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ABSTRACT
The kidneys excrete the daily acid load mainly by generating and excreting ammonia but
the underlying molecular mechanisms are not fully understood. Here we evaluated the role of the
inwardly rectifying potassium channel subunit Kir4d.2 (Kcnjl5 gene product) in this process. In
mice, Kir4.2 was present exclusively at the basolateral membrane of proximal tubular cells and
disruption of Kcnjl5 caused a hyperchloremic metabolic acidosis associated with a reduced
threshold for bicarbonate in the absence of a generalized proximal tubule dysfunction. Urinary
ammonium excretion rates in Kcnj15- deleted mice were inappropriate to acidosis under basal
and acid-loading conditions, and not related to a failure to acidify urine or a reduced expression
of ammonia transporters in the collecting duct. In contrast, the expression of key proteins
involved in ammonia metabolism and secretion by proximal cells, namely the glutamine
transporter SNAT3, the phosphate-dependent glutaminase and phosphoenolpyruvate
carboxykinase enzymes, and the sodium-proton exchanger NHE-3 was inappropriate in Kcnj15-
deleted mice. Additionally, Kcnj15 deletion depolarized the proximal cell membrane by
decreasing the barium-sensitive component of the potassium conductance and caused an
intracellular alkalinization. Thus, the Kir4.2 potassium channel subunit is a newly recognized
regulator of proximal ammonia metabolism. The kidney consequences of its loss of function in
mice support the proposal for KCNJ15 as a molecular basis for human isolated proximal renal

tubular acidosis.
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TRANSLATIONAL STATEMENT
Chronic metabolic acidosis caused by a failure to adapt renal ammonia excretion to the daily net
acid load is an independent risk factor for the progession of the chronic kidney disease towards
end-stage renal disease and is significantly associated with higher mortality. We report a new
molecular actor in ammonia metabolism whose defect leads to isolated proximal renal tubular
acidosis in mice. This study may shed more light on the pathophysiology of this inherited disease
and improve our understanding of the mechanisms underlying acid-base regulation in human
health and disease; it also may also provide a basis for accurate clinical and genetic diagnosis and
future design of targeted therapeutics along with, possibly, strategies for gene therapy of this

disorder.



INTRODUCTION

Commonly associated is with chronic Kkidney disease, metabolic acidosis accelerates the
progression of chronic kidney disease to end-stage renal disease and leads to higher mortality.*
Renal ammonia® metabolism is a cornerstone of kidney's ability to excrete acid, and a declining
ability to excrete the daily net acid load because a failure to adapt renal ammonia excretion is an
independent risk factor for the progession of chronic kidney disease toward end-stage renal
disease.? (In this article, the term “ammonia” refers to the combination of NH3 and NH,". The
term “NHs” or “NH,4"” is used only when referring to a specific molecular form.) Because most
of the excreted ammonia arises from its production and secretion by proximal tubular cells,
deciphering the events governing proximal ammonia metabolism is of fundamental importance
for comprehending the pathophysiology of disorders involving renal acid excretion.

Information regarding regulation of ammonia metabolism during proximal renal tubular
acidosis (pRTA) is limited and mainly arose from clinical studies of patients with permanent
forms of familial isolated pRTA. This rare acid-base disturbance, although primarily defined by a
failure to reabsorb filtered HCO3 in the absence of a generalized proximal tubule dysfunction, is
also associated with inappropriately low urinary NH," excretion rates under basal and acid-
loading conditions.® To date, only the Na*-HCOj3™ cotransporter NBCel, whose loss of function
by mutations in solute carrier family 4 member 4 SLC4A4 causes the most common form of
isolated pRTA, has been identified as a critical actor in abnormal ammonia metabolism in this
disease. Thus Slc4a4 deletion in mice causes severe pRTA and impairs urinary NH," excretion by
reducing the proximal expression of ammoniagenic enzymes.*>® However, the finding that rarer
cases of isolated pRTA occur independently of SLC4A4 mutations indicates that other regulators

of renal ammonia metabolism may be involved in the reduced NH;* excretion in this disease.’



Early studies in mice suggested that the basolateral potassium conductance of proximal
tubular cells might be a key player in the regulation of ammonia metabolism.2® Several
potassium channel subunits that may underlie this conductance have been dentified on a
molecular level, including the inwardly rectifying Kir4.2 (Kcnj15) subunit.*® Here, we used a new
strain of mice in which Kcnj15 is deleted and demonstrate that basolateral Kir4.2 is a major
determinant of the membrane potential of proximal cells and regulates ammonia metabolism.
These results provide further insight into the molecular mechanisms involved in renal acid-base
homeostasis and support KCNJ15 as a new candidate for yet unelucidated isolated proximal

metabolic acidoses.



RESULTS

Validation of mice with deletion of Kcnj15. Adult mice carrying a disrupted Kcnjl5
gene were obtained as detailed in the Supplementary Methods section. The successful
incorporation of the mutant allele was established by polymerase chain reaction (PCR) on
genomic DNA from tail biopsies (Figure 1a), and the absence of native Kir4.2 protein in Kcnj15"
mice was confirmed by Western blot analysis of kidneys (Figure 1b), as well as in lung and
stomach where Kir4.2 is also present.'* In the kidney of Kcnj15™* mice, major Kir4.2-specific
bands were observed near the predicted molecular mass of the monomeric peptide®® and
corresponding to its glycosylation status as observed by others on mouse renal cortex using the
same Kir4.2 antibody.*®

Cellular distribution and subcellular localization of renal Kir4.2. In accordance with
observations in the human kidney,** real-time PCR on glomeruli and tubular segments isolated

+/+

from kidneys of Kcnj15™" mice revealed Kird.2 mRNA expression exclusively in the convoluted
and straight portions of the proximal tubule (Figure 2a). The Kir4.2 peptide was detected in renal
cortical and subcortical regions (Figure 2b) and more specifically in proximal cells of cortex and
outer stripe of the outer medulla (Figure 2c¢). No Kir4.2 labeling was observed in the inner stripe

+/+

of the outer medulla devoid of proximal tubule (Figure 2d). In cortical cells of Kcnj15™" mice,
the Kir4.2 peptide was observed in a region ranging from the basal side up to nearly two thirds of
cell height, likely corresponding to basolateral membrane infoldings, leaving unstained a shallow
subapical region and microvilli (Figure 3a). The Kir4.2 immunofluorescence intensity profile
peaked at 1.6 + 0.3 um (n = 13 cells) away from the basal pole (Figure 3b), indicating a
basolateral localization.

Phenotype of mice with Kcnj15 deletion. Kenj15” mice exhibited no excess mortality or

+/+

detectable growth retardation and were indeed indistinguishable from their Kcnj15™" littermates

8



by gross physical appearance (Supplementary Figure S1). Their daily water and food intakes
were normal (P = 0.67 and 0.71, respectively, vs Kcnj15™* mice) and their kidneys showed no
alteration in gross external appearance and weight and no morphologic or ultrastructural
abnormality (Suplementary Figure S1).

Analyses of plasma and urine of Kcnj157 mice revealed no sign of polyuria, salt wasting,
or elevated fractional excretions of phosphate, glucose and proteins; in addition, their normal
estimated glomerular filtration rate indicated no chronic renal failure (Tables 1 and 2). In
contrast, Kcnj157 mice were spontaneously acidotic. Their lower blood HCO5™ concentration was
counterbalanced by an equivalent increase in plasma CI* concentration (Figure 4a), which,
together with normal plasma Na* and K* concentrations (Table 1), yielded a normal plasma anion

+/+

gap. Kenj15™ mice also spontaneously produced an acidic urine (P < 0.0001 vs Kcnj15™* mice)

+/+

with a barely significant HCO3™ wasting (P < 0.04 vs Kcnj15™" mice; Figure 4b). To determine
whether this minimal HCOj3" loss reflected a new steady state where blood HCO3™ content was
lowered to a value close to a reduced renal threshold for HCOj3', mice were challenged with 24-
hour HCO3 loads. In these conditions, the HCOg filtered loads in the two groups of mice were
similar (Supplementary Table S1) and urinary pH increased because bicarbonaturia occurred
when blood HCOj3™ concentration rose above their respective renal threshold for HCO;3™ (Figure
4b). Nevertheless, urine alkalinization and bicarbonaturia in Kcnj15” mice appeared at blood

+/+

HCO3" concentrations that were lower than the low normal range in Kcnj15™" mice, highlighting
a reduced renal threshold for HCOj3. In the absence of a generalized proximal dysfunction
(described previously), Kcnj15 deletion therefore caused an isolated pRTA.

NH," excretion under basal and exogenous acid-loading conditions. Under basal

conditions, Kcnj15” mice did not exhibit the expected increase in urinary NH," content in

response to acidosis and only slightly increased net acid excretion (Figure 5a), as expected from
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an acidosis of tubular origin. To determine whether they were able to excrete maximal amounts
of NH4", Kcnj157 mice were challenged with a 8-day exogenous NH,CI load. After 2 days,
Kcnj15” mice exhibited almost 2-fold greater changes in blood pH and blood HCO3™ and plasma

+/+

CI" concentrations than did Kcnj15™" mice (P < 0.05 for each parameter; Figure 5b), despite a ~

20 % lower acid load (Supplementary Figure S2), likely due to a reduced water intake

+/+

(Supplementary Table S2). Then, wheras Kcnj15™" mice completely recovered at day 8 of the
acid-loading period, Kcnj15” mice remained acidotic (P < 0.05 vs day 0 for blood pH and for
blood HCOj3 and plasma CI” concentrations; n = 5-10). All along the treatment period, the urinary
NH," excretion rate in Kcnj15” mice progressively increased but remained one-third lower than
in Kcnj15™" mice (P < 0.001, analysis of variance; Figure 5¢). Actually, Kcnj15 deletion reduced
by a factor of ~ 10 the sensitivity of the changes in urinary NH," excretion to the degree of
metabolic acidosis (in mmol urinary NH; /mmol creatinin per mM blood HCO3 : 117 in
Kcnj15™* mice vs 11 in Kenj15” mice). Also, the urinary pH in Kenj157 mice remained more

+/+

acidic than in Kenjl5™" mice all throughout the acid-loading period (Figure 5d), indicating an
intact ability to achieve a high urine free H* concentration but not matched by an appropriate
NH,4" excretion.

The mRNA levels for the rhesus proteins RhBG and RhCG, 2 major transporters involved
in final urinary ammonia secretion by distal cells,®® were normal in Kcnjl5” mice
(Supplementary Figure S3). Also, Kcnj15” mice fully concentrated their urine under basal and
acid-loading conditions (Table 2 and Supplementary Table S2), indicating an intact medulla, a
prerequisite for the accumulation of NHj3 into the interstitium, facilitating its transfer into the

collecting duct lumen.® These results excluded a low NH," excretion related to a defective distal

nephron in Kcnj15” mice and altogether pointed toward a defect in proximal ammoniagenesis.
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Expression of enzymes and transporters relevant for ammoniagenesis.
Ammoniagenesis in the proximal tubule arises from the basolateral uptake of glutamine and its
metabolism by a series of mitochondrial and cytosolic enzymes, both highly upregulated by
metabolic acidosis or an exogenous acid load.'"*® We first performed quantitative reverse
transcription PCR on whole kidney preparations for the basolateral transporter system N1 Na*
and H'-coupled glutamine transporter (SNAT3), the phosphate-dependent glutaminase (PDG),
glutamate dehydrogenase (GDH), and phosphoenolpyruvate carboxykinase (PEPCK) enzymes,
and the apical Na'/H" exchanger (NHE-3), the primary pathway for NH4" secretion by proximal
tubular cells. Compared with Kcnj15™* mice, the basal mMRNA abundance of SNAT3 and PEPCK
was reduced in Kcnj15” mice, with those of PDG, GDH remaining unchanged (Figure 6). In
addition, the response of Kcnj15” mice to the acid load was significantly blunted for SNATS3,
GDH and PEPCK and absent for PDG. In contrast, the mRNA for the broad neutral (0) amino
acid transporter 1 (B°AT1) and L-type amino acid transporter 2 (LAT2) transporters, typically
involved in glutamine reabsorption, were only marginally affected by Kcnjl5 deletion and the
acid load (Supplementary Figure S4). Lastly, NHE-3 mRNA abundance in Kcnj15” mice under

** mice.

basal and acid-loading conditions was similar to that in Kcnj15

We substantiated these observations by Western blots experiments; the results are
summarized in Figure 7. Under basal condition, PEPCK, PDG and NHE-3 proteins abundance in
Kcnj15” mice was in accordance with results on mRNA levels, whereas that of SNAT3 was

+/+

more elevated than in Kcnj15™" mice, opposite to our mRNA data. In addition, PEPCK peptide
expression in acid-loaded Kcnj15” mice followed enzyme mRNA level, whereas that of SNAT3,
PDG and NHE-3 did not exhibit the higher protein levels expected from the more severe acidosis

in this condition.
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Intracellular pH, membrane potential and NBCel expression determination. It has
been early suggested that the reduced rate of ammonia excretion in patients with isolated pRTA
might originate from an increase in intracellular pH (pH;), possibly caused by an impaired
basolateral exit of HCO3"*® As summarized in Figure 8a, the resting pH; of cells bathed in a Na*-
and HCO3-containing solution was significantly higher, that is more alkaline, in Kcnj15” mice
(7.26 + 0.1, n = 6 tubules from 4 mice) than in Kcnj15™* mice (6.95 + 0.1, n = 6 tubules from 4
mice) (P = 0.036). The blockade of the basolateral Na*-HCOj3 exit from proximal cells increasing
pH;,?° a decreased expression of NBCel, responsible for the basolateral exit of HCO3 out of
proximal tubular cells,® or of the TWIK-related acid-sensitive K* channel 2 (Task2) potassium
channel, proposed to sustain the activity of the rheogenic NBCel,% could have accounted for the
alkaline pH; in Kcnj15” mice. However, Kcnjl5 deletion leaved unchanged NBCel and Task2
MRNA levels (Supplementary Figure S5) and did not decrease their respective protein abundance,
with that of NBCel even increasing (Figure 8b).

Because a depolarization of the basolateral membrane of proximal tubular cells, induced
by high bath K* concentration or the addition of barium, causes an intracellular alkalinization

22,23

dependent on basolateral Na*-HCOs™ transport,”~*° the impact of Kcnj15 deletion on membrane

+/+

potential (V) was then investigated (Figure 8c). In Kenjl5™" mice, the resting Vi, was -52 + 2.5

mV (n = 14 patches from 6 mice), in reasonnable agreement with values measured in mice using

microelectrodes,?**

and markedly less negative with 1 mM barium in the bath (V, = -21 + 2.4
mV, n = 6 patches from 4 mice). At rest, the proximal cell membrane of Kcnj15” mice was
significantly depolarized (Vi -32 £ 3.1 mV ; n = 16 patches from 10 mice) and bath barium had a
reduced effect (V, =-21 £ 1.9 mV, n = 6 patches from 4 mice). We next attempted to evaluate

the impact of Kcnj15 deletion on the rheogenic NBCel activity by using conditions producing

changes in pH; whose magnitude and rate constant reflect the basolateral Na*-HCOj
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cotransport.?®?” Original pH; recordings are shown in Figure 8d, and the detailed kinetics analysis
of the changes in pH; is given in Table 3. Stimulating either Na/HCO; exit by bath Na*

+/+

withdrawal or then entry by bath Na* readdition in Kcnj15™" and Kcnj15” mice caused respective
initial changes in pH; with statistically similar kinetics, although quite variable from tubule to
tubule within a group of mice. Nevertheless, while pH; either remained stable under Na'-free
condition (3 tubules, see Figure 8d) or slightly recovered (3 tubules; not shown) in Kcnj15**
mice, it rose at or above its initial resting level (2 tubules, see Figure 8d) or partially recovered (3
tubules; not shown). Therefore, the presence of a pH; regulatory mechanism in Kcnj15” mice,
despite the absence of luminal and bath Na®, together with the more alkaline pH; values,
precluded further computational analysis of our data in terms of Na/HCO3 transport rates and
NBCel activity. (The amplitude and rate constant of the pH; changes cannot be taken from
experiments in which pH; regulatory mechanisms are still operating and may lead to

underestimates. In addition, the amplitude of the changes in pH; is also inversely proportional to

the intracellular buffering power [3] which depends on pH;.)
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DISCUSSION

The basolateral membrane conductance of mouse proximal cells is almost purely selective
to K* and markedly inhibited by barium.?*? Our results show that the inwardly rectifying Kir4.2
subunit underlies almost two thirds of the whole membrane barium-sensitive potassium
conductance. In our experimental conditions, luminal potassium channels may have contaminated
our membrane potential measurements in the presence of barium,'® but given that the basolateral
membrane potassium conductance is much higher than that of the luminal membrane,?* such a
contamination would be minimal and, in any case, have led to an underestimation of the
contribution of Kir4.2 to the basolateral membrane potassium conductance.

A barium-sensitive conductive transport of NH," across the basolateral membrane of
mouse proximal cells may contribute to its cellular uptake.® Although the permeability of Kir4.2
to NH4" has not been established, it is legitimate to consider that, as for most potassium channels,
NH," can permeate Kir4.2 and that Kcnj15 deletion could have contributed to the impaired NH,"
secretion. Nevertheless, such a conductive influx of NH," into proximal cells is predicted to
remain very limited, even assuming a relatively high Pyya/Pk of ~ 0.3 (the Pnua/Pk of the Kird.1
channel is only ~ 0.1).2% Lastly, the decreased basolateral potassium conductance in the absence
of Kir4.2 could have altered Na'/K*-adenosine triphosphatase activity and NH," entry, through
its substitution for K* at the K* binding site,***? but kinetic models suggest a potentially
significant NH," transport by this pathway only in the inner medulla,®*! devoid of proximal
tubule.

The reduced sensitivity of the changes in urinary NH," excretion to the degree of
metabolic acidosis in mice with deletion of Kcnjl5 was more clearly associated with the
inappropriate expression of major ammoniagenic enzymes under basal and acid-loading

conditions. Of note, the marked decrease in PEPCK expression would raise intramitochondrial
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glutamate and a-ketoglutarate contents and further decrease PDG and GDH activities by
competitive inhibition.*® In addition, the inappropriate protein expression of SNAT3 under acid-
loading condition likely blunted glutamine uptake and availability for ammoniagenesis. Whereas
the increased basal expression of SNAT3 would favor glutamine uptake and ammoniagenesis, as
expected from spontaneously acidotic mice,’” SNAT3 transports glutamine with Na* in exchange
for H* so that the rise in pH; we observed in mice with deletion of Kcnj15 would decrease the
chemical gradient for H* and blunt glutamine uptake.** That Kcnj15 deletion also may impair
NH," secretion by NHE-3 remains unclear. Because acidosis increases NHE-3 protein expression
in cells of proximal tubules and thick ascending limb,** all or part of the inappropriate NHE-3
expression in mice with deletion of Kcnj15 cannot yet be precisely assigned to either nephron
segment. In any case, since NHE-3 in thick ascending limbs cells is supposed to secrete NH4*,*
its reduced expression in the proximal tubule and/or in the TAL would ultimately lower the NH,"
content of the final urine.

In patients with isolated pRTA, the low NH,;" excretion rates are thought to result from an
intracellular alkalinization.® The increased pH; in proximal cells of mice lacking Kir4.2 supports
this hypothesis. In patients carrying loss-of-function mutations in SLC4A4, as well as in mice
where Slc4ad deletion impairs urinary NH;" excretion by the reduced expression of

ammoniagenic enzymes,**?°

the most straightforward explanation to an elevated pH; would be an
intracellular accumulation of HCO3™ caused by the absence of NBCel at the cell membrane. Our
observation that Kcnj15 deletion did not decrease NBCel protein expression suggests another
mechanism. (Acidosis notoriously has no effect on the expression of the major NBCel-A isoform

protein in the cortex but increases the expression of the minor NBCel-B isoform in the outer

stripe of the outer medulla. The increased NBCel protein expression we observed thus may
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reflect the upregulation of NBCel-B.) Notably, NBCel is rheogenic rendering both the
magnitude and polarity of basolateral HCOj3 transport sensitive to changes in membrane
potential.>’ In particular, a depolarization decreases NBCel-dependent HCO5™ exit from proximal
cells and increases pH;.”**"® The depolarized proximal cell membrane of mice with deletion of
Kcnj15, lower threshold for HCO3', and increased pH; are all consistent with a reduced NBCel
activity by a voltage-dependent effect. Nevertheless, the involvement of an additional, possibly
depolarization-activated, pH; regulatory mechanism cannot be excluded and additional studies
will be required to differentiate between these mechanisms.

To date, only the Task2 channel was proposed to sustain NBCel activity in proximal
tubular cells.* Although urinary ammonia excretion was not evaluated in Kcnk5(Task2)-deleted
mice, the present study indicates that proximal HCO3; reabsorption and ammoniagenesis may be
regulated by multiple potassium channels types. At present, the respective contributions and
concerted actions of Kir4.2 and Task2 remain to be determined because the loss of function of
each of them leads to isolated pRTAs of similar severity. This notwithstanding, the phenotype of
mice with deletion of Kcnjl5, mild compared with that in mice with homozygous NBCel
deletion,* was not attenuated by the over-expression of Task2. Actually, the acidosis in mice
lacking Kird.2 is comparable to the severity of the acid-base disturbance caused by
haploinsufficiency in Slc4a4,*® and appears consistent with reports showing that a decreased
transport by NBCel is sufficient to cause pRTA.*°

In summary (Figure 9), Kir4.2 is a major component of the basolateral barium-sensitive
potassium conductance in proximal cells and a new molecular entity through which the kidneys
regulate proximal ammonia metabolism, with its loss of function causing a membrane

depolarization, an increase in pH;, and a reduced ammoniagenesis. The rise in pH; and lowered
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threshold for HCO3™ in mice with deletion of Kcnj15 strongly indicate a reduced driving force for
the NBCel-mediated Na'-HCOj3 transport as a result of membrane depolarization.

The renal phenotype of mice invalidated for Kcnj15 recapitulates the clinical features of
patients with isolated pRTA.****2 Thus mice with deletion of Kcnj15 spontaneously develop a
PRTA in the absence of a generalized proximal dysfunction, that is, outside a Fanconi syndrome,
and do not exhibit the expected increases urinary NH," excretion under basal and acid-loading
conditions. This makes our observations relevant to human renal physiology and improves our
comprehending of acid-base homeostasis and ammonia metabolism. By supporting KCNJ15 as a
candidate for human pRTA, our results also bring new insight to the yet unidentified genetic
cause of disorders in patients with mild isolated pRTA and lacking mutation in SLC4A4."*°

In cells of the distal convoluted tubule, the closely related Kir4.1 subunit is currently
viewed as part of a basolateral K" sensor translating K" homeostasis to regulation of NaCl
reabsorption.*® This study expands our view on the functionally relevant renal Kir channels to the

proximal tubule and the emergence of Kir4.2 as K*-to-voltage sensor, possibly intimately linking

acid-base balance and ammonia metabolism to K* intake,* may be anticipated.
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METHODS

Mice. Animals were handled in full compliance with the french government welfare
policy. The scientific project and the experimental procedures were favorably evaluated by the
Charles Darwin Ethics Committee for animal experimentation (Permit 03-MP/8569/[0]). Mice
were housed in the Centre d’Explorations Fonctionnelles (UMRS1138, Paris, France; Permit
B75-06-12) and the confined usage of genetically modified organisms (Class 1) was registered
with the french Ministére de 1I’Education Nationale, de I’Enseignement Supérieur et de la
Recherche.

Adult mice were fed with pellets of a complete 0.25% Na*, 0.6% K*, 0.73% Ca®* SAFE-
A04 maintenance diet (Usine d’Alimentation Rationnelle, Augy, France) with free access to tap
water until the beginning of the experiment. Kidneys retrievals were performed on mice
anesthetized by the intraperitoneal injection of ketamine (0.12 mg/g body weight) and xylazine (6
Kg/g body weight).

Metabolic studies. Metabolic studies were performed in individual metabolic cages
(Tecniplast, Decines Charpieu, France) on adult male mice fed with SAFE-A04 powder chow
with free access to deionized water alone or supplemented with either 0.28M NH,4CI, 0.1 M or
0.28 M NaHCOg3 and 0.3M sucrose, when appropriate. The methods used for collections and
analyses of urine and blood samples were as previously described,” with the modifications
detailed in Supplementary Methods section.

Real-time PCR. Real-time PCR on microdissected glomeruli and tubular segments and
quantification were as previously described.*®*” The procedure used for the extraction of whole
kidney mRNAs and real-time PCR are detailed in the Supplementary Methods section. The
amount of PCR product in each sample was calculated as the percentage of a RNA standard

curve established with serial dilutions of a mouse whole kidney cDNA stock solution,***’ then
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revised according to the amount of PCR product for mRNA of the housekeeping RPL26 gene.
The list of all specific primers for mouse genes is given in Table S3.

Immunohistochemistry. Immunohistochemistry was performed on kidney slices using
the procedure detailed in Supplementary Methods section. Labeled slices were then examined
using either a LSM710 laser scanning confocal microscope or an Axio Scan.Z1 digital slide
scanner (Carl Zeiss, Marly Le Roy, France) and 16 bits-depth images were analyzed offline with
the Zeiss Zen software. Intensity profiles (see the Results section) were drawn from the
corresponding background-substracted signals, normalized to their maximum value over the
measurement distance (20 um).

Western blotting. Western blots were performed on protein extracts in the conditions
detailed in Supplementary Methods section. Indirect protein detection was performed by either
chemiluminescence using the Pierce™ ECL Western Blotting Substrate (ThermoFischer
Scientific) or a iBright Western blot imager (ThermoFisher Scientific). The protein signal was
quantified using the ImageJ freeware (NIH, Bethesda, USA) and routinely normalized on p-actin
signal.

Measurement of membrane potential. The transmembrane potential difference in cells
of microdissected proximal tubules was estimated using the non-invasive cell-attached zero

4849 in the conditions detailed in

current-clamp configuration as described by others investigators,
the Supplementary Methods section. The accuracy of this method increases with the resistance
ratio Rsea/Rpaichscenr. and low Rses values may lead to significant membrane potential
underestimation. Nevertheless, membrane potential estimates in a given condition were

independent of the 1.1-12 GQ range of Rseq Values obtained in this study (Supplementary Figure

S6). Because the prolonged zero current-clamp condition almost systematically altered patch
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seals resistance and prevented reliable paired Vi, measurements in the presence of Ba®*, a
separate series of measurements was performed with the blocker continuously present in the bath
solution.

Measurements of intracellular pH in proximal cells. Intracellular pH of isolated
proximal tubules microperfused in vitro was assessed by fluorescence imaging microscopy using
2',7"-Bis-(2-Carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF, ThermoFisher Scientific), as
detailed in the Supplementary Methods section.

Rate constants (k) of pH; changes were determined by an iterative least-square curve-
fitting procedure used to fit the data to a single exponential equation of the form

Y =Yo+ Axekt
as described by other investigators.?®

Statistical analyses. Results are given as means £ SEM for the indicated number of
experiments or as individual values. Statistical significance of difference between means was
evaluated by bilateral Student’s t test using Systat Sigmastat 3.5 software (Ritme Informatique,

Paris, France) with significance determined at a P value < 0.05.
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Figure 1. Mice with deletion of Kcnjl5 and Kir4.2 tissular expression. (a) Multiplex
polymerase chain reaction analysis of tail biopsy cDNA from the offspring of a heterozygous
mating identified 224-bp and 430-bp amplicons from endogenous and targeted alleles,
respectively. (b) Western blotting for Kir4.2 in whole tissue extracts from Kcnj15** (+/+) and
Kcnjl5” (-/-) mice. In the right panel, the tissues originated from the same mouse of the
corresponding genotype. Either B-actin (left panel) or Ponceau-S staining (right panel; not shown)

was used as the loading control.
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Figure 2. Renal Kir4.2 cellular distribution in mice. (a) Kir4.2 mRNA distribution along the
mouse nephron. (b) Kcnj15*"* (+/+) and Kcnj15" (-/-) mice whole kidneys cross sections probed
with the anti-Kir4.2 antibody. (c and d) Confocal images of cortex (c, left), outer stripe of the
outer medulla (C, right) and inner stripe of the outer medulla (d) regions of mice kidneys stained
with Alexa Fluor® 488 phalloidin (green) and DAPI (blue), and probed with anti-Kir4.2 antibody
(red). In (d), only images of a Kcnj15™* mouse kidney are shown. Bars = 70 pm. * : Distal
convoluted tubule (DCT); arrowhead : connecting tubule:cortical collecting duct (CNT/CCD);
arrow : blood vessel. CNT, connecting tubule; cTAL, cortical thick ascending limbs; G :
glomerulus. Glom, glomerulus; mTAL, medullary thick ascending limbs. OMCD, outer

medullary collecting duct. PCT, proximal convoluted tubule; PR, pars recta; PT, proximal tubule.
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Figure 3. Subcellular localization of Kir4.2. Fluorescence images (a) and associate intensity

+/+

profiles (b) of cortical proximal tubular cells of Kcnj15™" mice labeled with 4°,6-diamidino-2-
phenylindole (DAPI; blue) and Alexa Fluor 488 phalloidin (green) and costained with the anti-
Kir4.2 antibody (red). The profile of each fluorescence channel was established along the line
represented as an arrow, taking the maximum phalloidin fluorescence level at the basal pole

(dotted line) as the origin. Traces are means of measurements on 13 cells. Bars =5 pum.
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Figure 4. Acid-base status and HCO3 handling in mice with the deletion of Kcnj15. (a) Basal

+/+

blood and plasma parameters of Kcnj15™* (+/+, black squares) and Kcnj15™ (-/-, red squares)
mice. (b) Urine pH and HCO3™ contents in Kcnj15™"* (black squares) and Kenj15™ (red squares)
mice as a function of blood HCO3™ content, under basal condition and after 1 day of the indicated

exogenous NaHCOs™ alkaline loads. Data are from 9 Kcnj15™* and 12 Kcnj15™ mice.
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Figure 5. NH," excretion and distal acidification capabilities in mice with the deletion of

+/+

Kcnj15. (a) Basal urine parameters of Kcnj15™* (black squares) and Kenj15” (red squares) mice.
(b-d) Blood and urine parameters in 9 to 12 Kcnj15** (black squares) and 10-11 Kcnj157 (red
squares) mice challenged with an oral 0.28 M NH,CI acid load for 8 days. * P < 0.05 versus day

0 and # P < 0.05 versus Kcnj15™* mice. Creat., creatinine; NAE, net acid excretion. NS, no

significant difference. TA, titratable acidity.

31



N
J

1%
e

] I
Basal +NH," Basal +NH," Basal +NH,"

-
1

Relative mRNA abundance
(o)) [(e)
1 1
*
uh-ju w 1
Relative mRNA abundance
N N w
w5
7
i1
Relative mRNA abundance
N
1

j?

o

PEPCK NHE-3

S NS

NS

|

|_""NS

i A

O'ﬁ_l_ 0'_I_I_

Basal +NH,” Basal +NH,"

w
1

Relative mRNA abundance
3 ¢
i"’J*ﬂ
ll-.-l-.—l = :l*tj
Relative mRNA abundance
B

-
1

Figure 6. Expression of mRNA of proteins involved in proximal ammonia metabolism in
mice with the deletion of Kcnj15. Renal expressions of mRNAs for the systen N1 Na* and H*-
coupled glutamine transporter (SNAT3), the ammoniagenic enzymes phosphate-dependent
glutaminase (PDG), glutamate dehydrogenase (GDH), and phosphoenolpyruvate kinase (PEPCK),
and the NH," exit pathway Na'/H" exchanger 3 (NHE-3) in Kcnj15"" (black squares) and
Kenj15” (red squares) mice, under basal (n = 4 and 5 mice, respectively) and NH,Cl-induced
acid load (+NH4 ; n = 4 and 6 mice, respectively) conditions. Data were normalized to the

+/+

respective basal expression in Kcnj15™" mice. # P < 0.05. NS: no significant difference.
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Figure 7. Peptide expression of proteins involved in proximal ammonia metabolism in mice
with the deletion of Kcnjl5. Renal system N1 Na® and H'-coupled glutamine transporter
(SNAT3) (a), phosphate-dependent glutaminase (PDG) (b), phosphoenolpyruvate carboxykinase
(PEPCK) (c), and Na*/H" exchanger 3 (NHE-3) peptide expressions in Kcnj15™* (black squares)
and Kenj15™ (red squares) mice, under basal and NH,Cl-induced acid load (+NH4) conditions.
Data shown in the graphs were normalized to their respective -actin