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Abstract

Because of its cardio-protective effects, a low Na, high K diet (LNaHK) is often warranted in 

conjunction with diuretics to treat hypertensive patients. However, it is necessary to understand the 

renal handling of such diets in order to choose the best diuretic. Wild type (WT) or Renal Outer 

Medullary K channel (ROMK) knockout mice (KO) were given a regular (CTRL), LNaHK, or 

high K diet (HK) for 4–7 days. On LNaHK, mice treated with either IP furosemide for 12 hrs, or 

given furosemide in drinking water for 7 days, exhibited decreased K clearance. We used free-flow 

micropuncture to measure the [K+] in the early distal tubule (EDT [K+]) before and after 

furosemide treatment. Furosemide increased the EDT [K+] in WT on CTRL but decreased that in 

WT on LNaHK. Furosemide did not affect the EDT [K+] of KO on LNaHK or WT on HK. 

Furosemide-sensitive Na+ excretion was significantly greater in mice on LNaHK than those on 

CTRL or HK. Patch clamp analysis of split-open TALs revealed that 70-pS ROMK exhibited a 

higher open probability (Po) but similar density in mice on LNaHK, compared with CTRL. No 

difference was found in the density or Po of the 30 pS K channels between two groups. These 

results indicate mice on LNaHK exhibited furosemide-sensitive net K+ secretion in the TAL that is 

dependent on increased NKCC2 activity and mediated by ROMK. We conclude that furosemide is 

a K-sparing diuretic by decreasing the TAL net K+ secretion in subjects on LNaHK.
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Introduction

In contrast to the modern Western diet that has high Na and low K contents, the “ancient” 

diets, such as the Paleolithic and Mediterranean diets, comprise a preponderance of fruits 

and vegetables and are low in Na and high in K. The ancient diets are well known for their 

health benefits in cardiovascular diseases, diabetes, obesity, and multiple cancers1–5. Our 

understanding of such diets have, in large part, derived from studies of the South American 

Yanomami, an isolated culture known for consuming a high K alkaline diet with nearly zero 

Na6. Our lab has developed and studied the renal K handling of mice on a low Na high K, 

alkaline diet (LNaHK) as an exaggeration of the ancient diet consumed by the 

Yanomami7–9. Our understanding of the mechanism for handling LNaHK is crucial to 

choosing effective diuretics and preventing the drastic consequences of hypokalemia or 

hyperkalemia for patients on such diets10.

Potassium ions are freely filtered in the nephron and reabsorbed by the proximal tubule and 

the thick ascending limb of Henle’s loop (TAL). Potassium is secreted into the lumen in the 

aldosterone-sensitive distal nephron (ASDN) by the renal outer medullary K channel 

(ROMK) and the Ca-activated large conductance K channel (BK) 11,12. Potassium secretion 

is driven by the negative lumen potential generated by Na+ reabsorption through the 

epithelial Na channel (ENaC) 13,14. On a high K diet, the K+ concentration ([K+]) in the 

medullary interstitium can reach 39–53 mM by medullary K+ recycling15. The ex vivo 
microperfusion experiments by Stokes et. al. showed that high medullary interstitial [K+] 

may inhibit NaCl reabsorption via NKCC2 and increase distal flow and Na+ delivery to 

stimulate K+ secretion in the distal nephron16. This is a recognized cause for the diuretic 

effect of high K diets13,17. On the other hand, studies showed that NKCC2 activity is 

increased in mice on a low Na diet18,19. The dietary effect of both low Na and high K on the 

ion transport in the TAL remains uncertain.

Ex vivo microperfusion studies showed that K+ was reabsorbed in the isolated perfused 

medullary TAL but secreted in the cortical TAL20,21. However, net K+ secretion in the TAL 

has not been shown in vivo, and the physiological conditions and implications of net K+ 

secretion in the TAL remain unclear. In the current study, we found that after mice were 

adapted to LNaHK, furosemide, an inhibitor of NKCC2, enhanced urinary Na+ and 

decreased urinary K+ excretion. Given the high interstitial [K+] generated by medullary K+ 

recycling, we hypothesized that, in mice on LNaHK, NKCC2 is still active with net K+ 

secretion in the TAL which can be inhibited by furosemide.

Results

K+ secretion in the TAL with LNaHK

In traditional understanding, a high K diet inhibits NKCC2 in the TAL, causing its diuretic 

effect16. We first examined the effect of furosemide in mice on LNaHK. On both diets, wild-

type mice (WT) receiving IP furosemide exhibited significantly higher urinary Na+ 

clearance and lower urine osmolality than those treated with vehicle (Figure 1A, Table 1). 

Thus, Na+ is still actively reabsorbed via NKCC2 in mice on LNaHK.
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On a regular diet (CTRL), the mice treated with furosemide exhibited a higher urinary K+ 

clearance than the vehicle group. This is expected since furosemide is a K-wasting diuretic 

by stimulating K+ secretion in the distal nephron22,23. However, on LNaHK, furosemide-

treated mice had a lower urinary K+ clearance than the vehicle group (Figure 1B). In order 

to exclude the complicating effects of K+ secretion in the distal nephron, we treated mice 

with furosemide + amiloride and amiloride alone, which inhibits the Na+ reabsorbing 

driving force required for both ROMK- and BK-mediated K+ secretion10,14. Compared to 

the amiloride-treated group, the furosemide + amiloride group had lower urinary K+ 

clearance on LNaHK, but not on CTRL (Figure 1B). These results indicate that the 

furosemide effect on K clearance is independent of the distal K secretion in mice on 

LNaHK.

To assess the chronic effect of furosemide, we kept WT on LNaHK for 7 days and then 

treated them with either furosemide water or control water for 7 days. The results are shown 

in figure 2 and table 2. For mice on control water, urinary K excretion (UKV) was 

unchanged after 7 days. For mice on furosemide water, however, UKV was reduced on the 

first day of furosemide treatment (Figure 2A). After 7 days, plasma [K+] was significantly 

higher and K+ clearance significantly lower in mice on furosemide water compared to 

control water (Figure 2B, C). These results indicate that furosemide is a K-sparing diuretic 

and can raise plasma [K+] in mice on LNaHK.

One possible explanation for the effect of furosemide in mice on LNaHK is that net K+ 

secretion in the TAL is inhibited. To test this hypothesis more directly, we used 

micropuncture techniques to measure the K+ concentration in the early distal tubule (EDT 

[K+]) before and after intravenous (IV) administration of vehicle or furosemide in mice on 

CTRL or LNaHK. As shown in Figure 3, vehicle administration did not affect the EDT [K+] 

in mice on either diet. Before furosemide treatment, the EDT [K+] was significantly higher 

in mice on LNaHK than CTRL. Furosemide infusion increased the EDT [K+] in mice on 

CTRL but decreased EDT [K+] in mice on LNaHK without affecting MAP or GFR during 

the collection period (Table 3). These results indicate furosemide-sensitive net K+ 

reabsorption in the TAL of mice on CTRL and net K+ secretion in mice on LNaHK.

Normal Na, high K diet (HK)

The net K+ secretion in the TAL may be partly due to the high interstitial K+ concentration 

generated by medullary K+ recycling in mice on a high K diet16,24. We examined whether 

there was net K+ secretion in the TAL of mice on HK. As revealed by the results of 

micropuncture experiments in Figure 4, furosemide did not affect the EDT [K+] of WT on 

HK despite decreased urine osmolality as an indication of its effectiveness (Figure 4A and 

B). There was no significant difference in MAP and GFR before and after furosemide 

treatment (Table 3).

These results suggest that the low Na content of LNaHK is essential for net K+ secretion in 

the TAL. Studies have shown that a high K diet can reduce NKCC2 activity, probably by 

inhibiting Cl- exit from the TAL16. In agreement with this notion, compared to vehicle, the 

furosemide-treated mice exhibited higher urinary Na+ excretion (UNaV) than vehicle group 

in WT on CTRL, but not in WT on HK (Figure 5A). In contrast to WT on HK, the 
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furosemide group exhibited higher UNaV than vehicle in mice on LNaHK (Figure 1A). 

Because of the difference in dietary Na content, we were unable to compare the furosemide-

sensitive UNaV between mice on CTRL and LNaHK using metabolic cage experiments. We 

thus evaluated the furosemide-sensitive UNaV during micropuncture experiments, in which 

all mice received the same IV infusion for the same time period. The mice on LNaHK 

exhibited significantly greater furosemide-sensitive UNaV than those on CTRL or HK. 

There was no significant difference in furosemide-sensitive UNaV between mice on CTRL 

and HK (Figure 5B).

Role of ROMK in net K+ secretion

Both 30 pS and 70 pS inward rectifying K channels (Kir) have been reported to represent 

ROMK in the apical membrane of TAL25,26. To investigate which K channel mediates net 

K+ secretion, we performed single-channel patch clamp experiments on split-open TALs 

from WT and ROMK knockouts (KO) on CTRL or LNaHK. Whereas we found the 70 pS 

Kir as one or two channels in a patch, we often found the 30 pS Kir as multiple channels (2–

5) in a patch. Figure 6A shows recordings of a single 30 pS Kir (top; −Vp = −60 mV) and 

multiple 30 pS Kir (middle and bottom; −Vp = −40 mV) in cell-attached patches from TALs 

of WT and KO. No difference was found in Po of the 30 pS Kir from mice on LNaHK 

compared with CTRL (Figure 6C). However, as shown by the recordings of Figure 6B and 

the summary plot of Figure 6C, the Po of the 70 pS Kir (−Vp = −40 mV) was greater in 

mice on LNaHK compared with CTRL.

Table 4 shows the number and conductance of apical K channels in the TALs from WT and 

KO on CTRL or LNaHK. The single channel conductance of the “30 pS” Kir varied with a 

range of 25 to 38 pS (inward currents) in cell-attached patches and was not significantly 

different among the four groups. Likewise, the single channel conductance of the 70 pS Kir 

and the BK channel was not different in WT on LNaHK compared with CTRL. We found 

the same density (channels per patch) of 30 pS Kir in all four groups. The densities of the 

70-pS Kir and BK in WT were also not significantly different between the two diets. 

However, unlike the 30 pS Kir, we found no 70 pS Kir in the TAL from KO on CTRL nor 

LNaHK. Overall, these results show that only the 70 pS Kir is ROMK in the TAL and the 70 

pS ROMK channel was more active in the apical membranes in mice on LNaHK, compared 

to CTRL.

Consistent with the patch clamp results, immunofluorescence staining showed similar 

labeling of ROMK in the apical membrane of TAL for WT on both diets (Figure 7A–F). The 

antibody specificity was validated by ROMK KO as a negative control (Figure 7G–I).

To further determine the role of ROMK in the TAL net K+ secretion in vivo, we used 

micropuncture to measure the EDT [K+] before and after IV furosemide in ROMK WT and 

KO on LNaHK. As shown in Figure 8A, WT on LNaHK exhibited furosemide-sensitive net 

K+ secretion in the TAL. However, as shown in Figure 8B, KO on LNaHK did not exhibit 

furosemide-sensitive net K+ secretion. These results indicate that ROMK is required for the 

net K+ secretion in the TAL of mice on LNaHK.
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Discussion

The TAL reabsorbs about 25% of filtered K+ via the apical NKCC2 and basolateral K-

selective channels. However, much of the K+ transported by the NKCC2 is recycled back to 

the lumen through the apical ROMK in order to maintain a continual supply of K+ for NaCl 

reabsorption27,28. In the ex-vivo microperfusion experiments with isolated hamster TAL, 

Tsuruoka et. al. found net K+ reabsorption in the medullary TAL but net K+ secretion in the 

cortical TAL20. Bailly et. al. also found a net K+ secretion in isolated perfused mouse 

cortical TALs21. However, two other groups failed to observe net K+ secretion with isolated 

perfused TALs29,30. The discrepancies are probably due to differences in experimental 

conditions. Nonetheless, net K+ secretion in the TAL has never been described in vivo, and 

its physiological conditions and implications remain unclear. The present study demonstrates 

in vivo net K+ secretion in the TAL of mice that are adapted to LNaHK, but not to a high K 

diet with normal Na. The 70 pS ROMK channel is the likely avenue for K+ secretion in mice 

on LNaHK.

Net K+ secretion in TAL with LNaHK

Furosemide is a widely used diuretic for the treatment of hypertension, edema, congestive 

heart failure, hepatic failure, and chronic kidney disease31,32. Empiric potassium is a 

recommended supplement for furosemide due to its K-wasting effect33. Furosemide inhibits 

NKCC2 in the TAL and increases distal Na+ delivery and flow, thus promoting distal K 

secretion in ASDN23. Consistent with this understanding, in mice on CTRL, furosemide 

increased renal K+ clearance. In mice on LNaHK, however, furosemide showed the opposite 

effect of reducing renal K+ clearance. The fact that furosemide reduced K+ clearance both 

with and without amiloride strongly suggests furosemide-sensitive net K+ secretion in the 

TAL. Notably, after 12 hours of IP furosemide injection, renal K+ clearance was decreased, 

but plasma [K+] was unaffected. This may be due to extrarenal K handlings including 

transcellular shift into muscle cells and excretion in the colon34. Chronic treatment with 

furosemide for 7 days decreased K+ clearance and elevated plasma [K+], demonstrating that 

furosemide changes from a K-wasting to a K-sparing diuretic when the mice are kept on 

LNaHK.

Additionally, in mice on LNaHK, elevated aldosterone along with other factors upregulate 

ENaC, ROMK, and BK expressions and activities to promote K secretion in the 

ASDN8,13,14,35. As shown in Table 2, furosemide still increased urine flow and decreased 

urine osmolality but did not increase UNaV after 7 days. This indicates that the increased 

distal Na+ delivery by furosemide is completely reabsorbed by ENaC, provided that Na-Cl-

cotransporter (NCC) in distal convoluted tubule (DCT) is completely inhibited on LNaHK10. 

Along with increased distal flow, furosemide should further stimulate K+ secretion through 

ROMK and BK in ASDN. However, the overall effect of furosemide in mice on LNaHK is a 

decrease in UKV, suggesting that the inhibition of TAL net K+ secretion must exceed the 

stimulation of distal K+ secretion.

Our micropuncture studies provided more direct evidence for net K+ secretion. Furosemide 

had strikingly opposite effects on EDT [K+] in mice on CTRL and LNaHK without altering 

MAP or GFR within the periods of measurements. Because of the high interstitial [K+], the 
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paracellular pathway could mediate net K+ secretion. However, the EDT [K+], which were 

initially different in the two diets before treatment, reached similar concentrations a few 

minutes after furosemide injections. This result makes paracellular pathway unlikely. 

Furosemide would not block K+ secreted by the paracellular route. Moreover, for 

paracellular K+ secretion, the EDT [K+] after furosemide should still be greater in mice on 

LNaHK than on CTRL.

In vivo micropuncture of the mouse distal nephron has the limitation of the absence of flow 

measurements before and after systemic injections of furosemide. Intravenous injections of 

furosemide will diminish the medullary interstitial gradient and change the flow in the EDT. 

However, with the inhibition of NKCC2 by furosemide, we expect that the tubular fluid in 

EDT is similar to the fluid in late proximal tubule (LPT). For mice on LNaHK, the EDT 

[K+] before furosemide was higher than after furosemide, suggesting that the [K+] in the 

EDT was greater than [K+] in the LPT. Along with the opposite effect in mice on CTRL, we 

provide strong evidence for net K+ secretion in the TAL. Additionally, furosemide may 

inhibit carbonic anhydrase (CA)36, causing more K+ following Na+ delivery to the EDT, 

which would increase the EDT [K+]. Therefore, if furosemide inhibits CA, the actual 

amount of furosemide-sensitive K+ secretion in the TAL of LNaHK mice would be greater 

than that observed.

Role of NKCC2 in net K+ secretion

The diuretic effect of HK was thought to be due to inhibition of NKCC213,16. On LNaHK, 

however, NKCC2 activity is enhanced, indicating that the diuretic effect of LNaHK is not by 

the same mechanism as in HK. In fact, a recent study by Cornelius et. al. showed that in 

mice on LNaHK, the BK-αβ4-mediated K+ secretion in the distal nephron may contribute to 

the diuretic effect8.

Another important finding in our study is that the net K+ secretion in TAL seems to be 

unique for mice on LNaHK but not HK, probably because of upregulated NKCC2 activity. 

This is consistent with a previous ex vivo study showing that NKCC2 was inhibited by the 

high interstitial [K+] in mice on HK16. Without an active NKCC2, the Na-K-ATPase cannot 

supply enough intracellular K+ for secretion. This provides further evidence for transcellular 

K+ secretion. The exact mechanism for increased NKCC2 activity in mice on LNaHK needs 

investigation.

The low Na content of LNaHK may result in volume depletion leading to the activation of 

the renin-angiotensin-aldosterone system (RAAS) and elevated plasma vasopressin (AVP). 

Both AVP and angiotensin II (Ang II) are regulators of NKCC2. AVP increases NKCC2 

expression via V2 receptor-mediated pathways37. However, studies showed that plasma and 

urinary AVP levels were either unchanged or decreased in animals fed a low Na diet38–40. 

The effect of LNaHK on plasma AVP is unclear. In our metabolic cage studies, plasma 

osmolality, the major stimulus of AVP release was not different between CTRL + vehicle 

and LNaHK + vehicle groups. Therefore, plasma AVP is unlikely to play a role in regulating 

NKCC2 in mice on LNaHK. Another possible candidate is Ang II. Studies showed that a 

low Na diet increased NKCC2 phosphorylation and caused a shift from the low-affinity 

NKCC2A to the high-affinity NKCC2B isoform, partly mediated by the actions of Ang II on 
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AT1 receptors18,41. Ang II level is greatly increased in mice on LNaHK, but not on HK7,8,42. 

These findings suggest that elevated Ang II may be responsible for the upregulated NKCC2 

activity in mice on LNaHK.

Role of ROMK in net K+ secretion

Other K channels, including large, Ca-activated K channels (BK), have been observed by 

our laboratory and others43 in the TAL. However, ROMK has been identified as the K 

channel involved in recycling the K+ that is reabsorbed by NKCC225–27. ROMK knockout 

mice (KO) exhibit type 2 Bartter’s with extreme natriuretic diuresis27. Consistent with the 

previous study26, our patch clamp experiments identified the 70 pS K channel as ROMK in 

the apical membrane of TAL. In contrast to the study by Lu et. al.25, we found the same 

density and Po of a 30 pS K channel in KO. It is possible that KO exhibited no furosemide-

sensitive net K+ secretion in the TAL because of decreased NKCC2 activity. However, the 

increased activity of the ROMK channel, but not the 30 pS channel, in WT on LNaHK 

indicates that ROMK mediates the observed net K+ secretion.

Unlike ROMK in the ASDN, the mechanism for regulating ROMK in the TAL is not well 

understood. In the ASDN, ROMK activity is upregulated in response to high dietary K by 

increasing channel density rather than Po44. Aldosterone-dependent signaling pathways, 

including SGK1 and PKA, promote the forward trafficking of ROMK channels to the apical 

membrane of ASDN by phosphorylating ROMK13,45,46. Interestingly, our patch clamp 

experiments showed that TAL from mice on LNaHK exhibited increased Po rather than 

channel density of ROMK. The immunofluorescence staining also indicates that LNaHK did 

not affect ROMK trafficking. The recent study by Dong et. al. demonstrated that ROMK1 

isoform, which is expressed in the CCD, but not TAL, was required for ROMK trafficking in 

response to high K intake47. This study suggests that the ROMK2 isoform in the TAL is 

regulated by different signaling pathways than the ROMK1 in the ASDN. Mice on LNaHK 

have highly elevated aldosterone and Ang II compared to CTRL7,8,42. Since TAL is absent 

of 11-β-hydroxysteroid dehydrogenase 2 (HSD11B2)48, aldosterone is unlikely to regulate 

ROMK in TAL. WNK1, WNK3, and WNK4 all regulate ROMK by affecting clathrin-

dependent endocytosis in the ASDN49. Thus, the WNKs are unlikely to regulate the Po of 

ROMK in the TAL. The patch clamp study by Lu et. al. also showed that Ang II regulates 

the activity of the 70 pS ROMK in the TAL50. Thus, Ang II may play a role to increase 

ROMK activity in the TAL of mice on LNaHK.

Intracellular pH is another important regulator of ROMK activity. Like other Kir channels, 

the Po of ROMK is highly sensitive to intracellular pH51. The urine pH was higher in mice 

on LNaHK than on CTRL due to the alkaline dietary content. However, the dietary effect on 

the intracellular pH of TAL cells remains unclear.

In summary, we have provided in vivo evidence of furosemide-sensitive net K+ secretion in 

the TAL of mice on LNaHK. Net K secretion is dependent on increased NKCC2 activity and 

may be mediated by ROMK. With net K secretion in the TAL, furosemide becomes a K-

sparing diuretic and may lead to hyperkalemia. As summarized in Figure 9, furosemide 

inhibits the net K+ reabsorption in the TAL of mice on CTRL, increasing distal Na+ delivery 

and flow, thereby promoting K+ secretion through ROMK and BK channels in ASDN. In 
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mice on LNaHK, upregulated ROMK and NKCC2 activity results in net K+ secretion in the 

TAL via ROMK channels. Elevated plasma aldosterone on LNaHK upregulates ENaC, 

ROMK, and BK in ASDN to promote distal K+ secretion. Furosemide not only inhibits the 

net K+ secretion in the TAL but also increases distal flow and Na+ delivery that further 

stimulate distal K+ secretion. The net result of these two opposing effects is a decrease in K+ 

excretion. Our finding is especially important when considering diuretic treatments for 

patients consuming a healthy low Na high K diet, which changes furosemide from a K-

wasting to a K-sparing diuretic.

Methods

Animals

All animals were maintained in accordance with the Institutional Animal Care and Use 

Committee of the University of Nebraska Medical Center. Wild-type mice on C57BL/6 

background (Charles River Laboratories, Wilmington, MA), ROMK wild-type and knockout 

littermates on 129/SvJ background (generously provided by Dr. Tong Wang, Yale University 

School of Medicine) were housed in the UNMC animal facility and maintained on a 12-hour 

day-night cycle, with free access to water and food.

Metabolic Cage

Wild-type mice, at 10–12 weeks of age, were given either standard mouse chow (CTRL; 

0.3% Na, 0.6% K), a high K diet (HK; 0.3% Na, 5% K with equimolar carbonate/citrate/Cl 

as anions; TD.07278; Envigo, Indianapolis, IN) or a low Na, high K diet (LNaHK; 0.01% 

Na, 5% K with equimolar carbonate/citrate/Cl as anions; TD.07278; Envigo, Indianapolis, 

IN) for 4–7 days. Before experiments, mice were placed in metabolic cages for 1 day for 

acclimation. For acute diuretic treatments, mice were given intraperitoneal injections of 

vehicle (100μL poly(ethylene glycol); PEG) or furosemide (15mg/kg) and placed in 

metabolic cages for 12 hours to collect urine and measure food and water consumption. For 

chronic furosemide treatments, mice were given either furosemide water (0.1 mg/mL, pH 

8.4 with 0.7 mM K+) or control water (0.7 mM KHCO3, pH 8.4). Urine was collected in 

metabolic cages for 24 hours the day before treatment and on day 1, day 4, and day 7 after 

treatments. The mice were then anesthetized, sacrificed by exsanguination from the carotid 

artery, and blood and kidneys were collected. Urine and plasma osmolality were measured 

with an osmometer (Model 3250, Advanced Instruments, Norwood, MA). Urine and plasma 

Na+ and K+ concentrations were determined by a flame photometer (PFP7, Jenway, 

Burlington, NJ).

Micropuncture, patch clamp and immunofluorescence staining

Micropuncture, patch clamp, and immunofluorescence staining were performed as described 

previously52–56. Please see online supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of furosemide on urinary Na+ and K+ clearances in mice on CTRL and LNaHK
A. Twelve-hour urinary Na+ clearance of mice on CTRL or LNaHK treated with IP 

injections of vehicle or furosemide. B. Twelve-hour urinary K+ clearance of mice on CTRL 

or LNaHK treated with IP injections of vehicle, furosemide, amiloride, or amiloride + 

furosemide. N = 4 – 14 per group. *p < 0.05 vs vehicle; #p < 0.05 vs amiloride analyzed 

using two-way ANOVA with a post-hoc Tukey test.
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Figure 2. Chronic effect of furosemide on renal K+ handling in mice on LNaHK
A. Urinary K+ excretion (UKV) on the day before treatment (day -1), day 1, day 4, and day 

7 after treatment with control (ctrl) or furosemide (furo) water in WT on LNaHK. * p < 0.05 

compared to LNaHK + ctrl water analyzed with two-way ANOVA with post-hoc Tukey test; 

# p < 0.05 compared to Day -1 analyzed with a paired t-test. B. Plasma [K+] after 7 days of 

treatment with ctrl or furo water in WT on LNaHK. C. Urinary K+ clearance after 7 days of 

treatment with ctrl or furo water in WT on LNaHK. * p < 0.05 compared to LNaHK + ctrl 

water analyzed with one-way ANOVA.
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Figure 3. Effect of furosemide on EDT [K+] in mice on CTRL or LNaHK
A-D. Representative recordings of K-selective microelectrodes in the lumen of EDT before 

and after IV injections of vehicle or furosemide in WT on CTRL or LNaHK. Arrows 

indicate the time of injections. E and F. EDT [K+] of mice on CTRL (E) or LNaHK (F) 
before and after IV furosemide injections. N = 4 per group. *p < 0.05 vs before furosemide 

analyzed using a paired t-test.
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Figure 4. Effect of furosemide on EDT [K+] and urine osmolality of mice on HK
A. EDT [K+] of mice on HK before and after IV furosemide injection. B. Urine osmolality 

of mice on HK before and after furosemide. N = 4 per group. *p < 0.05 vs before furosemide 

analyzed using a paired t-test.
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Figure 5. Effect of furosemide on urinary Na+ excretion in mice on CTRL or HK
A. Twelve-hour UNaV of mice on CTRL or HK treated with IP injections of vehicle or 

furosemide. N = 8 per group. *p < 0.05 vs vehicle analyzed using two-way ANOVA with a 

post-hoc Tukey test. B. Furosemide sensitive UNaV normalized to body weight of mice on 

CTRL, LNaHK, or HK. N = 4 – 9 per group. *p < 0.001 vs CTRL; #p < 0.05 vs LNaHK 

analyzed by one-way ANOVA.
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Figure 6. Patch clamp recordings of apical K channels in the TAL of mice on CTRL and LNaHK
A. Recordings of single (top; CTRL, −Vp = −60 mV) and multiple (−Vp = −40 mV) 30 pS 

(inward currents) K channels from cell-attached patches of split-open TAL of WT and KO 

mice on CTRL or LNaHK. Pipette solution contained 140 mM KCl. Red lines denote closed 

states. B. Recordings of 70 pS Kir channels in apical membrane of WT mice. The recordings 

indicate 2 closed states (long and short) with an increased duration in long closed state in 

channels of mice on CTRL. C. Summary of Po at −Vp = −40 mV of the 30 pS and 70 pS Kir 

in the TAL from WT on CTRL and LNaHK. *p < 0.05 vs CTRL analyzed by one-way 

ANOVA.
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Figure 7. ROMK localization in the TAL of mice on CTRL and LNaHK
A-C. Immunostaining of ROMK (green), Tamm-Horsfall Protein (THP; marker of TAL; 

red), and both in the outer medulla of WT on CTRL. D-F. Immunostaining of ROMK 

(green), THP (red), and both in the outer medulla of WT on LNaHK. G-I. Immunostaining 

of ROMK (green), THP (red), and both in the outer medulla of KO on CTRL. All images 

were taken at 400× magnification. All scale bars are 10 μm.
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Figure 8. Effect of furosemide on EDT [K+] in ROMK WT and KO on LNaHK
A and B. EDT [K+] of ROMK WT (A) and KO (B) on LNaHK before and after IV 

furosemide injection. N = 7 for WT; N = 3 for KO. *p < 0.05 vs before furosemide, analyzed 

by a paired t-test.
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Figure 9. Summary figure of dietary effects on furosemide actions on urinary K excretion
A. On CTRL diet, furosemide blocks NKCC2, inhibiting net K+ reabsorption in the TAL 

while increasing distal Na+ delivery and flow, which stimulates K+ secretion through ROMK 

and BK in ASDN. The net effect of furosemide is an increase in urinary K+ excretion. B. On 

LNaHK diet, up-regulated NKCC2 and ROMK, possibly by Ang II, results in net K+ 

secretion in the TAL. Elevated aldosterone (Aldo) from LNaHK upregulates ENaC, ROMK, 

and BK in the ASDN to promote distal K+ secretion. Furosemide blocks NKCC2, inhibiting 

net K+ secretion in the TAL. Although furosemide increases distal Na+ delivery and flow 

that stimulate K+ secretion in ASDN, the net result is a decrease in urinary K+ excretion. 

Transporters in the basolateral membrane and cell types of ASDN have been omitted for 

simplicity.
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Table 1

Metabolic cage measurements for 12 hours, effects of diuretics.

CTRL + vehicle (5) CTRL + furosemide (8) LNaHK + vehicle (12) LNaHK + furosemide (7)

Body weight (g) 21.9 ± 0.3 22.0 ± 0.1 22.8 ± 0.3 19.8 ± 0.3#

Kidney weight (g) 0.27 ± 0.01 0.27 ± 0.01 0.28 ± 0.01 0.27 ± 0.01

Food intake (g/day) 0.2 ± 0.1 0.7 ± 0.3 0.6 ± 0.1 0.2 ± 0.1#

Water intake (mL/day) 0.4 ± 0.1 1.3 ± 0.4 2.1 ± 0.3$ 1.9 ± 0.6

Urine volume (mL/day) 1.3 ± 0.2 2.6 ± 0.5 2.1 ± 0.2 3.4 ± 0.6#

Urine osmolality (mOsm) 2276 ± 332 1521 ± 308 1878 ± 186 786 ± 123#

UNaV (μmol/day) 142 ± 63 315 ± 47* 6.2 ± 0.6$ 72.6 ± 15.7#

UKV (μmol/day) 339 ± 17 390 ± 48 1132 ± 148$ 609 ± 113#

Hematocrit (%) 41.2 ± 1.2 48.2 ± 1.4* 40.4 ± 1.0 42.4 ± 2.5

Plasma osmolality (mOsm) 296.7 ± 3.3 295.0 ± 2.7 288.2 ± 4.0 293.3 ± 6.1

Plasma [Na+] (mM) 155 ± 3 140 ± 3* 151 ± 2 141 ± 1#

Plasma [K+] (mM) 4.2 ± 0.2 4.1 ± 0.2 6.0 ± 0.3$ 5.8 ± 0.2

Urine pH 6.4 ± 0.2 5.8 ± 0.1* 6.9 ± 0.1$ 6.0 ± 0.2#

Parentheses indicate the number of animals. Data are shown as mean ± SEM.

*
p < 0.05 compared to CTRL + vehicle;

#
p < 0.05 compared to LNaHK + vehicle;

$
p < 0.05 compared to CTRL + vehicle analyzed by two-way ANOVA with a post-hoc Tukey test.

Kidney Int. Author manuscript; available in PMC 2018 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 22

Table 2

Metabolic cage measurements for chronic effect of furosemide.

LNaHK + ctrl water (4) LNaHK + furo water (4)

Body weight (g) 22.1 ± 0.8 20.9 ± 0.7

Food intake (g/day) 3.1 ± 0.2 3.4 ± 0.3

Water intake (mL/day) 8.4 ± 0.8 15.4 ± 1.6*

Urine volume (mL/day) 4.0 ± 0.2 6.0 ± 0.2*

Urine osmolality (mOsm) 1872 ± 105 1002 ± 77*

UNaV (μmol/day) 35.7 ± 7.5 43.6 ± 2.8

UKV (μmol/day) 3323 ± 283 2620 ± 152

Hematocrit (%) 41.4 ± 1.2 42.3 ± 1.7

Plasma osmolality (mOsm) 295 ± 2.6 295 ± 2.6

Plasma [Na+] (mM) 139.5 ± 1.1 137.1 ± 1.3

Plasma [K+] (mM) 4.4 ± 0.1 5.3 ± 0.3*

K Clearance (mL/day) 758 ± 76 498 ± 42*

Urine pH 9.2 ± 0.1 8.6 ± 0.1*

Parentheses indicate the number of animals. Data are shown as mean ± SEM.

*
p < 0.05 compared to LNaHK + ctrl water analyzed by one-way ANOVA.
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