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Abstract

The large conductance, calcium-activated BK-α/β4 potassium channel, localized to the 

intercalated cells of the distal nephron, mediates potassium secretion during high potassium, 

alkaline diets. Here we determine whether BK-α/β4-mediated potassium transport is dependent on 

epithelial sodium channel (ENaC)-mediated sodium reabsorption. We maximized sodium-

potassium exchange in the distal nephron by feeding mice a low sodium, high potassium diet. 

Wild type and BK-β4 knockout mice were maintained on low sodium, high potassium, alkaline 

diet or a low sodium, high potassium, acidic diet for 7–10 days. Wild type mice maintained 

potassium homeostasis on the alkaline but not acid diet. BK-β4 knockout mice could not maintain 

potassium homeostasis on either diet. During the last 12 hours of diet, wild type mice on either a 

regular, alkaline or an acid diet, or knockout mice on an alkaline diet were administered amiloride 

(an ENaC inhibitor). Amiloride enhanced sodium excretion in all wild type and knockout groups 

to similar values; however, amiloride diminished potassium excretion by 59% in wild type but 

only by 33% in knockout mice on an alkaline diet. Similarly, amiloride decreased the transtubular 

potassium gradient by 68% in wild type but only by 42% in knockout mice on an alkaline diet. 

Amiloride treatment equally enhanced sodium excretion and diminished potassium secretion in 

knockout mice on an alkaline diet and wild type mice on an acid diet. Thus, the enhanced effect of 

amiloride on potassium secretion in wild type compared to knockout mice on the alkaline diet, 

clarify a BK- α/β4-mediated potassium secretory pathway in intercalated cells driven by ENaC-

mediated sodium reabsorption linked to bicarbonate secretion.
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Introduction

The prevailing mechanism for K secretion in the distal nephron involves a cation exchange 

process with epithelial Na channels (ENaC) on the apical membrane of principal cells 

mediating Na uptake in series with the basolateral Na-K-ATPase, which actively extrudes 

Na and transports K into the cell. Potassium secretion can be enhanced by aldosterone, 

which increases the basolateral Na-K-ATPase [1], apical ENaC [2;3], and apical renal outer 

medullary K channel (ROMK) [4] in principal cells. By this mechanism, the maximum K 

secreted to Na reabsorbed ratio is 0.67, which is the ratio dictated by the 2 K per 3 Na 

exchange of the Na-K-ATPase. However, the Yanomami of South America ingest a diet of 

very low Na and high K content, indicating a mammalian mechanism that enhances the K 

secreted per Na reabsorbed ratio to a value greater than 0.67. It should be noted that the 

urine of the Yanomami is very alkaline, as shown by their very low urinary [Cl] [5]. We 

hypothesized that the alkalinity of their diet was critical for their ability to eliminate K with 

very low Na intake [6].

The mechanism for a high ratio of K secretion to Na reabsorption may involve secreting K 

independently of ENaC-mediated Na reabsorption [7]. Supporting this notion, an isolated 

perfused cortical collecting duct (CCD) study showed that large conductance, Ca-activated 

K channels (BK) mediated luminal K exit. The Na-K-ATPase delivered the K into the cell 

but Na entered via the basolateral Na-H exchanger [8] instead of ENaC. This mechanism for 

Na-independent K secretion would require enhanced Na-K-ATPase in the basolateral 

membrane. However, the majority of BK channels reside in acid/base transporting 

intercalated cells, which contain minimal Na-K-ATPase [9;10].

In intercalated cells, the pore-forming BK-α is associated with the BK-β4 subunit [11]. 

Unlike wild type, BK-β4 knock-out mice (KO) do not maintain K homeostasis when 

consuming a high K alkaline diet [6]. The high K diet causes an increase in total cellular 

expression of BK-α, via aldosterone [12]. However, the BK-α only appears in the apical 

membrane, where it can mediate K secretion, in the presence of the BK-β4 subunit. The BK-

β4 expression is enhanced when the urine is alkaline.

If the Yanomami have adapted to low Na intake and are secreting K independently of Na 

reabsorption then we would predict that mice on a low Na, high K alkaline diet would 

maintain K balance after treating with amiloride, which completely blocks ENaC-mediated 

Na reabsorption and K secretion in isolated CCDs from rabbits on a regular diet [13]. 

However, we found that mice use the BK-α/β4 of intercalated cells to mediate K secretion 

by a mechanism that is mostly dependent on ENaC-mediated Na reabsorption in principal 

cells. We propose a new model for K secretion that involves recently discovered intercalated 

cell transporters and a Na recycling mechanism involving active pumping by principal cells 

and passive leak by intercalated cells.
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Results

For all experiments of this study, the tables show the electrolyte, osmolality, urinary volume 

and hematocrit values read directly from the analytical instruments. The figures show 

comparisons of results calculated from these values.

Role of alkalinity in BK-α/β4-mediated K secretion with low Na, high K diet

We previously showed that WT on an alkaline high K diet maintained K balance whereas 

WT on an acidic high K diet exhibited increased plasma [K] and diminished urinary K 

output [6]. The following experiments determined the importance of alkaline urine for 

handling a low Na, high K diet. In these experiments, we compared K handling between WT 

and KO on a low Na, high K alkaline diet (WT-Alk and KO-Alk, respectively) and between 

WT and KO on a low Na, high K, acid diet (WT-Acid and KO-Acid, respectively) for 7 to 

10 days.

As shown in table 1, the urine pH was similarly alkaline in WT-Alk and KO-Alk and was 

similarly acidic for WT-Acid and KO-Acid. The plasma [K] (mM) was significantly 

elevated in KO-Alk, compared with WT-Alk; however, the plasma [K] of WT-Acid was 

elevated to a value not significantly different from the value for KO-Acid.

As shown in figure 1A, the K clearance (ml/day/gm kidney weight) for KO -Alk was 

significantly lower, with a value of 1297.9 ± 85.2 (n = 9), compared with a value of 2192.3 

± 112.8 (n = 13) for WT-Alk. The K clearance was depressed significantly in WT-Acid to 

986.1 ± 108.8 (n = 6), a value not significantly different from KO-acid (738.4 ± 85.4; n = 4).

The trans-tubular K gradient (TTKG) was determined as a measure o K secretion in the 

connecting tubule (CNT) and initial CCD, before water extraction (see Supplement 2). As 

shown in figure 1B, the TTKG of KO-Alk was 17.2 ± 1.4 (n = 5), a value significantly less 

than the value of 23.4 ± 1.9 (n = 8) for WT-Alk; however, for KO-Acid, the TTKG value of 

10.4 ± 0.2 (n = 4) was not different from the value of 10.2 ± 0.7 (n = 6) for WT-Acid. These 

results indicate that K homeostasis of mice on a low Na, high K diet is dependent on BK-

α/β4-mediated K secretion in concert with urinary alkalinization.

Thiazide and Amiloride-sensitive Na and K transport in the ASDN

Experiments were designed to determine the Na dependency of BK-α/β4-mediated K 

secretion in mice on the low Na, high K, alkaline diet. For WT-Alk and KO-Alk, a bolus of 

vehicle, hydrochlorothiazide (HCTZ) or amiloride was given to determine the amount of 

Na-Cl co-transporter (NCC) mediated Na reabsorption vs. ENaC-dependent Na 

reabsorption/K secretion in each genotype. HCTZ (50 mg/Kg) was given for 12 hours to 

determine whether WT or KO was preferentially reabsorbing Na via NCC, rather than 

ENaC, in the aldosterone-sensitive distal nephron (ASDN). It was shown previously that 

doses of thiazides ≥ 2 mg/kg elicited a maximal natriuretic response in mice [14]. The High 

Performance Liquid Chromatography measurements of amiloride in the plasma and the 

calculated values of the distal lumen are shown in figure 1S.
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We found that vehicle treatment caused a discouragement of drinking a high volume of 

water during the last 12 hours, thereby causing a reduction in urinary flow and a small 

increase in plasma [K]. These results show the importance of maintaining a high urinary 

flow to maintain K balance. Nevertheless, the thiazide and amiloride data provide 

information regarding the relative values of amiloride-sensitive Na reabsorption and K 

secretion with respect to vehicle in these mice.

As shown in table 2 and figure 2, HCTZ treatment increased Na excretion only in WT and 

KO on control diets. As indicated by the decrease in plasma [Na] and the increase in 

hematocrit, amiloride, but not HCTZ, caused Na and volume depletion and an elevation of 

plasma [K] in WT and KO on either a control or Alk diet.

Figure 2A reveals that amiloride treatment decreased urinary K excretion (UKV; 

µmoles/day/gm kidney weight) in WT-control from 1206.5 ± 107.1 in vehicle (n = 4) to 

807.3 ± 145.8 (n = 4), and in WT-Alk from 4787.5 ± 609.8 in vehicle (n = 10) to 1890.2 ± 

173.6 (n = 8), and in KO-Alk from 2137.0 ± 365.2 in vehicle (n = 6) to 1504.3 ± 202.4 (n = 

5). As shown in figure 2B, HCTZ treatment increased urinary Na excretion (UNaV; 

µmoles/day/gm kidney weight) in WT-control from a value of 297.4 ± 66.8 in vehicle (n = 

4) to 836.5 ± 142.2 (n = 6) with HCTZ and to 2005.5 ± 157.8 (n = 4) with amiloride. In WT-

Alk, Na excretion increased from a vehicle value of 26.2 ± 3.2 (n = 10) to 1208.0 ± 56.8 (n 

= 8) with amiloride and in KO from 19.3 ± 1.4 (n = 7) in vehicle to 1278.1 ± 103.1 (n = 5) 

with amiloride.

As shown in figure 3A, amiloride treatment significantly decreased TTKG in WT-control 

from 8.4 ± 0.6 (vehicle; n = 4) to 3.1 ± 0.6 (n = 4), in WT-Alk from 17.0 ± 1.3 (vehicle; n = 

10) to 5.5 ± 0.4 (n = 8), and in KO-Alk from 9.7 ± 0.9 (n = 5) to 6.1 ± 0.1 (n = 5), a value 

not significantly different from that of amiloride-treated WT-Alk. The trans-tubular Na 

gradient (TTNaG) was determined as Na reabsorption in the CNT and initial CCD and 

shown in figure 3B. In WT-control, the TTNaG increased from 0.054 ± 0.007 (n=4) in 

vehicle to 0.133 ± 0.022 (n = 7) with HCTZ, and to 0.320 ± 040 (n = 4) with amiloride 

treatment. The TTNaG of WT-Alk increased from 0.0041 ± 0.0003 (n = 7) in vehicle to 

0.286 ± 0.017 (n = 5) with amiloride. The TTNaG of KO-Alk increased from 0.0039 ± 

0.0003 (n = 7) in vehicle to 0.203 ± 0.004 (n=6) with amiloride. That there was an 

undetectable effect of HCTZ on Na and water balance in WT-Alk and KO-Alk is consistent 

with a high percentage of Na bypassing NCC and reabsorbing via ENaC in exchange for 

secreted K. These results show that despite increased amiloride-sensitive Na reabsorption in 

KO, the amiloride-sensitive K secretion is reduced.

We gave amiloride to determine whether the defect in K secretion in WT-Acid resulted from 

reduced ENaC-mediated Na reabsorption or decreased K secretion coupled with Na 

reabsorption. When WT-Acid were given amiloride, the UKV (figure 4A) decreased from 

1211.8 ± 230.3 (vehicle; n = 5) to 615.2 ± 83.6 (n = 3) and the UNaV increased from 21.9 ± 

2.3 (n = 5) in vehicle to 441.1 ± 30.9 (n = 3) with amiloride. As shown in figure 4B, 

amiloride decreased the TTKG from 6.8 ± 0.4 (n=5) to 4.3 ± 0.2 (n=3) and increased the 

TTNaG from 0.0100 ± 0.0015 (n=5) to 0.33 ± 0.02 (n=3). These results show that the 
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amiloride-sensitive Na reabsorption in WT-Acid is similar to WT-Alk; however the 

amiloride-sensitive K secretion is considerably attenuated as was the KO-Alk.

Discussion

The KO exhibit defective K secretion when consuming a high K, alkaline diet [6], indicating 

that BK-α/β4 mediates K secretion in these conditions. We fed mice low Na, high K diet to 

maximize Na-K exchange and determine the Na dependency of K secretion by BK-α/β4 in 

the aldosterone-sensitive distal nephron. HCTZ was used to determine whether decreased K 

secretion in KO resulted from enhanced NCC-mediated Na reabsorption and less delivery of 

Na to ENaC. Amiloride treatment enabled the determination of ENaC-dependent Na 

reabsorption and K secretion by WT and KO.

TTKG

In the current experiments, cortical K handling has been inferred from the TTKG computed 

from the final urine. The TTKG, used frequently in previous studies [6;15–17], was used in 

this study as a determination of K secretion in the CNT and initial CCD. The accuracy of 

this approach may be open to question, especially in view of the likelihood of K 

reabsorption along the collecting ducts (CD). Traditionally, the formula for TTKG is derived 

by assuming that the only CD flux is that of water, while luminal solutes are neither 

reabsorbed nor secreted. As shown in Supplement 2, this problem is reconsidered from the 

perspective of a 2-solute system (nominally KCl and urea), in which there may be fluxes of 

both. The resulting formula for the isotonic (cortical) [K] is the standard TTKG, plus an 

upward perturbation when there is K+ reabsorption, and a downward perturbation when 

there is urea reabsorption. In the presence of both K and urea reabsorption, these terms can 

cancel, preserving the accuracy of the standard term.

The model calculations of Supplement 2, Table S1 also allow examination of the accuracy 

of the TTKG. In the second to last column of the table, the cortical K+ concentration is 

estimated from the final urine using the standard TTKG; the right-most column is 

determined by going back into the luminal concentration profiles from the model and 

selecting the K concentration at the point that the lumen is isotonic (300 mM). Overall, 

agreement of the TTKG estimate with the model value is at the 10% level, and supports the 

approach of the current study.

Effects of HCTZ

HCTZ treatment caused an expected Na diuresis in mice on a regular diet. However, HCTZ 

did not cause a Na diuresis in either WT or KO on Alk or Acid. These results show that all 

Na in mice on Alk or KO was reabsorbed by ENaC, and not NCC in the distal nephron. That 

HCTZ was ineffective regardless of acid/base shows that the high plasma [K] or its 

mediator, aldosterone, and not the anion in the distal lumen, was responsible for the 

increased ENaC- vs. NCC-mediated Na reabsorption. This result is consistent with a 

previous study showing a diminished natriuretic response to thiazides after high K feeding 

[18].
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A high K diet induces the WNK4-SPAK pathway [19] and signals the dephosphorylation of 

NCC resulting in a shift of distal Na reabsorption from NCC to ENaC in order to maximize 

Na-K exchange [20]. However, our mathematical modeling (see Supplement 2) using 

previously determined Na reabsorptive permeabilities, revealed that the NCC-mediated Na 

reabsorption was not necessarily turned off but was merely undetectable compared with the 

overwhelmingly enhanced ENaC-mediated Na reabsorption.

Na dependency of BK-α/β4-mediated K secretion

Our results demonstrated that neither WT nor β4KO can adapt to the low Na, high K diet 

with an ENaC-independent, Na reabsorbing mechanism that can maintain K, Na and fluid 

balance. Our findings differ from two studies that demonstrated Na-independent K secretion. 

Using isolated perfused rabbit CCD, it was shown that BK was involved in a mechanism to 

secrete K independently from Na reabsorption [8]. Another study used amiloride to 

demonstrate Na-independent K secretion in rats [7]. However, for mice adapted to a low Na, 

high K diet for 7–10 days in the present study, amiloride treatment reduced K secretion, 

elevated plasma [K], decreased volume and reduced plasma [Na]. The plasma amiloride 

concentration was at least 1.4 µM during the course of 12 hrs, and estimated in the CNT 

lumen at 22 to 60 µM (figure S1). With an inhibitory constant (Ki) of 100 nM [21;22], 

amiloride will have inhibited ENaC by more than 99% for the 12 hour duration. Amiloride 

will not have substantially inhibited the proximal tubule Na-H exchanger, with a Ki >100 

µM [23]. Moreover, inhibition of the Na-H exchanger would result in increased urinary pH, 

which was not observed.

It is unlikely that we did not observe Na-independent K secretion because the flow was not 

great enough in the amiloride-treated mice. A high luminal volume maintains a low luminal 

K concentration, thereby preventing a high gradient for K reabsorption [24;25]. Moreover, 

high flow activates BK but cannot account for a lumen negative potential that drives K 

secretion, independent of Na reabsorption. Our results are consistent with previous studies 

revealing tight coupling of ENaC-mediated Na reabsorption for K secretion despite high 

distal flow [26–28].

Mechanism of enhanced K secretion in WT-Alk

Amiloride treatment revealed that the defect of KO-Alk was the inability to couple K 

secretion with ENaC-mediated Na reabsorption to the magnitude of WT-Alk. The amount of 

ENaC-sensitive K secretion and Na reabsorption ratio (Ks/Nar) can be estimated by the 

changes in TTKG and TTNaG after amiloride treatment, and assuming that the distal flow 

does not change substantially. With this assumption, the Ks/Nar in WT-Alk is greater than 

1.5 and the Ks/Nar in KO-Alk is less than 0.5. This value for KO-Alk is near the Ks/Nar of 

0.40 in rabbits on a control diet and the Ks/Nar of 0.57 when rabbits were treated with 

deoxycorticosterone acetate (DOCA; synthetic mineralocorticoid) in isolated rabbit CCD 

[29]. In another study of isolated CCDs from DOCA-treated rabbits, the Ks/Nar was 0.76, 

which exceeded the pump ratio of 0.67 [28].

The DOCA-treated condition is different than adapting mice to the Alk diet because the 

animal on Alk will enhance K secretion with minimal Na delivery while alkalinizing the 
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urine. That aldosterone promotes HCO3 secretion via pendrin [30] is consistent with neutral 

exchange of anions and electrical coupling of Na absorption with K secretion. Moreover, 

enhanced pendrin-mediated HCO3 secretion is associated with increased ENaC-mediated 

Na reabsorption [31], which would result in KHCO3 secretion driven by Na-K-ATPase in 

the principal cells (PC) and H-ATPase in the intercalated cells (IC). However, if Ks/Nar is 

greater than one then the mechanism must involve Na recycling.

The mechanism for a very high Ks/Nar in WT-Alk may involve two novel transporters in 

the IC. As depicted in the cell model of figure 5, the secretory Na-K-2Cl co-transporter 1 

(NKCC1) was revealed in the basolateral membrane [32] and the Na dependent Cl-HCO3 

exchanger (NDCBE) in the apical membrane [33;34] of IC. With a luminal [Na] of 1 mM, a 

cellular [Na] of at least 15 mM, minimal Na-K-ATPase in IC, and a drive for HCO3 

secretion, the chemical gradients favor Na secretion/recycling. The basolateral NKCC1 

would transport K into the cell from approximately 5 mM (plasma) to 120 mM 

(intracellular) utilizing the chemical gradients favoring Na and Cl cell entry. The basolateral 

H-ATPase, which increases with a high K, alkaline diet [6], supports the cell electro-

negative gradient [35] for Cl recycling via the basolateral Cl channel [36]. In isolated 

cortical collecting ducts, there is considerable passive leak of Na from bath to lumen 

[28;29]. Reducing luminal [Na] below 15 mM results in a reversal of Na transport across the 

renal distal tubule [25]. After amiloride treatment, the Na concentration rises to 36 mM and 

the Na transports into the cell with HCO3 recycling via pendrin and NDCBE as previously 

described [33;34]. This could explain the failure to alkalinize the urine when amiloride is 

given to Alk mice (see table 2). One caveat to this model is the notion that NKCC1 is in the 

basolateral membrane of β-IC as well as α-IC, where they were first described [37]. Because 

the alkaline diet causes an increase in β-IC, compared with α-IC, as indicated by an increase 

in pendrin expression [12], we speculate that recycling of Na would occur in the β-IC.

Conclusion

We conclude that the BK-α/β4, localized in intercalated cells of the connecting tubules and 

cortical collecting duct, mediates K secretion by an ENaC-mediated, Na-dependent pathway. 

The BK-α/β4 pathway accounts for a very high ratio of K secreted per Na reabsorbed when 

mice are on a low Na, high K, alkaline diet, similar to the diets of the Yanomami of South 

America.

Methods

Animal Studies

Wild type (WT; C57Bl/6, Charles River, Wilmington, MA) and BK-β4 knockout mice 

(generously provided by R. Brenner) were maintained in accordance with the Institutional 

Animal Care and Use Committee of the University of Nebraska Medical Center. For all 

experiments, 12–20 week-old mice had full access to water. Mice were fed either regular 

mouse chow (control; 0.6% K, 0.32% Na), or a special diet (Harlan Teklad, Madison, WI) 

for 7–10 days before sacrifice. Special diets were as follows: low Na, high K with alkaline 

anions (#TD.07278; Alk; 5.0% K with 5% of equal carbonate/citrate/Cl and 0.01% Na), or 

low Na, high K with Cl as the counter anion (#TD.09075; Acid; 5.0% K, 5.0% Cl, 0.01% 
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Na). Twelve hours before sacrifice, a subset of mice were treated with an intraperitoneal (IP) 

bolus of vehicle, hydrochlorothiazde (HCTZ; 50 mg/kg), at a concentration of 10 mg/ml, or 

amiloride (5 mg/kg), at a concentration of 1 mg/ml. HCTZ and amiloride were dissolved in 

poly-ethylene glycol.

After treatment, urine was collected in metabolic cages (Nalgene) as previously described 

[10]. The urinary Na and K concentrations were analyzed by flame photometer (Jenway 

Clinical PFP7) as previously described [38] and for pH and osmolality using a Model 215 

pH meter (Denver Instruments) and Model 3250 osmometer (Advanced Instruments), 

respectively. At sacrificing, we extracted blood from the carotid artery, measured hematocrit 

and centrifuged for measurement of plasma [K], [Na], and osmolality. The trans-tubular Na 

and K gradients were calculated using the formulas: urine [Na] X plasma [Osm]/ urine 

[Osm] X plasma [Na], and urine [K] X plasma [Osm] / urine [Osm] X plasma [K], 

respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Bar plots illustrating (A) K clearance and (B) trans-tubular K gradient (TTKG) for WT and 

KO on Alk and Acid diets. Clearance and TTKG were calculated from values of table 1. *P 

< 0.01 vs WT; #P < 0.05 vs Alk.
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Figure 2. 
Summary bar plots illustrating the effects of hydrochlorothiazide (HCTZ) and amiloride vs 

vehicle on (A) K excretion and (B) Na excretion for WT on a control diet (WT-control), 

WT-Alk, and KO-Alk. *P < 0.05 vs vehicle. #P < 0.05 vs. WT-Alk.

Wen et al. Page 12

Kidney Int. Author manuscript; available in PMC 2015 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Summary bar plots illustrating the effects of HTZ and amiloride vs vehicle on (A) TTKG 

and (B) trans-tubular Na gradient (TTNaG) for WT-control, WT-Alk, and KO-Alk. *P < 

0.05 vs vehicle. #P < 0.05 vs. WT-Alk.
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Figure 4. 
Summary bar plots illustrating effects of HCTZ and amiloride on (A) rates of K and Na 

excretion and (B) TTKG (left y-axis) and TTNaG (right y-axis) for WT-Acid. *P < 0.05 vs 

vehicle.
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Figure 5. 
Illustration of interaction between defined transporters of the cortical collecting duct that can 

explain how the Na-K-ATPAse of the principal cells (PC) can drive BK-α/β4-mediated K 

secretion in the intercalated cells (IC). Secretion of HCO3 in exchange for Cl via pendrin 

raises the luminal [HCO3] as the luminal Cl is forced through the IC instead of through the 

paracellular pathway, where it would short-circuit the Vte. The greater resistance of the tight 

junction pathway augments the electronegative lumen potential and driving force for K 

secretion. The large plasma to lumen chemical gradient for Na and the generation of 
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intracellular HCO3 create a driving force for BK-mediated K secretion and NaHCO3 

secretion with Na recycling to generate a higher ratio of amiloride sensitive K secretion per 

Na reabsorption.
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