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Lee HW, Harris AN, Romero MF, Welling PA, Wingo CS,
Verlander JW, Weiner ID. NBCe1-A is required for the renal
ammonia and K� response to hypokalemia. Am J Physiol Renal
Physiol 318: F402–F421, 2020. First published December 16, 2019;
doi:10.1152/ajprenal.00481.2019.—Hypokalemia increases ammonia
excretion and decreases K� excretion. The present study examined
the role of the proximal tubule protein NBCe1-A in these responses.
We studied mice with Na�-bicarbonate cotransporter electrogenic,
isoform 1, splice variant A (NBCe1-A) deletion [knockout (KO)
mice] and their wild-type (WT) littermates were provided either K�

control or K�-free diet. We also used tissue sections to determine the
effect of extracellular ammonia on NaCl cotransporter (NCC) phos-
phorylation. The K�-free diet significantly increased proximal tubule
NBCe1-A and ammonia excretion in WT mice, and NBCe1-A dele-
tion blunted the ammonia excretion response. NBCe1-A deletion
inhibited the ammoniagenic/ammonia recycling enzyme response in
the cortical proximal tubule (PT), where NBCe1-A is present in WT
mice. In the outer medulla, where NBCe1-A is not present, the PT
ammonia metabolism response was accentuated by NBCe1-A dele-
tion. KO mice developed more severe hypokalemia and had greater
urinary K� excretion during the K�-free diet than did WT mice. This
was associated with blunting of the hypokalemia-induced change in
NCC phosphorylation. NBCe1-A KO mice have systemic metabolic
acidosis, but experimentally induced metabolic acidosis did not alter
NCC phosphorylation. Although KO mice have impaired ammonia
metabolism, experiments in tissue sections showed that lack of am-
monia does impair NCC phosphorylation. Finally, urinary aldosterone
was greater in KO mice than in WT mice, but neither expression of
epithelial Na� channel �-, �-, and �-subunits nor of H�-K�-ATPase
�1- or �2-subunits correlated with changes in urinary K�. We con-
clude that NBCe1-A is critical for the effect of diet-induced hypoka-
lemia to increase cortical proximal tubule ammonia generation and for
the expected decrease in urinary K� excretion.

ammonia; potassium; proximal tubule

INTRODUCTION

Hypokalemia stimulates renal ammonia1 metabolism despite
the frequent simultaneous occurrence of metabolic alkalosis

(18, 33, 65, 73). This is counterproductive from an acid-base
homeostasis perspective, as increased ammonia excretion in-
creases renal bicarbonate generation and can lead to further
systemic alkalinization rather than to correction of the meta-
bolic alkalosis that is often seen with hypokalemia. Moreover,
the increased ammonia generation may contribute to extrarenal
disease, such as precipitation of hyperammonemic encephalop-
athy in patients with underlying liver disease (79). Thus,
understanding the mechanisms through which hypokalemia
increases ammonia metabolism is important.

One recently identified mechanism regulating ammonia me-
tabolism in other conditions involves the basolateral Na�-
bicarbonate cotransporter electrogenic, isoform 1, splice vari-
ant A (NBCe1-A). NBCe1-A is present in cortical proximal
tubule segments, where it functions as the primary basolateral
bicarbonate exit mechanism for filtered bicarbonate reabsorp-
tion and for proximal tubule bicarbonate that is generated
during ammoniagenesis (1, 38, 56). Recent studies have shown
that NBCe1-A also regulates both basal ammonia metabolism
and the response to metabolic acidosis and that it does so by
regulating expression of multiple proximal tubule proteins
involved in ammonia generation (45). Whether it also regulates
the response to hypokalemia has not been studied previously.

The purpose of the present study was to determine the role
of NBCe1-A in the renal response to diet-induced hypokale-
mia. First, we evaluated the effect of diet-induced hypokalemia
on NBCe1-A expression. Next, we determined the effect of
NBCe1-A deletion on urine and serum electrolyte response to
a K�-free diet. We then identified which proteins involved in
ammonia metabolism exhibited altered expression in response
to hypokalemia as a result of NBCe1-A deletion. Because
NBCe1-A deletion also altered the K� response to hypokale-
mia, we determined the effect of NBCe1-A deletion on NaCl
cotransporter (NCC) phosphorylation, which has a key role in
regulating renal K� homeostasis. Our results showed that
NBCe1-A has an essential role in both the renal ammonia and
K� homeostatic responses to hypokalemia through altered
expression of key proteins involved both in ammonia metab-
olism in the proximal tubule and in K� homeostasis in the
distal nephron.

METHODS

Animals. We used mice with NBCe1-A-specific deletion (45). All
breeding involved heterozygous dams with heterozygous sires, and
age- and sex-matched wild-type (WT) and knockout (KO) offspring
were used in these experiments. We genotyped mice using DNA
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1 Ammonia is present in two molecular forms, NH3 and NH4
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extracted from tail clip samples as detailed above (45). The Institu-
tional Animal Care and Use Committees of the University of Florida
and the North Florida/South Georgia Veterans Health System ap-
proved all animal experiments. All mice were on the C57BL/6
background strain.

Antibodies. All antibodies used have been previously described.
The specific antibodies, sources, and dilutions used are shown in
Table 1.

Metabolic cage experiments. Mice were housed in metabolic cages
throughout the duration of the experiment, and daily 24-h urine
collections were made as previously described (5, 6, 41–43, 46–48).
Daily food intake was measured. Urine pH and volume were mea-
sured in each 24-h collection, and urine was then frozen for further
analysis at a later time.

Dietary maneuvers. Hypokalemia was induced by feeding mice a
K� control diet (TD.88238, Harlan Teklad, Madison, WI) for 2 days
followed by a nominally K�-free diet (TD.88239, Harlan Teklad) for
4 days. We obtained powdered food and mixed it with H2O in a ratio
of 6 g of food to 1 mL of H2O to form a semisolid diet. Normokalemic
mice were provided the K� control diet in an identical manner.

Plasma analyses. Blood was obtained by cannulation of the aorta,
drawn into a heparinized syringe, and immediately analyzed for Na�,
K�, and bicarbonate concentrations using a Siemens Microanalytic
Blood Gas Analyzer (RAPIDLab 348 Analyzer, Siemens).

Urinary analysis. Urine ammonia was measured using a modifica-
tion of a commercially available kit (no. A7553, Pointe Scientific,
Canton, MI) as previously described (5, 36). Urine pH was measured
using a micro-pH electrode (ROSS Semi-Micro pH, Orion 8115BN;
Thermo Scientific). Urine aldosterone was measured using an Aldo-
sterone ELISA Kit (no. 501090, Cayman Chemical, Ann Arbor, MI)
according to the manufacturer’s instructions.

Tissue handling. Mice were anesthetized with inhalant isoflurane
anesthesia, and tissues were preserved by in vivo cardiac perfusion
with PBS (pH 7.4) containing 6,000 U/L Na-heparin and 120 mg/L
Lidocaine followed by periodate-lysine-2% paraformaldehyde (PLP)
fixation. Kidney tissue was processed in polyester wax and sectioned
as previously described (5, 6, 41–44, 46–48). Kidney proteins and
mRNA for immunoblot analysis and real-time RT-PCR were obtained
using previously described techniques (5, 6, 41–44, 46–48).

Immunohistochemistry. Immunolocalization was accomplished us-
ing immunoperoxidase procedures routinely used in our laboratory
(29, 30, 40, 43, 48, 55). Briefly, sections were deparaffinized in xylene
and ethanol, rehydrated, and then rinsed in PBS. Antigen retrieval was
accomplished by immersing slides in Trilogy (Cell Marque, Rocklin,
CA) at 96°C for 1 h. Endogenous peroxidase activity was blocked by
incubation of the sections in 3% H2O2 in methanol for 45 min. After
being washed in PBS, sections were treated with 0.5% Triton X-100
in PBS for 15 min. Sections then underwent several washes in PBS

containing 1% BSA, 0.05% saponin, and 0.2% gelatin followed by
incubation with Serum-Free Protein Block (Dako Cytomation) for 15
min and then incubation at 4°C overnight with primary antibody
diluted in Dako antibody diluent. After several washes in PBS
containing 0.1% BSA, 0.05% saponin, and 0.2% gelatin, sections
were washed in PBS and incubated for 1 h with polymer-linked,
peroxidase-conjugated goat anti-rabbit IgG (MACH2, Biocare Med-
ical, Concord, CA), again washed with PBS, and then exposed to
diaminobenzidine (DAB) for 5 min. Sections were washed in distilled
water, dehydrated with xylene, mounted, and observed with light
microscopy. Sections were examined on a Nikon E600 microscope
equipped with CFI Plan Fluor �40, numerical aperture 0.75 and CFI
Plan Fluor �10, numerical aperture 0.30 objectives using DIC optics
and photographed using a DMX1200F digital camera and ACT-1
software (Nikon). Color correction was performed using Adobe Pho-
toshop software (Adobe Systems, San Jose, CA).

Immunoblot analysis. Immunoblot analysis was performed as pre-
viously described (5, 6, 41–44, 46–48). Briefly, defined amounts,
always identical in each lane of a gel, but typically 5–10 �g, of renal
protein were electrophoresed on 10% PAGE ReadyGel (Bio-Rad,
Hercules, CA). Gels were then transferred electrophoretically to
nitrocellulose membranes, blocked with 5 g/dL nonfat dry milk in
Blotto buffer (50 mM Tris, 150 mM NaCl, 5 mM Na2EDTA, and
0.05% Tween 20, pH 7.6), and incubated at 4°C overnight with
primary antibody diluted in nonfat dry milk. After being washed,
membranes were exposed to secondary antibody, goat anti-rabbit IgG
(Cell Signaling Technology, Beverly, MA) conjugated to horseradish
peroxidase at a dilution of 1:5,000. Sites of antibody-antigen reaction
were visualized using enhanced chemiluminescence (SuperSignal
West Pico Substrate, Pierce) and a Kodak Image Station 440CF digital
imaging system. Band density was normalized such that mean density
in the same region (cortex or outer stripe of the outer medulla) in
control tissues was 100.0. We confirmed the absence of saturation by
examining pixel intensity distribution in all immunoblots.

In preliminary experiments, we found that a K�-free diet had
differing effects on expression of the putative “housekeeping pro-
teins” �-actin and GAPDH, i.e., increasing expression of �-actin and
decreasing expression of GAPDH. Accordingly, we were unable to
normalize protein expression to housekeeping protein expression. In
all experiments, we assessed loading and transfer equivalence using
Ponceau S staining. Gels with evident differences between samples/
lanes were discarded and not used for analysis.

Tissue section experiments of NCC phosphorylation. Mice were
anesthetized with inhalant isoflurane anesthesia, and kidneys were
perfused free of blood with CO2- and HCO3

�-buffered solutions
containing 8 mM K�. Kidneys were removed rapidly, and 100-�m-
thick transverse sections were cut on a vibrating microtome (Vi-

Table 1. Antibodies used (alphabetical order)

Antibody Source Dilutions Used

ENaC� StressMarq Biosciences (SPC-403, Victoria, BC, Canada) WB, 1:5,000
ENaC� StressMarq Biosciences (SPC-404, Victoria, BC, Canada) WB, 1:5,000
ENaC� StressMarq Biosciences (SPC-405, Victoria, BC, Canada) WB, 1:2,500
Glutamine synthetase Abcam (ab73593, Cambridge, MA) IHC, 1:10,000; WB, 1:1,500
H�-ATPase, a4 subunit Dr. Fiona Karet (Cambridge Institute for Medical Research, Cambridge, UK) IHC, 1:50,000
Na�-Cl� cotransporter Dr. David Ellison (Oregon Health Sciences University, Portland, OR) IHC, 1:20,000; WB, 1:1,000
NBCe1-A Michael F. Romero, Ph.D (�-333) IHC, 1:2,000; WB, 1:1,000
Pan-NBCe1 ProteinTech IHC, 1:1,000; WB, 1:2,000
Phosphate-dependent glutaminase Dr. Norman Curthoys (Colorado State University) WB, 1:3,000
Phosphoenolpyruvate carboxykinase Cayman Chemical Co. (no. 10004943, Ann Arbor, MI) IHC, 1:5,000; WB, 1:2,000
Phospho-NCC PhosphoSolutions (no. p1311-53, Aurora, CO) IHC, 1:100,000; WB, 1:1,000
Rhbg Generated in our laboratory IHC, 1:20,000
Rhcg Generated in our laboratory IHC, 1:10,000

ENaC, epithelial Na� channel; NBCe1-A, Na�-bicarbonate cotransporter electrogenic, isoform 1, splice variant A; Rh, Rhesus; WB, Western blot; IHC,
immunohistochemistry.
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bratome). Sections were then placed onto Transwell 24-mm-diameter
filters, 0.4-�m pore size (Corning) into six-well plates with defined
solutions containing varying amounts of K� and ammonia. Sections
and solutions were then placed into a 5% CO2 incubator maintained at
37°C and rocked gently to minimize unstirred layers. Tissues were
removed from the incubator after completion of timed incubation, and
protein extraction and immunoblot analysis for both phospho-NCC
and total NCC were performed as detailed above. In preliminary
experiments, similar results had been obtained with incubation for 1
and 2 h, and so the experiments reported were performed with a 1-h
incubation.

We typically obtained 16–24 sections from a single kidney, en-
abling an average of 4 sections from a single kidney to be exposed to
each experimental solution. We calculated the ratio of phospho-NCC
to total-NCC, which we term the “NCC phosphorylation index”
(NPI), in each section. This thereby controls for variations in the ratio
of the cortex to renal medulla in each section. The NPI from all
sections from a single kidney exposed to a particular medium com-
position was averaged to yield a single NPI that was used for
statistical analysis. All tissue section NPI experiments used an equal
number of male and female mouse kidneys. The sex of the kidney did
not alter any of the responses observed.

All solutions contained (in mM) 106.9 NaCl, 2.0 NaH2PO4, 1.0
MgSO4, 25 NaHCO3, 8.33 glucose, 1.0 sodium acetate, and 1.2
CaCl2. Solution K� and ammonia concentrations were altered by
adding appropriate amounts of 1 mol/L KCl or NH4Cl; osmolality was
maintained constant by balanced addition of 1 mol/L choline-Cl.
Solutions were bubbled with 95% O2-5% CO2 solutions for at least 20
min before use. Glutamine, alanine, and other amino acids were not
included in the incubation medium so as to limit endogenous ammo-
nia production. In preliminary experiments, this approach resulted in
no detectable ammonia addition to the extracellular media by the
sections.

NMR spectroscopy for 2-oxoglutarate quantification. Proton 1-D
nuclear magnetic resonance (NMR) spectra were collected using a 14.1-T
NMR magnet equipped with a CP TXI CryoProbe and an Avance II
Console (Bruker Biospin, Billerca, MA). Each NMR sample consisted of
100 �L [50% (vol/vol), centrifuged and filtered] of urine, 80 �L [40%
(vol/vol)] of deuterated 20� PBS, and 20 �L [10% (vol/vol)] of internal
standard (5 mM DSS-D6 and 0.2% NaN3 in D2O, Chenomx, Alberta,
Canada), making a total volume of 200 �L for a sample. The pH was
controlled at 7.2. A 1-D NOESY pulse sequence (tnnoesy.c) was used to
acquire 1-D proton spectra, with a 3-s relaxation delay (d1), 100-ms
mixing time, 64 scans (nt), 12-ppm spectral width (sw), and 4 s of
acquisition time (60). All experiments were acquired at 25°C. Spectra

were processed and analyzed using MestReNova 11.0.0 (Mestrelab
Research, Santiago de Compostela, Spain). They were zero filled to
131,072 points with exponential line broadening of 0.5 Hz and Whittaker
Smoother baseline correction. Chemical shifts were calibrated with re-
spect to DSS singlet signal at 0 ppm. 2-Oxoglutarate peaks were fitted to
a mixed Gaussian-Lorentzian line shape and compared with the DSS
standard to determine the concentration.

Real-time RT-PCR. We quantified H�-K�-ATPase (HK)�1 and
HK�2 mRNA expression using Taqman-based real-time RT-PCR
techniques, as previously described (20). Primer-probe sets for HK�1
and HK�2 were obtained from Applied Biosystems (HK�1:
Mm00444423 and HK�2: Mm00446779). We used GAPDH as an
internal control and quantified expression using the 2��CT method
(where CT is threshold cycle). Results were scaled such that mean
expression in WT mice was 100.0.

Statistics. Results are presented as means 	 SE; n refers to the
number of animals studied. Statistical analysis was performed using
ANOVA (general linear modeling). Specific subgroup differences
were analyzed using a Student’s t test with Bonferroni correction, as
previously detailed (44, 45). When repeated measurements over time
were obtained, statistical significance for the primary independent
variable was determined using general linear model with repeated-
measures analysis (IBM SPSS Statistics) followed by analysis at
individual time points using Student’s t test (44). In addition, we used
Mauchly’s test of sphericity when using repeated-measures ANOVA
to evaluate whether the sphericity assumption was violated. All
experiments included a similar number of male and female mice, and
sex was included as a dependent variable in all statistical analyses; in
no case did it change the statistical conclusions reached. P values of

0.05 were taken as statistically significant.

RESULTS

Effect of a K�-free diet on WT and NBCe1-A KO mice.
Exposure to a K�-free diet, compared with a K�-control diet,
induced a number of physiological changes. Table 2 shows
these responses. Body weight was lower in NBCe1-A KO mice
on both diets, similar to previously reported results while on
normal diet (45). Daily food intake when adjusted for body
weight did not differ significantly. Serum K� was lower in
NBCe1-A KO mice on both diets, and serum K� decreased
significantly in response to K�-free diet in both genotypes.

Table 2. Physiological parameters in NBCe1-A KO mice

Parameter WT NBCe1-A KO P Value

Physiological parameters on K�-control diet
Mean body weight, g 23.5 	 1.2 (16) 18.1 	 0.8 (16) 
0.001
Mean daily food intake, g/day 4.3 	 0.1 (16) 3.9 	 0.2 (16) 
0.05
Mean daily food intake, g/g body wt 0.19 	 0.01 (16) 0.22 	 0.01 (16) NS
Urine pH 6.50 	 0.11 (16) 5.37 	 0.11 (16) 
0.001
Urine ammonia, �mol/day 123 	 26 (16) 157 	 24 (16) NS
Serum Na�, mM 152 	 1 (9) 150 	 1 (9) 
0.05
Serum K�, mM 4.49 	 0.14 (9) 3.73 	 0.13 (9) 
0.05
Serum HCO3

�, mM 21.5 	 1.3 (9) 12.4 	 0.5 (9) 
0.001
Physiological parameters on K�-free diet

Mean body weight, g 26.2 	 1.1 (11) 18.3 	 0.7 (11) 
0.001
Mean daily food intake, g/day 5.4 	 0.1 (11) 3.7 	 0.1 (11) 
0.001
Mean daily food intake, g/g body wt 0.21 	 0.01 (11) 0.21 	 0.01 (11) NS
Serum Na�, mM 152 	 2 (11) 149 	 1 (11) NS
Serum K�, mM 3.50 	 0.18 (11) 2.50 	 0.16 (11) 
0.001
Serum HCO3

�, mM 23.8 	 0.9 (11) 11.8 	 0.6 (11) 
0.001

Values are means 	 SE. Numbers in parentheses are numbers of animals in each group. NBCe1-A KO, Na�-bicarbonate cotransporter electrogenic, isoform
1, splice variant A knockout; WT, wild type; NS, not significant.
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Serum bicarbonate2 in WT mice averaged 21.5 	 1.3 mM on
K� control diet and 23.8 	 0.9 mM after 4 days of K�-free
diet (n � 9 and 11, respectively). In KO mice, baseline serum
bicarbonate concentration was lower than in WT on K�-
control diet, 12.4 	 0.5 mM, similar to our previous report
(45), and averaged 11.8 	 0.6 mM after 4 days of K�-free diet
(n � 9 and 11, respectively). NBCe1-A deletion tended to alter
the serum bicarbonate response to K�-free diet, but this effect
did not meet statistical significance (P 
 0.08 by ANOVA).

Effect of K�-free diet on NBCe1-A expression. Hypokalemia
increases both proximal tubule bicarbonate reabsorption (9, 11)

and ammonia generation (34, 51, 54). We first examined
whether exposure to a K�-free diet is associated with increased
NBCe1-A expression. Immunoblot analysis of tissues from
mice exposed to a K�-free diet for 4 days using a NBCe1-A-
specific antibody showed a significant increase in NBCe1-A
expression (Fig. 1A). There was no detectable NBCe1-A pro-
tein expression in NBCe1-A KO mice either on a K�-control
diet or K�-free diet, confirming the specificity of this antibody.
Immunohistochemistry (Fig. 1B) showed increased basolateral
NBCe1-A immunolabel intensity in cortical proximal tubule
segments. In proximal tubule segments in the outer stripe of the
outer medulla, there was no detectable NBCe1-A immunolabel
either in WT or KO kidneys. Thus, diet-induced hypokalemia
increases cortical proximal tubule NBCe1-A expression.

The proximal tubule expresses a second splice variant of the
NBCe1 gene, NBCe1-B (20). We used an antibody that rec-
ognizes NBCe1-B in the NBCe1-A KO kidney to examine the
NBCe1-B response to a K�-free diet (20). In the cortex of
NBCe1-A KO mice, NBCe1-B protein expression did not
change significantly in response to the K�-free diet, but its

2 Both serum HCO3
� and PCO2 determine arterial pH. PCO2 is determined by

minute ventilation, a pulmonary response, and not by renal acid-base mecha-
nisms. We believe it is possible that the anesthesia and laparotomy required for
blood collection can alter minute ventilation and, if so, would rapidly change
arterial blood PCO2 and pH. We were unable to measure minute ventilation in
our anesthetized mice and therefore cannot confirm that measured PCO2 and pH
accurately reflect PCO2 and pH in nonanesthetized, nonrestrained mice. Be-
cause of these considerations, although we measured these values we do not
report them.
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Fig. 1. Effect of K�-free diet on Na�-
bicarbonate cotransporter electrogenic,
isoform 1, splice variant A (NBCe1-A)
expression. A: effect of K�-free diet on
NBCe1-A expression in wild-type
(WT) mice. Top: WT mice provided
K�-free diet for 4 days exhibited sig-
nificantly greater NBCe1-A expres-
sion than did mice provided K� con-
trol diet. B: NBCe1-A immunolabel in
cortex of WT mice provided either K�

control diet or K�-free diet. NBCe1-A
immunolabel intensity in cortical prox-
imal tubule segments was greater in
WT mice on K�-free diet than in those
on K� control diet. NBCe1-A immu-
nolabel was not detectable in the outer
stripe of the outer medulla (OSOM) in
either condition (data not shown). Im-
munolabel results are representative of
findings in 5 mice on K� control diet
and 6 mice on K�-free diet.
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expression in the outer medulla increased significantly (Fig.
2A). In both WT and KO mice, immunohistochemistry showed
increased proximal tubule basolateral NBCe1 immunolabel
intensity in the outer stripe of the outer medulla in response to
diet-induced hypokalemia (Fig. 2B). Since NBCe1-A is not
expressed in this portion of the proximal tubule, and NBCe1-B
is the only other NBCe1 splice variant present in the mouse
kidney (20), these results indicated that diet-induced hypoka-
lemia also increases NBCe1-B expression in the proximal
straight tubule in the outer medulla.

Effect of NBCe1-A deletion on the ammonia response to
hypokalemia. We then determined the effect of NBCe1-A
deletion on the urinary ammonia response to hypokalemia.

Table 2 shows key physiological parameters in these mice.
While mice were on the K� control diet, urine ammonia
excretion did not differ significantly between WT and
NBCe1-A KO mice (Fig. 3A). When they were transitioned to
the K�-free diet, urine ammonia excretion increased in WT
mice on the first day and remained elevated throughout the
entire experimental period. The response of NBCe1-A KO
mice to the K�-free diet was blunted significantly (P 
 0.01 by
ANOVA). On each day of the K�-free diet, the increase in
ammonia excretion above baseline was significantly less than
in WT mice, and on days 3 and 4, urinary ammonia excretion
did not differ significantly from control diet rates (Fig. 3B).
Quantitatively, NBCe1-A deletion decreased the ammonia ex-
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Fig. 2. Effect of K�-free diet on Na�-bicar-
bonate cotransporter electrogenic, isoform 1,
splice variant B (NBCe1-B) expression. A:
NBCe1-B expression response in NBCe1-A
knockout (KO) mice. Because the mouse
kidney expresses both NBCe1-A and
NBCe1-B, and only NBCe1-B in the
NBCe1-A KO mouse (20), the pan-NBCe1
antibody used, which recognizes all NBCe1
splice variants, is specific in the kidney for
NBCe1-B. NBCe1-B expression did not dif-
fer in the cortex between mice provided K�

control diet and those provided K�-free diet.
In the outer stripe of the outer medulla
(OSOM), mice provided K�-free diet had
significantly greater NBCe1-B expression
than mice provided K� control diet. B:
NBCe1-B immunolabel in the OSOM,
where NBCe1-B is the only expressed
NBCe1 variant (20). In both wild-type (WT)
and KO mice, proximal straight tubule ba-
solateral NBCe1-B immunolabel was more
intense in mice provided K�-free diet than
in those provided K� control diet; n � 5
mice on K� control diet and 6 mice on
K�-free diet for NBCe1-B in both immuno-
blot analysis and immunolabel results.
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cretion change by 78 	 6% (n � 11 in each group, P 
 0.001).
Analysis of body weight-adjusted changes in urinary ammonia
did not change these conclusions. Thus, NBCe1-A is essential
to the urinary ammonia response to hypokalemia.

The ability to acidify urine is critical for ammonia excretion.
NBCe1-A KO mice excreted a more acidic urine than did WT
mice under both K�-control and K�-free dietary conditions
(Fig. 3C). Thus, the absence of an increase in ammonia
excretion in NBCe1-A KO mice is not due to an impaired
ability to acidify the urine.

Proximal tubule ammonia generation of enzymes. Urinary
ammonia, in contrast to most other urinary solutes, derives
predominantly from intrarenal generation, predominantly in
the proximal tubule, and not from arterial delivery. The first
enzyme involved in ammoniagenesis is mitochondrial phos-
phate-dependent glutaminase (PDG). In the cortex, where
NBCe1-A is present in WT mice, NBCe1-A deletion blunted
the increase induced by a K�-free diet (P 
 0.05 by ANOVA;
Fig. 4A). This effect was limited to the cortex; NBCe1-A
deletion did not alter either basal or the hypokalemia-induced
increase in PDG expression in the outer medulla [P � not
significant (NS) by ANOVA].

A key cytoplasmic enzyme involved in ammonia generation
is phosphoenolpyruvate carboxykinase (PEPCK). NBCe1-A
deletion decreased cortical PEPCK expression significantly in
mice fed the K�-control diet, and it decreased the response to
the K�-free diet (P 
 0.001 by ANOVA; Fig. 4B). Thus, in
cortical proximal tubule segments, NBCe1-A is necessary for
the PEPCK response to hypokalemia. In contrast, in the outer
medulla, where NBCe1-A is not present, PEPCK was signifi-
cantly greater in NBCe1-A KO mice compared with WT mice,
both on K� control and K�-free diets, and the increase in
PEPCK induced by the K�-free diet was greater in NBCe1-A
KO mice (P 
 0.001 by ANOVA).

PEPCK immunohistochemistry showed similar findings.
While on the K�-control diet, PEPCK immunolabel intensity
was substantially less in KO mice than in WT mice in the
proximal convoluted tubule (PCT) and proximal straight tubule
in the medullary ray (PST-MR) (Fig. 4C). Immunolabel inten-
sity increased in response to the K�-free diet in WT mice. In
KO mice, the K�-free diet-induced increase in cortical proxi-
mal tubule PEPCK immunolabel intensity was substantially
less than in WT mice. In the proximal straight tubule in the
outer medulla (PST-OM), immunolabel intensity was slightly
greater in KO mice than in WT mice while on the K�-control
diet. The K�-free diet increased immunolabel intensity in the
PST-OM of WT and KO mice, and the increase was greater in
KO mice.

Proximal tubule ammonia recycling enzyme glutamine syn-
thetase response. A third key component of ammonia genera-
tion involves ammonia recycling via the enzyme glutamine
synthetase (GS). Conditions that increase ammonia excretion,
such as metabolic acidosis and hypokalemia, decrease GS
expression (15, 43, 76, 86). The K�-free diet decreased cortical
GS expression in both genotypes, but the suppression was
blocked significantly by NBCe1-A KO (P 
 0.01 by ANOVA;
Fig. 5A). In the outer medulla, where NBCe1-A is not normally
expressed, the K�-free diet-induced decrease in GS expression
was accentuated by NBCe1-A deletion (P 
 0.001 by
ANOVA).

Immunohistochemistry examining GS immunolabel showed
similar findings (Fig. 5B). In cortical proximal tubule seg-
ments, PCT and PST-MR, GS immunolabel intensity did not
differ between WT and KO mice on the K�-control diet. In
mice exposed to the K�-free diet, PCT and PST-MR GS
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Fig. 3. Na�-bicarbonate cotransporter electrogenic, isoform 1, splice variant A
(NBCe1-A) deletion blocks the urinary ammonia response to hypokalemia. A:
urinary ammonia excretion in wild-type (WT) and NBCe1-A knockout (KO) mice.
Ammonia excretion on K� control diet (Pre-2 and Pre-1 days) tended to be higher
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in KO than in WT mice on days 3 and 4 of K�-free diet. B: change in ammonia
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mice had a rapid increase in ammonia excretion, whereas KO mice had a transient
and significantly suppressed increase on days 1 and 2 and then no significant
change from baseline on days 3 and 4 of K�-free diet. C: urine pH response. Urine
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mice and remained significantly lower during each day of K�-free diet.
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defective urine acidification in KO mice. Error bars are not shown when
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immunolabel intensity decreased in both genotypes, but the
decrease was less in KO mice (Fig. 4). In the PST-OM, GS
immunolabel intensity was similar in WT and KO mice on the
K�-control diet, consistent with the minimal, ~10%, difference
by immunoblot analysis. In hypokalemic WT and KO mice,
immunolabel intensity decreased in the PST-OM, and the
magnitude of decrease was greater in KO mice, consistent with
immunoblot results.

Thus, in cortical proximal tubule segments that normally
express NBCe1-A, its deletion blunts the expected change in
response to hypokalemia in enzymes involved in both ammo-
nia generation (PDG and PEPCK) and ammonia recycling
(GS). In the outer medulla, the responses of both PEPCK and
GS are accentuated, suggesting adaptive responses in PST-OM
to the NBCe1-A deletion in cortical proximal tubule segments.

Ammonia transport proteins. Ammonia produced in the
kidney undergoes regulated transport across epithelial cells via
specific transport proteins. H�-ATPase is critical for collecting
duct ammonia secretion through its role in H� secretion (7, 78,
83, 84). Immunohistochemistry comparing WT and KO mice
on the K�-free diet showed no evident difference in H�-
ATPase expression or membrane polarization (Fig. 6A). Rh
glycoproteins have a critical role in collecting duct ammonia
secretion (53, 81, 83, 85). Immunohistochemistry comparing
WT and KO mice on the K�-free diet also showed no detect-
able difference in either Rhbg or Rhcg expression (Figs. 6, B
and C, respectively). Thus, the failure of increased ammonia
excretion in response to hypokalemia in NBCe1-A KO mice is
unlikely to have been the result of abnormal expression of
these proteins.

Effect of NBCe1-A deletion on K� homeostasis. Serum
electrolyte analysis showed a surprising effect of NBCe1-A
deletion on K� homeostasis. Serum K� on control diet was
significantly less in KO mice than in WT mice (WT:
4.49 	 0.14 mM and KO: 3.73 	 0.13 mM, n � 9 in each
group, P 
 0.002). After 4 days of the K�-free diet, serum K�

decreased in each group and remained significantly lower in
NBCe1-A KO mice (WT: 3.50 	 0.18 mM and KO:
2.50 	 0.16 mM, n � 11 in each group, P 
 0.001). Thus,
NBCe1-A deletion resulted in significantly lower serum K�,
both on the K� control diet and after 4 days of the K�-free diet.
Figure 7A shows these findings.

Effect on K� excretion. The primary K� homeostatic re-
sponse to a K�-free diet involves a rapid decrease in urinary
K� excretion. While on the K� control diet, K� excretion did
not differ significantly between WT and KO mice (WT:

813 	 57 �mol/day and KO: 670 	 44 �mol/day, n � 17
mice/genotype, P � NS). Changing to K�-free diet decreased
K� excretion in both genotypes, but NBCe1-A KO mice
excreted significantly more urinary K� than did WT mice on
each day of the K�-free diet (Fig. 7B). Mean daily K�

excretion over the 4 days was ~50% greater in KO mice than
in WT mice (WT: 58 	 5 �mol/day and KO: 88 	 14 �mol/
day, n � 17 mice/genotype, P 
 0.001). Thus, NBCe1-A
deletion, despite resulting in more severe hypokalemia, re-
sulted in less ability to conserve K� in response to a K�-free
diet.

Phosphorylated NCC response to K�-free diet. The distal
convoluted tubule (DCT) NCC has a key role in K� homeo-
stasis. NCC phosphorylation induces its translocation to the
apical plasma membrane, where it is functionally active (90).
This increases DCT NaCl reabsorption and decreases Na�

delivery to the collecting duct, where Na� reabsorption is
coupled to K� secretion (4, 10, 27, 62, 77). Phosphorylated
(p-)NCC expression increased in both genotypes in response to
K�-free diet, but the increase was significantly less in
NBCe1-A KO mice (P 
 0.05 by ANOVA; Fig. 8A). Total
NCC was significantly increased by both NBCe1-A deletion
and by K�-free diet (P 
 0.05 and P 
 0.001, respectively, by
ANOVA), but genotype did not alter the response to K�-free diet
(P � NS by ANOVA). The ratio of p-NCC to total NCC did not
differ between WT and KO mice on the K� control diet, and it
increased in both genotypes in response to K�-free diet, but the
increase was significantly less in NBCe1-A KO mice (P 
 0.001
by ANOVA; Fig. 8C). p-NCC immunolabel intensity showed
similar findings (Fig. 8D).

We also examined the correlation between plasma K� and
p-NCC, total NCC, and the p-NCC-to-total NCC ratio. Figure
9 shows this correlation. ANOVA showed a significant corre-
lation of both p-NCC and the p-NCC-to-total NCC ratio with
plasma K� (P 
 0.001 by ANOVA for each). In addition, there
was also a significant and independent effect of NBCe1-A
deletion on both p-NCC and the p-NCC-to-total NCC ratio
(P 
 0.001 for each). Total NCC expression also correlated
significantly with plasma K� (P 
 0.005 by ANOVA), but
NBCe1-A deletion did not have an independent association
(P � NS by ANOVA).

NCC phosphorylation on normal chow. The finding that
NBCe1-A KO mice on the K� control diet had mildly lower
serum K� than did WT mice without a parallel increase in
p-NCC expression may be related to unidentified effects of the
K� control diet. We (45) have previously reported that serum

Fig. 4. Na�-bicarbonate cotransporter electrogenic, isoform 1, splice variant A (NBCe1-A) deletion blunts the response of cortical proximal tubule ammoniagenic
enzymes to hypokalemia. A: effects of NBCe1-A deletion on phosphate-dependent glutaminase (PDG) expression response to K�-free diet. While on K� control
diet, PDG expression did not differ significantly between wild-type (WT) and NBCe1-A knockout (KO) mice in either the cortex or outer stripe of outer medulla
(OSOM). Exposure to K�-free diet for 4 days increased PDG expression significantly in both the cortex and OSOM. In the cortex, the magnitude of increase
was significantly less in KO mice than in WT mice, whereas the increase did not differ in the OSOM. B: phosphoenolpyruvate carboxykinase (PEPCK) response.
In the cortex, NBCe1-A KO decreases PEPCK expression significantly, both on K� control diet and after exposure to K�-free diet, and both genotypes increased
significantly in response to K�-free diet. In the OSOM, where NBCe1-A is not expressed, KO mice had significantly greater PEPCK expression under basal
conditions than did WT mice. Exposure to K�-free diet increased PEPCK expression in the OSOM in both genotypes, but the increase was significantly greater
in KO mice than in WT mice. C: effects of NBCe1-A deletion and K�-free diet on PEPCK immunolabel. KO mice had less intense PEPCK immunolabel in
proximal convoluted tubule (PCT) segments in the cortical labyrinth than did WT mice while on K�-control diet. After exposure to K�-free diet for 4 days,
PEPCK immunolabel intensity increased in both genotypes but remained substantially less in KO mice than in WT mice. Cortical proximal straight tubule (PST)
segments in the medullary ray exhibited a similar pattern of PEPCK immunolabel intensity. In PST segments in the OSOM, PEPCK intensity was greater in KO
mice than in WT mice while on K� control diet. After exposure to K�-free diet, PEPCK immunolabel intensity increased in OSOM PST in both genotypes but
remained substantially greater in KO mice than in WT mice. *Proximal tubule lumen. Immunoblot analysis and micrographs are representative of findings in
5 mice on K� control diet and 6 on K�-free diet in each genotype.
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K� does not differ significantly between WT and NBCe1-A
KO mice when fed standard rodent chow. Both p-NCC and
total NCC expression in mice on normal rodent chow, exam-
ined in a subset of tissues from previous studies, were greater
in KO mice than in WT mice (Fig. 10, A and B). The
p-NCC-to-total NCC ratio did not differ significantly between
WT and KO mice (Fig. 10C). This suggests that, while on
normal rodent chow, NBCe1-A KO mice maintain normal
serum K� by increasing p-NCC and total NCC expressions but
that this does not occur while on a K� control diet.

Effect of ammonia on NCC phosphorylation. Our finding
that both ammonia metabolism and NCC phosphorylation
responses to the K�-free diet were impaired in NBCe1-A KO
mice suggests the possibility that ammonia alters the NCC
phosphorylation response. To examine this, we determined the
effect of extracellular ammonia on NCC phosphorylation in
freshly isolated kidney sections from WT C57BL/6 mice.
Because of the possibility of a differing ratio of the cortex
versus medulla in different sections, which would alter the

relative number of NCC-expressing DCT cells, all compari-
sons involved assessment of the p-NCC-to-total NCC ratio in
each section. We use the term NPI to refer to the ratio of
p-NCC to total NCC. As shown in Fig. 11A, changing extra-
cellular K� exerted the expected increase in NPI. Inclusion of
ammonium chloride in the extracellular media significantly
inhibited, albeit only to a small extent, NPI in sections exposed
to 2 mM K� (Fig. 11B). In sections exposed to 6 mM K�,
ammonia slightly increased NPI. Finally, we determined the
effect of ammonia on NPI across of range of potassium
concentrations from 2 to 8 mM (Fig. 11C). Figure 11D shows
the effect of ammonia on NCC phosphorylation at each K�

concentration (results are log transformed so that inhibition and
stimulation have similar magnitude changes in the figure).
Ammonia addition decreased NCC phosphorylation at both 2
and 4 mM K� and increased it at 6 and 8 mM. Thus, the effect
of NBCe1-A deletion to inhibit NCC phosphorylation in re-
sponse to diet-induced hypokalemia cannot be attributed to the
inhibition of ammonia metabolism.

Fig. 5. Na�-bicarbonate cotransporter electrogenic, isoform 1, splice variant A (NBCe1-A) deletion blocks the response of cortical proximal tubule ammonia
recycling enzyme glutamine synthetase (GS) to hypokalemia. A: effect of NBCe1-A deletion on GS expression in response to hypokalemia by immunoblot
analyses. GS expression in the cortex and in outer stripe of the outer medulla (OSOM) did not differ significantly between wild-type (WT) and NBCe1-A
knockout (KO) mice on K� control diet. Exposure to K�-free diet decreased GS expression in both genotypes in both the cortex and OSOM. The decrease was
blunted significantly in the cortex in KO mice. In contrast, in the OSOM, the decrease was accentuated significantly. B: effects of NBCe1-A KO and K�-free
diet on GS immunolabel intensity. While on K� control diet, GS immunolabel intensity in proximal convoluted tubule (PCT) segments in the cortical labyrinth,
in the medullary ray, and in the OSOM did not differ significantly between WT and KO mice. Exposure to K�-free diet decreased immunolabel intensity in
cortical proximal tubule segments (PCT and PST in medullary ray), but the magnitude of the decrease was greater in WT mice than in KO mice. In PST in the
OSOM, in contrast, immunolabel intensity was less in KO mice than in WT mice. *Proximal tubule lumen. Immunolabel micrographs are representative of
findings in 5 mice on K� control diet and 6 mice on K�-free diet in each genotype.
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Fig. 6. Effect of Na�-bicarbonate cotransporter electrogenic, isoform 1, splice variant A (NBCe1-A) deletion on collecting duct H�-ATPase and Rhesus (Rh)
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or OMCD. B: Rhbg immunolabel. There was no detectable difference in Rhbg immunolabel between hypokalemic WT and KO mice in either the CCD or OMCD.
C: Rhcg immunolabel. There was no detectable difference in Rhcg immunolabel between hypokalemic WT and KO mice in either the CCD or OMCD. Results
are representative of findings from 6 mice in each genotype.
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Effect of metabolic acidosis on NCC phosphorylation. We
next considered the possibility that the impaired NCC phos-
phorylation in hypokalemic NBCe1-A KO mice in the present
study was related to the systemic acidosis present in NBCe1-A
KO mice. To do so, we examined NCC phosphorylation in
tissues obtained in our recent report examining the effect of
acid loading on WT and NBCe1-A KO mice (45). As shown in
Fig. 10, in vivo acid loading did not alter significantly either
absolute p-NCC expression (Fig. 10A), total NCC (Fig. 10B),
or the p-NCC-to-total NCC ratio in either KO or WT mice
(Fig. 10C).

We also examined the effect of ex vivo metabolic acidosis
on NCC phosphorylation. Using tissue sections, we determined
whether a bicarbonate concentration of 12 mM, compared with
25 mM, altered NPI at either 2 or 6 mM K�. Our results
showed that NPI was unaffected by this change in extracellular
bicarbonate (Fig. 12). These findings suggest that metabolic
acidosis does not explain the impaired NCC phosphorylation
response of NBCe1-A KO mice to a K�-free diet.

Effect of NBCe1-A deletion on 2-oxoglutarate. The organic
anion 2-oxoglutarate has intrarenal cell signaling effects (26,
57). Single cell mRNA sequencing showed expression of its
canonical receptor, Oxgr1, in DCT cells, A- and B-type inter-
calated cells, and non-A, non-B intercalated cells (59). Because
the proximal tubule is the primary site determining 2-oxoglu-
tarate excretion, we evaluated whether NBCe1-A deletion
alters urinary 2-oxoglutarate. On the K� control diet, urinary
2-oxoglutarate did not differ significantly between WT and KO
mice (Table 3). Feeding the same mice a K�-free diet for 4
days decreased urinary 2-oxoglutarate significantly in both
genotypes, and the final urinary 2-oxoglutarate excretion did
not differ significantly between WT and KO mice (P � NS).
This indicates that differences in proximal tubule 2-oxoglu-
tarate metabolism are unlikely to mediate the observed
changes in either NCC phosphorylation or distal nephron
K� handling.

Aldosterone response. The mineralocorticoid aldosterone
contributes to potassium homeostasis. Mice with NBCe1-A
deletion had significantly greater urinary aldosterone than did
WT mice under both dietary conditions (P 
 0.001 by
ANOVA; Fig. 13). Urine aldosterone decreased in both WT
and KO mice; the decrease was not altered by NBCe1-A
deletion (P � NS by ANOVA).

Effect on ENaC expression. One mechanism through which
elevated aldosterone can contribute to hypokalemia is by in-
creasing expression of the collecting duct epithelial Na� chan-
nel (ENaC). However, there was no consistent effect of
NBCe1-A deletion on expression of the three ENaC subunits,
�, �, and �, compared with WT mice, as assessed by immu-
noblot analysis (Fig. 14). We also examined the correlation of
plasma K� with ENaC subunit expression in both WT and KO
mice (Fig. 15). Serum K� correlated with expression of each
ENaC subunit, �, �, and � (P 
 0.001 for � and � and P 

0.005 for �, each by ANOVA). In addition, for � and �, but not
for �, there was a significant effect of NBCe1-A gene deletion
(P 
 0.001 by ANOVA). However, as shown in Fig. 15,
NBCe1-A deletion decreased ENaC� and ENaC� expression.
Thus, the increased K� excretion observed in KO mice during
hypokalemia appears unrelated to inappropriately elevated
ENaC expression.

Effect on K� transporter expression. Hypokalemia increases
expression of both �-subunits of the K�-reabsorptive protein
H�-K�-ATPase: HK�1 and HK�2 (16, 25, 69). However,
neither HK�1 nor HK�2 expression differed between hy-
pokalemic WT and KO mice (Table 4). Thus, the greater
kaliuresis in hypokalemic KO mice than in WT mice does not
appear due to decreased H�-K�-ATPase expression.

DISCUSSION

The present study provides important new information re-
garding the mechanisms effecting increased renal ammonia
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excretion and potassium homeostasis during hypokalemia.
First, diet-induced hypokalemia increases cortical proximal
tubule NBCe1-A expression. Second, NBCe1-A is central to a
hypokalemia-induced signal transduction pathway that in-
creases urinary ammonia excretion via regulation of multiple
proteins involved in proximal tubule ammonia generation.
Finally, NBCe1-A expression is necessary for the maximal
decrease in K� excretion required in response to a K�-free
diet.

The first finding in this project is that hypokalemia induced
by a K�-free diet resulted in increased NBCe1-A expression.
This finding provides a mechanistic explanation for the obser-
vation that hypokalemia increases proximal tubule basolateral
Na�-coupled base exit (71). Moreover, since NBCe1-A is
critical for the basolateral bicarbonate exit step required for
filtered bicarbonate reabsorption and for new bicarbonate gen-
eration, the increased basolateral NBCe1-A expression likely

contributes to hypokalemia’s stimulation of proximal tubule
bicarbonate reabsorption (37, 61).

The second major finding of these studies is that proximal
tubule NBCe1-A is involved in the signaling pathway through
which hypokalemia increases ammonia metabolism and excre-
tion. Hypokalemia has multiple effects that contribute to the
increased ammonia excretion. These include increased proxi-
mal tubule ammonia generation (34, 51, 54) and altered ex-
pression of several proteins involved in ammonia generation
(8, 13, 32, 76). The present study shows NBCe1-A is necessary
both for the increase in ammonia excretion in response to
hypokalemia and for the changes in several critical proteins
involved in proximal tubule ammonia generation. Blocking
responses by the ammoniagenic enzymes PDG and PEPCK
and the ammonia recycling protein GS likely explains the
finding that NBCe1-A deletion blocked changes in ammonia
excretion during hypokalemia. The observation that NBCe1-A
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Fig. 8. Total and phospho-NaCl cotransporter response to hypokalemia. A: phospho-NCC expression in wild-type (WT) and Na�-bicarbonate cotransporter
electrogenic, isoform 1, splice variant A (NBCe1-A) knockout (KO) mice while on K� control diet and after 4 days of K�-free diet. Phospho-NCC expression
did not differ significantly between WT and KO mice while on K� control diet. In tissues obtained after 4 days of K�-free diet, phospho-NCC expression
increased significantly in both genotypes, but the magnitude of increase was significantly less in KO mice. B: total NCC response. Total NCC expression was
slightly, but significantly, greater in KO mice than in WT mice while on K� control diet. Exposure to K�-free diet increased total NCC expression significantly
(P 
 0.001 by ANOVA); in WT mice but not in KO mice, the increase was statistically significant, and there was no genotype effect [P � not significant (NS)
by ANOVA] on the response to K�-free diet. C: ratio of phospho-NCC to total NCC expression. This ratio did not differ significantly between WT and KO mice
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has a critical role regulating ammonia metabolism in response
to hypokalemia extends recent findings that it also has a critical
role in both basal and acidosis-stimulated ammonia metabo-
lism (45). These findings, taken together, indicate that
NBCe1-A has a central role regulating proximal tubule ammo-
nia metabolism in response to multiple stimuli.

The mechanism(s) through which NBCe1-A deletion alters
the cortical proximal tubule response to hypokalemia are un-
known but may involve hypokalemia-induced intracellular pH

changes. In vivo measurements of renal cortical intracellular
pH (pHi), which primarily reflects proximal tubule pHi, show
that hypokalemia induces intracellular acidosis (2, 35). Be-
cause NBCe1-A is an electrogenic, bicarbonate-extruding
transporter, hypokalemia-induced basolateral plasma mem-
brane hyperpolarization would increase the electrochemical
gradient for NBCe1-A-mediated bicarbonate exit; in the ab-
sence of other factors, this will decrease pHi. Supporting this
pathway is that extracellular K� alters proximal tubule pHi
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Fig. 11. NaCl cotransporter (NCC) phosphorylation index (NPI) in kidney slices. A: effect of media K� on NPI. Decreases in media K� stimulate NPI. B: effect
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on NPI. NPI was calculated as detailed above. At each K� concentration, the mean of the ratio of NPI with ammonia relative to without ammonia was determined.
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through a mechanism inhibited by disulfonic stilbenes, known
NBCe1-A inhibitors (67, 68). Thus, NBCe1-A deletion may
blunt the intracellular acidosis response to hypokalemia. How-
ever, we cannot exclude the possibility of other mechanisms
through which NBCe1-A regulates proximal tubule ammonia
generation during hypokalemia.

The role of NBCe1-A in the proximal tubule ammonia
response to hypokalemia is limited to cortical proximal tubule
segments. This coincides with the known localization of
NBCe1-A (19, 20, 45, 50, 64, 87). In contrast, in the proximal
straight tubule in the outer medulla, where NBCe1-A is not
present, NBCe1-A deletion did not block changes in the
expression of these enzymes. Instead, in this segment, several
of the responses to hypokalemia were greater in NBCe1-A KO
mice than in WT mice. Either this could be an adaptive
response compensating for the lack of response in the cortical
proximal tubule or it could be due to the more severe hypoka-
lemia present. One likely mechanism involves NBCe1-B, a
splice variant of the SLC4A4 gene, which is expressed
throughout the proximal tubule (20). A previous study has
shown that metabolic acidosis increases NBCe1-B expression
(20), and the present study extends this observation by showing
increased expression in response to hypokalemia in NBCe1-

A-null mice. In addition to increased NBCe1-B expression,
there may be increased NBCe1-B activity resulting from post-
translational regulation, such as an alteration in inositol 1,4,5-
trisphosphate receptor-binding protein expression or in other
signaling pathways that regulate NBCe1-B activity (66, 88,
89). Finally, the greater membrane hyperpolarization resulting
from the more severe hypokalemia would increase the electro-
chemical gradient for NBCe1-B-mediated bicarbonate extru-
sion.

Hypokalemia increases activity or expression of several
critical proteins involved in collecting duct ammonia excretion,
i.e., H�-ATPase, Rhbg, and Rhcg (5, 13, 17, 31, 39, 47, 70).
However, there were no observable differences in the expres-
sion of the proteins between the hypokalemic WT and KO
mice. Thus, differences in hypokalemia-stimulated ammonia
excretion do not appear to be due to differences in collecting
duct ammonia transport and urine acidification.

A third finding in this study is that NBCe1-A deletion altered
K� homeostasis in response to a K�-free diet. NBCe1-A mice
provided a K�-free diet decreased K� excretion less and
developed more severe hypokalemia than did WT mice. Al-
though it is tempting to attribute this response to direct effects
of NBCe1-A deletion on proximal tubule K� transport,
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Table 3. Effect of alterations in dietary K� and NBCe1-A deletion on urinary 2-oxoglutarate

K�-Control Diet K�-Free Diet

WT NBCe1-A KO WT NBCe1-A KO

Urinary 2-oxoglutarate, �mol/day 15.4 	 3.6 (6) 12.7 	 2.1 (6) 1.3 	 0.4 (6)* 1.8 	 0.3 (6)*

Values are means 	 SE. Numbers in parentheses are numbers of animals in each group. NBCe1-A KO, Na�-bicarbonate cotransporter electrogenic, isoform
1, splice variant A knockout; WT, wild type. *P 
 0.001 vs. the K� control diet for each genotype. For each diet, urinary 2-oxoglutarate did not differ
significantly between WT and KO mice (P � not significant).

F416 NBCe1-A AND THE RESPONSE TO HYPOKALEMIA

AJP-Renal Physiol • doi:10.1152/ajprenal.00481.2019 • www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal at Florida State University Libraries (146.201.201.048) on August 1, 2022.



changes in proximal tubule K� reabsorption do not contribute
to the altered urinary K� during hypokalemia (49, 72). Instead,
essentially all regulation of K� excretion results from altered
distal nephron K� transport (49, 72).

The increased K� excretion during hypokalemia in
NBCe1-A KO mice correlates with, and may result at least
partly from, decreased NCC phosphorylation. NCC phosphor-
ylation is necessary for transporter activity and translocation to
the apical membrane. Thus, NCC phosphorylation regulates
K� excretion by increasing electroneutral NaCl reabsorption in
the DCT. This decreases the need for collecting duct Na�

reabsorption, which is coupled to K� secretion (10, 75, 77).
Thus, decreased NCC phosphorylation in the NBCe1-A KO
mouse, shown in terms of both absolute p-NCC expression and
the ratio of p-NCC to total NCC, likely contributes to the
inappropriately greater urinary K� and the more severe hypo-
kalemia in these mice.

The specific mechanism through which NBCe1-A deletion
altered NCC phosphorylation is not identified by the present
study but does not appear related to aldosterone, systemic
acidosis, or effects of ammonia or of 2-oxoglutarate. Although
some studies have suggested at aldosterone increases NCC
phosphorylation (12, 36, 58), NBCe1-A KO mice have stim-
ulation of aldosterone metabolism, rather than inhibition,
which cannot explain the decreased phosphorylation observed.
This stimulation may result from extracellular acidosis that is
present (63). Diet-induced hypokalemia decreased aldosterone
metabolism similarly in both genotypes, but it had quantita-

tively different effects on NCC phosphorylation. Thus, im-
paired aldosterone metabolism does not mediate the altered
NCC phosphorylation. Metabolic acidosis that is present in
NBCe1-A KO mice also does not appear to mediate the altered
NCC phosphorylation. In the present study, we found that
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Fig. 14. Effects of Na�-bicarbonate cotransporter electrogenic, isoform 1,
splice variant A (NBCe1-A) deletion and diet-induced hypokalemia on epi-
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KO mice. Thus, there was no consistent effect of NBCe1-A deletion on ENaC
subunit expression; n � 6 for each genotype.
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acid-loading WT mice did not alter NCC phosphorylation.
Another study found that metabolic acidosis induced by oral
NH4Cl administration, a different model of acidosis, increased
total NCC and p-NCC expression but concluded that this
resulted from the natriuretic response in that model and not the
acidosis itself (21). Thus, the present study is consistent with
the conclusion in Ref. 21 and supports the interpretation that
the impaired NCC phosphorylation seen in NBCe1-A KO mice
with diet-induced hypokalemia is unrelated to the concomitant
acidosis.

We also considered the possibility that altered ammonia
metabolism could explain the findings. At low extracellular K�

concentrations, ammonia inhibited NPI, indicating that im-
paired ammonia generation in hypokalemic NBCe1-A KO
mice could not explain the decreased NCC phosphorylation
observed. It is interesting to note that, at relatively high
extracellular K�, 6 and 8 mM, ammonia stimulated NCC
phosphorylation, whereas ammonia blunted NCC phosphory-
lation with 2 and 4 mM K�. Thus, balanced around an
extracellular K� of ~5 mM, ammonia blunts the effects of
extracellular K� to alter NPI. One possible explanation for this
observation is that extracellular NH4

� acts as a partial antago-
nist of basolateral Kir4.1/Kir5.1 K� conductance. Supporting
this possibility is the observation that NH4

� and K� have nearly
identical biophysical characteristics and that previous studies
have suggested that essentially all K�-transporting proteins
have a partial affinity for NH4

� (14, 80, 82).
Another mechanism that may contribute to the inappropriate

kaliuresis observed in NBCe1-A KO mice during diet-induced
hypokalemia may involve impaired ammonia metabolism. Pre-
vious studies, performed in both humans and rodents, have
shown that acutely increasing ammonia production, with ex-
ogenous glutamine administration, decreases urinary K� ex-
cretion with a time course identical to the increased ammonia
excretion and that these changes occur independently of extra-
cellular K� (34, 74). Studies that examined the nephron site of
this response identified that this response involved altered K�

transport in the distal nephron (34), and microperfusion studies
have shown that ammonia inhibits cortical collecting duct net
and unidirectional K� secretion (28) and acutely increases
H�-K�-ATPase activity (22–24). Ammonia’s inhibition of
unidirectional K� secretion may result from its inhibition of
ENaC (52). Ammonia’s stimulation of H�-K�-ATPase occurs
rapidly, within 30 min, is independent of pHi and involves
microtubule-dependent, intracellular Ca�2-dependent mecha-
nisms (22–24). Thus, ammonia may serve as a signaling
molecule, produced in the proximal tubule in response to
hypokalemia through a NBCe1-A-dependent pathway that reg-
ulates distal nephron K� transport. Another possibility is that
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Fig. 15. Correlation of epithelial Na� channel (ENaC) expression with plasma K�

in wild-type (WT) and Na�-bicarbonate cotransporter electrogenic, isoform 1,
splice variant A (NBCe1-A) knockout (KO) mice on K�-free diet. A: ENaC�
expression plotted as a function of plasma K� for WT and KO mice on K� control
diet and K�-free diet. Both plasma K� and genotype were independently corre-
lated with ENaC� expression (P 
 0.001 for each by ANOVA). B: ENaC�
expression relative to plasma K� in WT and NBCe1-A KO mice. Plasma K�

correlated significantly with ENaC� expression (P 
 0.001 by ANOVA), but
there was no independent effect of genotype. C: ENaC� expression relative to
plasma K�. Both plasma K� and genotype were independently correlated with
ENaC� expression (P 
 0.001 for each by ANOVA).

Table 4. H�-K�-ATPase �-subunit expression in mice on
K�-free diet

Parameter WT NBCe1-A KO P Value

HK�1 100 	 19 (4) 111 	 24 (3) NS
HK�2 100 	 23 (4) 158 	 32 (3) NS

Values are means 	 SE. Numbers in parentheses are numbers of animals in
each group. NBCe1-A KO, Na�-bicarbonate cotransporter electrogenic, iso-
form 1, splice variant A knockout; WT, wild type; NS, not significant.
Expression relative to GAPDH is normalized for each H�-K�-ATPase (HK)
�-subunit such that mean expression in WT mice � 100.0.
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differences in distal nephron flow rates resulting from proximal
tubule NBCe1-A deletion induce differences in flow-stimu-
lated K� secretion. Against this possibility is that urine volume
did not differ significantly between WT and KO mice on the
K�-free diet (data not shown). Finally, we cannot exclude the
possibility that impaired proximal tubule NaCl reabsorption,
possibly resulting from NBCe1-A deletion, leads to increased
collecting duct Na� delivery, which also increases collecting
duct K� secretion.

This study also reports the effect of NBCe1-A deletion on
the intrarenal signaling molecule, 2-oxoglutarate. 2-Oxogluta-
rate excretion decreases in response to metabolic acidosis (3).
The present study shows, for the first time to our knowledge,
that 2-oxoglutarate excretion is also regulated in response to
hypokalemia. Moreover, this effect occurs in both WT and KO
mice, and there is no effect of NBCe1-A deletion on this
response. Thus, NBCe1-A appears unlikely to have a major
role in the effect of hypokalemia on 2-oxoglutarate excretion.
This could reflect NBCe1-A having no role in proximal tubule
2-oxoglutarate metabolism, that a major component of hy-
pokalemia-induced alterations in 2-oxoglutarate occur down-
stream of the cortical proximal tubule, or that there are adap-
tive responses to NBCe1-A deletion that compensate for its
absence.

Unstimulated NBCe1-A KO mice exhibited mild hypokale-
mia in the present study, but not in our previous study (45).
This difference correlates with differences in NCC phosphor-
ylation: p-NCC was greater in KO mice than in WT mice while
on normal rodent chow (Fig. 10, present study) but not while
on K� control diet (Fig. 8, present study). The difference may
relate to different basal diets used in the two studies. In the
present study, the basal diet was a “K� control diet,” which is
a semisynthetic diet designed to match the K�-free diet with
the exception of the K content. In our other study (45), the
basal diet was normal rodent chow. Thus, we propose that
unexplained differences in these two diets leads to differences
in NCC phosphorylation that alters the maintenance of normal
serum K�.

In summary, the present study provides important new
information regarding the renal response to hypokalemia.
NBCe1-A, an integral basolateral plasma membrane protein,
increases in response to diet-induced hypokalemia, is essential
to the mechanism through which hypokalemia increases am-
monia excretion, and does so by regulating the cortical prox-
imal tubule expression of key enzymes involved in ammonia
generation in response to diet-induced hypokalemia. Second,
NBCe1-A is critical to the pathway by which renal K� excre-
tion maximally decreases in response to diet-induced hypoka-
lemia. This is due in part to the dependency of normal hy-
pokalemia-induced stimulation of NCC phosphorylation on
NBCe1-A expression. It may also result, at least in part, from
the decreased ammonia metabolism leading to decreased ef-
fects of ammonia on collecting duct K� secretion and reab-
sorption.
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