged current-voltage (I–V) relations from 

experimental conditions in a. The averaged I–V relations of ClC-Kb + barttin in the absence 

(control) and presence of L-WNK1 co-expression in high intracellular Cl− (c) and low 

intracellular Cl− (d) conditions. The actual bath and pipette/cytosol Cl− concentrations are 

shown in respective insets here and below. e The averaged (I–V) relations of ClC-Kb + 

barttin in the absence (control) and presence of Cl-binding site deficient L-WNK1 mutant 

(L-WNK1 L369F/L371F) co-expression. f The averaged I–V relations of ClC-Kb + barttin 

in the absence (control) and presence of SPAK. The numbers of individual experiments are 

also shown
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Fig. 7. High K+ regular Cl− diet increases Kir4.1/5.1 activity on the basolateral membrane of 
collecting duct principal cells
Representative macroscopic currents in response to voltage steps from − 90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a), averaged current-voltage (I–

V) relations (b), and the summary graph of resting basolateral membrane potential (c) in 

principal cells from mice kept on regular diet (0.9% K+, 0.5% Cl−: RK+ RCl−, black) and 

high K+ regular Cl− diet (6% K+, 0.5% Cl−: HK+ RCl−, gray). d Representative continuous 

current traces from cell-attached patches monitoring basolateral 40 pS Kir4.1/5.1 single 

channel activity in collecting duct principal cells for the regular (left) and high K+ (right) 

conditions. Patches were clamped to −Vp = − 40 mV. “C” denotes non-conducting closed 

state. Summary graph of changes in open probability (e), number of active channels within 

a patch (f), and unitary current amplitude (g) of Kir4.1/5.1 in principal cells from mice on 

regular diet and high K+ regular Cl− diet. *Significant difference versus regular diet
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Fig. 8. High K+ regular Cl− diet has no effect on the basolateral ClC-K2/b channel in collecting 
duct intercalated cells
Representative macroscopic currents in response to voltage steps from − 90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a) and averaged current-voltage 

(I–V) relations (b) in intercalated cells from mice kept on regular diet (0.9% K+, 0.5% Cl−: 

RK+ RCl−, black) and high K+ regular Cl− diet (6% K+, 0.5% Cl−: HK+ RCl−, gray). c 
Representative continuous current traces from cell-attached patches monitoring basolateral 

10 pS ClC-K2/b single channel activity in collecting duct intercalated cells for the regular 

(left) and high K+ (right) conditions. Patches were clamped to −Vp = − 60 mV. “C” denotes 

non-conducting closed state. Summary graph of changes in open probability (d), number 

of active channels within a patch (e), and unitary current amplitude (f) of ClC-K2/b in 

intercalated cells from mice on regular diet and high K+ regular Cl− diet
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Fig. 9. Stimulation of aldosterone signaling with Deoxycorticosterone acetate (DOCA) increases 
Kir4.1/5.1 activity on the basolateral membrane of collecting duct principal cells
Representative macroscopic currents in response to voltage steps from − 90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a), averaged current-voltage (I–

V) relations (b), and the summary graph of resting basolateral membrane potential (c) in 

principal cells from mice repetitively injected with vehicle (black) and DOCA (gray) for 

3 days. d Representative continuous current traces from cell-attached patches monitoring 

basolateral 40 pS Kir4.1/5.1 single channel activity in collecting duct principal cells from 

vehicle (left) and DOCA (right) injected mice. Patches were clamped to −Vp = − 40 

mV. “C” denotes non-conducting closed state. Summary graph comparing open probability 

(e), number of active channels within a patch (f), and unitary current amplitude (g) of 

Kir4.1/5.1 in principal cells in mice receiving vehicle and DOCA. *Significant difference 

versus vehicle
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Fig. 10. Deoxycorticosterone acetate (DOCA) injections fail to affect the basolateral Cl− 

conductance in collecting duct intercalated cells
Representative macroscopic currents in response to voltage steps from −90 to + 60 mV 

(shown in inset) from the holding potential of − 60 mV (a) and averaged current-voltage 

(I–V) relations (b) in intercalated cells from mice injected with vehicle (black) and DOCA 

(gray) for 3 consecutive days. c Representative continuous current traces from cell-attached 

patches monitoring basolateral 10 pS ClC-K2/b single channel activity in collecting duct 

intercalated cells for the vehicle (left) and DOCA (right) conditions. Patches were clamped 

to −Vp = − 60 mV. “C” denotes non-conducting closed state. Summary graph of changes 

in open probability (d), number of active channels within a patch (e), and unitary current 

amplitude (f) of ClC-K2/b in intercalated cells from mice subjected to vehicle and DOCA 

injections
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